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ABSTRACT

In this thesis, I perform a thorough investigation of the electronic and elastic proper-
ties of the dense oxyhydroxide (Al,Fe)-phase H (Alo_g4Fe3+o_07MgO.OZSio,oéOOH).
This phase represents a realistic composition in a solid solution which has been
hypothesized to carry 'water’, in the form of hydrogen, to the lowermost depths of
Earth’s mantle. Its propensity for water storage and elastic properties are affected
by hydrogen bond symmetrization and a high-low spin crossover of Fe’* atoms,
respectively. In order to determine changes in hydrogen bonding environment, I use
synchrotron infrared spectroscopy and Raman spectroscopy, which identify O-H
vibrational modes in the crystal structure and changes in their frequencies with pres-
sure. These vibrational modes indicate that (Al,Fe)-phase H likely stores additional
hydrogen as defects and that hydrogen bonds are disordered at ambient pressure due
to the substitution of cations of different valence states. I find that hydrogen atoms
become dynamically disordered across sites at 10 GPa and conclude that hydrogen
bond symmetrization in (Al,Fe)-phase H takes place at 35 GPa. I use powder X-ray
diffraction to constrain the equation of state of this phase, providing fundamental
constraints on its incompressibility and density at high pressures. I complement this
equation of state with study of the electronic environment around the Fe atoms via
nuclear resonant forward scattering in order to constrain the spin crossover of Fe3*
atoms between 48 and 63 GPa. I use nuclear resonant inelastic X-ray scattering
measurements to determine the seismic wavespeeds of (Al,Fe)-phase H to 120 GPa,
the base of the lowermost mantle. The measured seismic wavespeeds are incor-
porated into whole-rock models which suggest that (Al,Fe)-phase H contributes to
seismic heterogeneity in the mid-mantle and that hydrous metabasalt containing
(Al,Fe)-phase H could contribute to seismic anomalies associated with the edges
of large, low, shear velocity provinces in the lowermost mantle as it heats during
descent in the lowermost mantle. The combined results of this thesis elucidate a
complete compression pathway during transport of a dense oxyhydroxide into the
lower mantle in the context of changes in its electronic and elastic properties. I
offer several observables which may be used to detect the presence of this phase in
subducted metabasalt and comment on the implications for hydrogen storage in the
deep Earth.
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Best characterized by their low shear velocity compared to the surrounding
mantle.

Late Veneer. The delivery of volatile material to Earth late in the accretion process
and after core formation.

Lithosphere. The rigid part of the Earth composed of the crust and a portion of the
upper mantle.

Metabasalt. Basaltic rock which has undergone metamorphism due to heat and
pressure.

Mid-Ocean Ridge Basalt. A "standard" basaltic rock produced from partial melt-
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Mineral. An inorganic solid which occurs naturally, has a defined crystal structure,
and has a defined composition.

Nominally Anhydrous Minerals. Minerals which do not contain hydrogen in their
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Siderophile. "Iron-loving" elements which are expected to partition into the core
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Chapter 1

INTRODUCTION

1.1 The importance of water in geophysical processes

Earth is a terrestrial planet with 71% of its surface covered by water. The importance
of H,O in all its forms cannot be overstated. Earth has avoided Mars’ fate of drying
out over geologic time (e.g. Scheller et al., 2021) such that water still significantly
impacts processes on the planet. On Earth’s surface, glaciers have carved out steep
terrains and rivers carry the resulting sediment to the sea. Developments in our
understanding of the rheology of glacial ice have necessitated increasingly thorough
descriptions of processes involved in deformation of solid H,O (Ranganathan and
Minchew, 2024; Herman, 2022). Draining or filling of pore spaces in rocks —
in some cases by water — influences the development of shear zones (Heimisson
et al.,, 2021) while fluid transport in the crust can lead to swarm-like behavior
of earthquakes (Ross and Cochran, 2021). Water can be important in controlling
postseismic deformation (Fialko, 2004) and the cycle of earthquakes in subduction
zones (Dal Zilio and Gerya, 2022). When hydrous minerals exsolve their water as
they are subducted, they may encourage seismicity by embrittlement of the rock
(Omori et al., 2004; Dobson et al., 2002) and cause fluid to rise bouyantly towards
the surface, resulting in arc volcanism (e.g. Turner and Langmuir, 2022; Blackwell
et al., 1982). It is therefore clear that the properties of water and its storage in rocks

or minerals are an important consideration in many problems within geophysics.

A perhaps less obvious locale for water is in Earth’s deep interior. The deep Earth
carries the largest uncertainty in terms of hydrogen storage: conservative estimates
imply that Earth’s lower mantle and core could store between 0.5 and 16 times the
total mass of Earth’s oceans (see review by Peslier et al., 2017), potentially dwarf-
ing the amount of water in surficial reservoirs. Some of this H may participate in
whole-mantle convection (e.g. Spasojevic et al., 2010) while some may partition
into the core and contribute to explaining the observed density and seismic veloc-
ities, which cannot be obtained under the assumption that the core is composed
solely of an Fe-Ni alloy (Poirier, 1994; Stevenson, 1981). However, substantial
uncertainties remain regarding the partitioning of H at core-mantle boundary con-

ditions as well as on the light element content of the core, which may contain H,
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Si, S, or C (Hirose et al., 2013; Allégre et al., 1995). The hydrogen budget of

the lower mantle depends critically on the water storage capacities of constituent
minerals (Hirschmann, 2006). However, it is challenging to study the hydration
of rocks in the lower mantle as these rocks will be chemically processed (i.e. af-
fected by temperature and pressure) before partially melting if they are exhumed at
Earth’s surface. Therefore, indirect measurement techniques such as seismology are
invaluable tools to ascertain the chemical composition and hydration of the lower
mantle. This thesis examines the crystal chemistry and seismic wavespeeds of the
dense oxyhydroxide (Al,Fe)-phase H (Alo.g4Fe3+o.07Mgo‘02Sio.06OOH) and the (6-
AIOOH)-(MgSi0,(OH),)-(e-FeOOH) solid solution. I situate these measurements
within the context of constraints from seismology to ask the question: if highly

hydrous minerals have been subducted into Earth’s lower mantle, would we know?

1.2 Water in Earth’s interior

To understand the full picture of hydrogen in Earth’s interior, we would like to know
how much we have and where itis. A reasonable understanding of hydrogen content
in the Earth today requires informed estimates on the total amount of hydrogen in the
Earth when it was finished accreting material and differentiating into a mantle and
core. There are broadly two ways that hydrogen can be delivered to and sequestered
within our planet: during planetary accretion (in small, aggregating planetisimals
or by sucking in nebular gas) or in the late stages of accretion and differentiation by
impact material. That is, some H could be present in the small planetismals which
aggregated and coalesced at the beginning of Earth’s formation or within asteroids
which impacted the nearly-accreted Earth and contributed their hydrogen, as well as
other elements (Albarede, 2009; Halliday and Canup, 2023; Gu et al., 2024). The
delivery of volatile elements in chondritic asteroids after core formation is known as
the "late veneer" and in part seeks to explain the higher than expected concentration
of siderophile ("iron-loving") elements in Earth’s mantle, which seemingly should
have been removed during core formation (review by Walker, 2009). Observations
that achondrite meteorites which would have formed Earth’s building blocks are dry
(< 1000 ppm H,0O; Newcombe et al., 2023) also seem to require a later delivery of
volatile-rich material. Studies of the Mn-Cr isotope system (Trinquier et al., 2008;
Qinetal., 2010), U-Pb system (Albarede et al., 2013; Ballhaus et al., 2013), and I-Pu
system (Liu et al., 2023) suggest that Earth accreted dry, from planetismals with very
little water. Observations that relic, differentiated planetismals are dry (Newcombe

etal., 2023) and that a late delivery of volatile-rich material to the Earth could explain
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the higher '82W/!3*W of the moon (Kruijer et al., 2015) support the need for a late

veneer. However, Piani et al. (2020) suggest that hydrated enstatite chondrites as
part of accreting material could supply 3.4 to 23.1 ocean masses of water (1.4x10%!
kg), enough to match low to intermediate estimates of Earth’s total hydrogen budget.
Study of noble gases (Mukhopadhyay, 2012; Mukhopadhyay and Parai, 2019) imply
that volatile accretion was heterogeneous and that signatures of this heterogeneous
delivery remain in Earth’s interior today. Constraints on Earth’s current hydrogen
budget are inextricable from initial estimates and planetary formation models, as well
as from models of mantle flow and H cycling by plate tectonics today. The more H is
stored in the lower mantle, the greater the need for incorporation of hydrated material
into the Earth, either during accretion or as part of a late veneer. If H is preferentially
delivered to certain regions of Earth’s lowermost mantle through geologic time, this
may contribute to preservation of heterogenous volatile concentrations or sequester
surficial hydrogen in deep reservoirs. Indeed, ocean island basalts (OIBs) sourced
from the lower mantle can be more hydrogen-rich (e.g. Simons et al. (2002), review
by Bolfan-Casanova (2005)), than mid-ocean ridge basalts (MORBs), suggesting
that the deep mantle may either preserve a primordial signature of hydrogen-rich

material or a volatile enrichment attributable to subducted material.

The water storage capacities of nominally anyhdrous minerals (NAMs) and the
presence of hydrous minerals are affected by pressure and temperature. The P-T
path of a subducting slab therefore governs to what depths within Earth’s mantle
hydrogen can be transported in subducted crust (e.g., Barber et al. (2022)), which
is more hydrous than the depleted lithosphere (Hirschmann, 2006). The mantle
transition zone has generally been considered to be ‘wet’ (up to 20,000 ppm H,O
or 2 wt.%) relative to the upper (100-200 ppm H,O) and lower mantle (100-2,000
ppm H>0), a paradigm (see review Ohtani (2020)) based in part on the water
storage capacities of high-pressure olivine polymorphs and the apparent lack of
hydrous phases stable at conditions of the lower mantle (Bercovici and Karato,
2003; Karato, 2011). Inclusions in superdeep (> 410 km depth) diamonds support
the understanding that the base of the mantle transition zone contains up to 2 wt. %
H,O and is likely a region of metasomatism within Earth’s mantle (Gu et al., 2022;
Pearson et al., 2014; Tschauner et al., 2018; Wirth et al., 2007).

Most of the hydrous phases formed in subducted lithosphere (e.g. serpentine) are ex-
pected to dehydrate within the upper 200 km of Earth’s mantle (Ulmer and Tromms-

dorff, 1995; Kawamoto, 2006), contributing to arc volcanism above a subducted slab.
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Dense hydrous magnesium silicate phases are stable at higher pressure and tempera-
tures but are nevertheless expected to dehydrate along typical geotherms in the upper
mantle or transition zone (Bolfan-Casanova, 2005). However, recently synthesized
hydrous phases such as 6-AIOOH (“delta phase”), MgSiO,(OH), (“phase H”), and
e-FeOOH have been observed to be stable at temperatures and pressures relevant to
the lowermost mantle and form from the components of hydrous metabasalts (Liu
et al., 2019). In particular, a natural equivalent of 6-AlIOOH has garnered interest
as a candidate carrier of hydrogen to the deep mantle (Ohtani, 2020; Ohtani et al.,
2018) due to its stability at temperatures potentially as high as those of the ambient

mantle near the core-mantle boundary (Sano et al., 2008; Terasaki et al., 2012).

Recent findings suggest that stishovite (Lin et al., 2020) and other rutile-structured
phases may contain up to several wt.% water, even at core-mantle boundary condi-
tions (Tsutsumi et al., 2024), possibly via the occupation of an oxygen vacancy by
a hydrogen atom (Palfey et al., 2021) or, in the case of Al-free stishovite, the charge
balancing of a Si vacancy by four OH groups (Palfey et al., 2023). The coupled
substitution of AI** and H* for Si** likely enhances the water storage capacity of
stishovite (Ishii et al., 2022a; Takaichi et al., 2024). However, it was suggested
that stishovite remains dry and alumina depleted when an Al-rich hydrous mineral
(6-AlOOH) coexists (Ishii et al., 2024), implying that such a hydrous mineral is
an important carrier of water as long as it is thermally stable. Indeed, recent syn-
thesis experiments have revealed 6-AIOOH to be an endmember component of the
(0-AIOOH)-(MgSiO,(OH);)-(e-FeOOH) solid solution (Komatsu et al., 2011; Liu
et al.,, 2019; Ohira et al., 2014). Therefore, studying the effect of compositional
variation in this system will be necessary to understand the seismic signature of
subducted lithosphere and distinguish between different hypotheses concerning the
origin of seismic reflectors and structure within the lower mantle (e.g., Panero et al.
(2020)).

1.3 Lower mantle heterogeneity

While it is often challenging to obtain precise constraints on density and seismic
wave speeds of structures in the lower mantle, there exists clear heterogeneity across a
wide range of depths (Ritsema et al., 2020). It is now known that portions of tectonic
plates that sink into the mantle, often referred to as slabs, can continue descending
through the mantle transition zone into the lower mantle (Van Der Hilst et al., 1997;
Meer et al., 2018; Tan et al., 2002; Schumacher and Thomas, 2016). Observations

and modeling of seismic waveforms have revealed small scale heterogeneity in the
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mid-lower mantle (600-1500 km depth) that scatters seismic waves (Mao et al.,
2022; Kaneshima, 2016; Ritsema et al., 2020; Yuan et al., 2021; Bentham and Rost,
2014). Despite difficulties in determining seismic velocity perturbations, the period
of observed scattered waves (= 1 s) indicates that such structures are likely thin (=
10 km), suggesting the possibility that they are subducted oceanic crust. Oceanic
crust also contains SiO, as stishovite, which undergoes the post-stishovite phase
transition across a broad range of pressures (40-80 GPa; 1000-2000 km depth),
depending on its Al and H content (Umemoto et al., 2016; Zhang et al., 2022;
Lakshtanov et al., 2007; Wang et al., 2023; Nomura et al., 2010). Therefore, the
pressure and temperature of this transition in the Earth will also be affected by
the formation of hydrous phases. For example, Liu et al. (2019) found that when
dense oxyhydroxides form in subducted basalt, SiO;, contains very little Al or H.
This phase transition may contribute to decreases in seismic velocity, particularly
Vs, responsible for the scattering of seismic waves. However, subducted oceanic
crust may scatter seismic waves due to its intrinsic differences in velocity relative
to the surrounding pyrolitic mantle (Mao et al., 2022), which could be enhanced
by hydrous phases. At the moment, uncertainties on the precise velocity anomalies
associated with this scattering make precise conclusions about the mineralogy of
these structures difficult. As seismic observations and mineral physics experiments
advance, it is critical to understand how likely mineralogies in subducted crust will
affect its seismic signature in the lower mantle, including the post-stishovite phase

transition as well as the spin crossovers in minor phases highlighted in this work.

In the lowermost mantle, the D" region (generally 200 km above the core-mantle
boundary) varies laterally in thickness and seismic velocity (Sun et al., 2016) and
may host deformation-induced seismic anisotropy in some regions (Pisconti et al.,
2023; Creasy et al., 2017). Ultralow velocity zones (ULVZs) 100 km or less in
size and with decreases in Vp up to 10% and in Vg up to 50% (Jackson and
Thomas, 2021) have been frequently observed in the D" region (e.g. Lai et al.,
2022; Kim et al., 2020; Wolf et al., 2024) and in some cases suggested to be related
to slab debris. In some areas, ULVZs cluster around two large, low shear velocity
provinces (LLSVPs) (e.g. Hosseini et al., 2020; Koelemeijer et al., 2016, reviews
by McNamara, 2019; Garnero et al., 2016): enormous structures possibly up to
1200 km in height from the core-mantle boundary and on the order of 1000 km in
spatial extent generally characterized by shear-wave speeds 1 to 2% lower than those
predicted by 1-D Earth models in this region. Large, low shear velocity provinces

observed in seismic imaging could represent compositional differences (Hernlund
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and Houser, 2008; Ni et al., 2002; Ni and Helmberger, 2003) or a bundle of plumes
blurred by tomography (e.g. Schuberth and Bunge, 2009; French and Romanowicz,
2015) and the precise origin of these structures remains a topic of active debate.

The geographical correlation between some ULVZs, LLSVPs, and subducted slabs
seem to imply a dynamic relationship (Sun et al., 2019; Li et al., 2022) as the
subducted slab may push a ULVZ into the boundary of the LLSVP. Impingement
of a subducted slab on the edge of a large, low shear velocity province also implies
that subducted oceanic crust can, at least in certain scenarios, be transported to
the core-mantle boundary. Dense, cold crust would certainly influence the devel-
opment of lowermost mantle structures (Jones et al., 2020) and could potentially
accumulate over geologic time. The consequently large temperature gradient and
diverse mineralogy in this region could also regulate Fe-H exchange across the core-
mantle boundary. Even small amounts of Fe enrichment in the lowermost mantle,
for example in Fe-rich (Mg,Fe)O, could explain the seismic velocities of ultralow
velocity zones (Bower et al., 2011; Wicks et al., 2010; Chen et al., 2012; Wicks
et al., 2017; Dobrosavljevic et al., 2019). Experiments have posited that H; O —
exsolved from subducted hydrous minerals — could react with Fe from the core to
form hydrous iron-dioxide FeO,H, (0 < x < 1) (Nishi et al., 2017; Hu et al., 2017).
Kawano et al. (2024) found that iron-water reactions at the CMB would produce
Fe-enriched bridgmanite, FeO wustite, and FeH. Despite the disagreement with Hu
et al. (2017) in the reaction products, this study also observes that Fe-enrichment in
the lowermost mantle could contribute to the formation of ULVZ or a dense, several
km thick layer at the base of the mantle. Indeed, Russell et al. (2023) find that the
density distribution in the lowermost mantle is best explained by a 1-3 km thick
dense layer. Ho et al. (2023) build upon the experimental work of Dobrosavljevic et
al. (2023) to demonstrate that in the lowermost mantle, FeO is in a quantum-critical
state which could explain elevated electrical conductivities observed in this region
and in ULVZs. Itis therefore clear that Fe-enrichment is an intriguing hypothesis for
several enigmatic features of this complex region. However, a better understanding
of water (i.e. hydrogen) transport within the lower mantle is necessary to understand

whether Fe-H reactions could lead to Fe enrichment in the lowermost mantle.

1.4 Thesis overview
Hydrogen and water are important in many areas of geophysics and their effects
can be seen in every layer of the Earth system, from the atmosphere to the core.

This thesis focuses on hydrogen transport within the lower mantle and how we
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might use geophysical observations, most notably seismology, to ascertain whether
hydrogen is carried into the lower mantle by hydrous phases. This problem is tricky
as we must rely on indirect observing techniques which often yield non-unique
solutions. It is therefore critical to understand precisely the seismic velocities and
crystal chemistry of materials in the deep Earth as they ultimately control how
seismic waves pass through the deep interior. To these ends, I have conducted
experiments on the (6-AIOOH)-(MgSiO,(OH);)-(e-FeOOH) solid solution with a
particular focus on (Al,Fe)-phase H: (Alo,g4Fe3+0,07MgO_OZSiO.%OOH), with the goal
of fully understanding its crystal chemistry and effects on observable geophysical

properties of Earth’s lowermost mantle.

In Chapter 2, I use infrared and Raman spectroscopy techniques to explore the hy-
drogen bonding environment of (Al,Fe)-phase H and 6-Alg g7Feq.1300H to 42 GPa.
Hydrogen bonds in dense oxyhydroxides are likely to become symmetric at high
pressure. Symmetric hydrogen bonds are short, strong, and likely necessary to pre-
vent dehydration of these phases at the high temperatures of the lowermost mantle.
These measurements clarify that hydrogen bonds in (Al,Fe)-phase H are occupa-
tionally disordered at ambient pressure due to the presence of cations of different
valence states. That is, there are multiple, defined sites of the H atoms which cannot
be discerned from X-ray diffraction methods but are illuminated using vibrational
spectroscopy. In both (Al,Fe)-phase H and ¢-Alj g7Fep.1300H, dynamic disorder
of hydrogen atoms in the O-H--O bonding unit occurs at approximately 10 GPa.
Softening of O-H stretching modes indicate that hydrogen bond symmetrization

likely occurs in (Al,Fe)-phase H at approximately 35 GPa.

Chapter 3 describes the results of X-ray diffraction measurements to 120 GPa, which
constrain the equation of state of this dense oxyhydroxide. The equation of state
is a critical parametrization for determining the density and bulk seismic velocity
of this material at high pressure, as well as its incompressibility. Chapter 3 also
presents the results of synchrotron Mossbauer spectroscopy (SMS) measurements
which constrain the electronic environment around Fe atoms. These measurements
compliment the equation of state to identify a Fe3* spin crossover in (Al,Fe)-phase H
between 48 and 63 GPa, which leads to a drastically reduced bulk incompressibility

and bulk seismic velocity in this pressure region.

In Chapter 4, 1 present results from nuclear resonant inelastic X-ray scattering
measurements. This technique measures the partial phonon density of states —

the set of vibrational modes in the crystal structure related to the Fe atoms —
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from which the P-wave and S-wave velocities are determined. The results of these
measurements are incorporated into whole-rock models of seismic velocities in the
lowermost mantle, in collaboration with Ojashvi Rautela, a fellow graduate student
at Caltech. The results of these models indicate that the presence of (Al,Fe)-phase
H in subducted metabasalt could contribute to scattering of seismic waves in the
mid-lower mantle and to the elevated bulk sound velocities (V) observed at the

edges of large, low shear velocity provinces when considering thermal effects.

In Chapter 5, I summarize the results of this thesis and the connection between
the crystal chemistry of dense oxyhydroxides and the transport of H within Earth’s
lower mantle. I discuss potential future measurements and seismological constraints

which could elucidate the concentration of H in Earth’s largest chemical reservoir.



Chapter 2

VIBRATIONAL SPECTROSCOPY OF DENSE
OXYHYDROXIDES: HYDROGEN BOND DISORDER AND
SYMMETRIZATION AT HIGH PRESSURE

*This chapter has been submitted and is currently under review:

Strozewski, Benjamin T., Zhenxian Liu, George R. Rossman, Wolfgang Sturhahn,
Johannes Buchen, and Jennifer M. Jackson (2025). “Vibrational spectroscopy
of dense oxyhydroxides: hydrogen bond disorder and symmetrization at high
pressure ”. In: American Mineralogist [submitted].

2.1 Introduction

Water storage capacities of nominally anhydrous minerals (e.g. Smyth et al., 2003;
Férot and Bolfan-Casanova, 2012; Bell and Rossman, 1992) and seismologically de-
termined discontinuities (Kennett and Engdahl, 1991; Kennett et al., 1995; Dziewon-
skiand Anderson, 1981) suggest that Earth’s mantle can be divided into three regions
based on the level of hydration: a relatively dry upper mantle (100-2000 ppm), a
wet mantle transition zone (0.1-2.0 wt.%), and a dry lower mantle (< 0.1 wt. %)
(review by Ohtani, 2020). While hydrous minerals often dehydrate within the upper
mantle and contribute to arc volcanism, serpentine may retain its hydrogen in cold
subduction environments (Riipke et al., 2004), contributing to the storage of water
in a chain of high-pressure hydrous phases (Bolfan-Casanova, 2005). Recent work
suggests that dense oxyhydroxide phases could form at conditions of the mantle
transition zone (Liu et al., 2019; Ohira et al., 2014; Bindi et al., 2014b; Kawazoe
et al., 2017; Nishi et al., 2019), which is at least locally ‘wet’ (~ 2 wt. % H;0), as
indicated by hydrous inclusions recovered in sublithospheric diamonds (Tschauner
et al., 2018; Pearson et al., 2014; Palot et al., 2016; Gu et al., 2022). Dense oxyhy-
droxide phases (e.g. -AIOOH) potentially formed in this region retain hydrogen in
their crystal structures at temperatures up to 2200 K at 128 GPa (Ohira et al., 2014;
Duan et al., 2018; Panero and Caracas, 2017) and therefore provide a mechanism

for transport of hydrogen into the lowermost mantle via subducting slabs.

Hydration of nominally anhydrous minerals or the presence of hydrous minerals
have been shown to affect the speed at which seismic waves propagate and alter the

depth and topography of key seismic discontinuities in the mantle (e.g. Schmandt
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et al., 2014; Jacobsen, 2018; Mao et al., 2008; Wang and Wu, 2022; Ohira et al.,
2021, Chapter 4). Hydrous phases in the basaltic layer of a slab may contribute
to scattering of seismic waves in the mid-lower mantle or to the origin of velocity
anomalies at the edges of large, low shear velocity provinces should they accumulate
near the core-mantle boundary (Chang et al., 2013; Strozewski et al., 2023; Ohira
et al., 2021). The D" region is complex, both in petrology (Jackson and Thomas,
2021) and dynamics, as subducting slabs may flow into basal mantle structures (Sun
et al., 2019; Wolf et al., 2024). If hydrous phases are subducted to these depths,
they are likely to contribute to the chemical complexity of the D" region. Release of
hydrogen from hydrous phases encountering the steep temperature gradient near the
core-mantle boundary may affect phase relations and lower the solidus of material in
this region, if not partitioned into other phases (e.g. Tsutsumi et al., 2024). Exsolved
H may partition into the liquid Fe-rich metal of the outer core (Kim et al., 2023),
leading to Fe-enrichment in ultra-low velocity zones (Kawano et al., 2024), which
could explain the observed seismic velocities of these structures (Bower et al., 2011;
Wicks et al., 2010; Dobrosavljevic et al., 2019; Jackson and Thomas, 2021).

Iron-bearing, Al-rich phases in the (6-AIOOH)-(MgSi0,(OH),)-(e-FeOOH) system
(hereafter referred to as (0-H-€) have been observed to form in coexistence with
bridgmanite, calcium perovskite (or "davemaoite"), stishovite, and ferropericlase in
a natural hydrous basalt composition at the base of the mantle transition zone (Liu
et al., 2019). To retain hydrogen at lower mantle conditions, hydrogen bonds in
hydrous minerals must be strong enough to not dissociate at high temperatures. In
the O-H--O bonding environment, long O-O distances (d > 2.5 A ) are hypothesized
to result in two potential wells and likely two defined positions for the hydrogen
atom (Kolesov, 2021; Sano-Furukawa et al., 2018). At shorter O-O distances (d =
2.5 A) the two potential wells move closer together and the barrier between them
is consequently reduced, provoking disorder due to tunneling between the two sites
or due to an asymmetric but wide potential well (Trybel et al., 2021). At even
shorter O-O distances a single potential well may form. This is known as hydrogen
bond symmetrization and it provides the strong hydrogen bonds which are likely
critical in enabling compositions in this system to retain hydrogen at conditions of
Earth’s lower mantle. Observations of hydrogen bond disorder and symmetrization
in phases relevant to Earth’s mantle have been reviewed by Tsuchiya and Thompson
(2022).

Study of different compositions in the d-H-e system has revealed the sensitivity
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of hydrogen bonding environment to end-member proportion (Bindi et al., 2014b;
Komatsu et al., 2011; Suzuki, 2010). Disordering of hydrogen bonds in rutile-
type oxyhydroxides from an ordered state can increase the symmetry of the crystal
structure and cause a P2inm — Pnnm phase transition, making hydrogen bond
disorder inferable with X-ray diffraction methods (Duan et al., 2018; Gleason et
al., 2013; Komatsu et al., 2011; Ohira et al., 2019; Thompson et al., 2020). In
contrast, hydrogen bond symmetrization will not change the long-range crystal
symmetry of compositions with disordered hydrogen bonds and is therefore difficult
to detect via X-ray diffraction. Komatsu et al. (2011) observed that the dissolution
of even small amounts of Mg and Si into the crystal structure of -AIOOH results in
disordering of cations at ambient pressure in this phase, a phenomenon that is also
observed in topaz-OH and phase egg (A1SiO3OH) (Xue et al., 2006). Cation disorder
is not explicitly observed in (Al,Fe)-phase H: (5-Alg g4 Fe3* 0.07Mg0.02S10.06)OOH
(Strozewski et al., 2023) although this phase does adopt disordered hydrogen bonds
atambient pressure and temperature, possibly due to small fluctations in the positions
of cations with different sizes and valences. This is in contrast to -(Al,Fe)OOH
which has ordered, asymmetric hydrogen bonds at ambient pressure but undergoes a
hydrogen bond order-disorder transition at ~10 GPa, resulting in a P2ynm — Pnnm
phase transition (Ohira et al., 2019; Ohira et al., 2021). A P2ynm — Pnnm phase
transition associated with changes in the pressure dependence of infrared-active O-H
modes has been observed at approximately 10 GPa in the Fe-free endmember 6-
AIOOH (Sano-Furukawa et al., 2009a; Kagi et al., 2010) and at approximately 5 GPa
in the structural analogue S-CrOOH (Jahn et al., 2012). The order-disorder transition
in e-FeOOH at 18 GPa was inferred from infrared spectroscopy and X-ray diffraction
(Thompson et al., 2020). Sano-Furukawa et al. (2018) used neutron diffraction to
determine that hydrogen bonds become symmetric in 6-AIOOH at approximately
18 GPa. Nuclear magnetic resonance studies (Meier et al., 2022; Trybel et al., 2021)
largely confirm this observation but suggest that the symmetrization of hydrogen
bonds does not proceed via proton tunneling and that maximum proton mobility in
various oxyhydroxides occurs at an O-O separation of 2.443 A, regardless of initial
electronic structure. In part, the uncertainty at which hydrogen bond symmetrization
occurs in the d-H-€ system for non end-member compositions is due to the paucity
—relative to X-ray diffraction measurements — of studies which employ techniques
explicitly sensitive to hydrogen bonding such as infrared spectroscopy or neutron
diffraction. We will revisit this overview of the 6-H-€ system in the discussion

section.
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In this study, we use infrared and Raman spectroscopy to examine vibrational
modes associated with hydrogen bonding in (Al,Fe)-phase H and 6-(Al,Fe)OOH to
a pressure of 42 GPa. A decrease in the pressure dependence of modes associated
with O-H bending and a significant softening of O-H stretching frequencies suggest
a change in the hydrogen bonding environment of (Al,Fe)-phase H at 10-12 GPa,
attributable to hydrogen bond disorder. Softening of O-H stretching modes in
0-(ALFe)OOH agrees with previous observations of a phase transition close to
10 GPa provoked by the disorder of hydrogen bonds. Softening and splitting of
O-H bending modes in (Al Fe)-phase H at approximately 35 GPa are inferred to
evidence hydrogen bond symmetrization. We complement these observations with
nuclear resonant inelastic X-ray scattering (NRIXS) measurements, presented in the
supplementary information to this chapter, which suggest a change in the mean-

square displacement of Fe atoms in (Al,Fe)-phase H at 35 GPa.

2.2 Methods

Infrared and Raman Spectroscopy

Infrared spectra at ambient pressure were collected at the California Institute of
Technology using a Thermo-Nicolet iS50 Fourier transform infrared spectrometer
equipped with a KBr beamsplitter and MCTA liquid nitrogen cooled detector. The
absorbance (A) is a measure of the strength of the absorption by the sample and is

calculated from transmitted intensities according to the equation:

1
A= —log(l—o) 2.1

where I corresponds to the transmitted intensity recorded through the sample and
Iy to a reference intensity without the sample in the beam path (background). To
reduce background in the O-H stretching region, samples were measured on a sap-
phire slide. The sapphire slide is opaque at wavenumbers below 1500 cm™! but
reduces the substantial background associated with an SiO; glass slide at higher
wavenumbers. Measurements were performed on a large (= 300x300 um?), unori-
ented grain of (Al,Fe)-phase H and two small (~ 100x100 um?), unoriented grains
of 6-(ALLFe)OOH. The background and sample spectra were each collected between
1500 and 4000 cm~! using an infrared light source and with a resolution of 0.483

cm_l.

Ambient-pressure Raman spectroscopy measurements were performed on small
(100x100 ,umz), unoriented grains of (Al,Fe)-phase H and 6-(Al,Fe)OOH, mounted
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on SiO; glass slides. Measurements were made using a Renishaw Raman InVia
spectrometer with a 514 nm green laser, calibrated using a piece of pure Si with a
strong Raman line at 520.5 cm™!. Scans were performed in extended mode over the
wavenumber range 100-4000 cm™! or 50-4000 cm™!.

A symmetric diamond anvil cell (DAC) with type Ila diamond anvils and 400 pum di-
ameter culets was used for each set of synchrotron infrared spectroscopy (SIR) mea-
surements. A rhenium gasket was pre-indented to a thickness of approximately 50
pm and a 100 um sample chamber was drilled using an electric discharge machine.
A small amount of powdered (Al,Fe)-phase H ((6-Alg gaFe3* 0.07Mg0.02S10.06)OOH)
or §5-Fel3 ((Alg s7Fe>* ¢ 13)O0H) was loaded into the sample chamber and diluted
with KBr, which also serves as a pressure medium. In each case, a small (~10 ym
diameter) ruby was placed within the sample chamber as a pressure calibrant. We
calculate pressure using the calibration of Dewaele et al. (2008). The determined
uncertainty from fitting an individual ruby spectrum is small (= 0.01 GPa). However,
we used a conservative estimate of 2.5% uncertainty on the measured pressure to
reflect the systematic error arising from the use of different published ruby pressure
scales (Shen et al., 2020).

Synchrotron infrared spectroscopy (SIR) measurements at high pressure were per-
formed at beamline 22-IR-1 of the National Synchrotron Light Source II (NSLS-II),
Brookhaven National Laboratory, Upton, New York. The synchrotron IR beam is
split with a KBr beamsplitter without the use of polarizers or filters. The resultant
spot size on the sample is approximately 50x50 um?. Infrared spectroscopy mea-
surements are performed with either a Bruker Vertex 80 FTIR spectrometer and
a Hyperion 2000 IR microscope with a mid-band (500-6000 cm™") MCT detector
or Bruker Vertex 80v spectrometer and a custom IR164 microscope system with a
wide-band (400-7000 cm~!) MCT detector. The mid-band setup is used for pres-
sures from 0 to 42 GPa. The wide-band setup was tested for measurements between
12 and 24 GPa but did not reveal additional vibrational modes. In addition to a
spectrum collected on the sample at each pressure, a reference spectrum is collected
away from the sample on a region with only the diamond anvil and KBr pressure
medium to remove the contribution of diamond phonons in accordance with equa-
tion (1). However, residual absorption and noise from this procedure may persist

due to the different locations of the measurements within the sample chamber.
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Nuclear resonant inelastic X-ray scattering

Two panoramic diamond anvil cells (panDACs) were loaded with grains of (Al,Fe)-
phase H for nuclear resonant inelastic X-ray scattering (NRIXS) experiments.
NRIXS measurements were performed at sector 3 of the Advanced Photon Source,
Argonne National Laboratory (Lemont, IL). One panDAC (run 1) with 400 ym flat
culet anvils was loaded with a 20 um thick, 50x30 um? grain. A Be gasket was
pre-indented to a thickness of 62 um and drilled with a 210 ym diameter hole. Com-
pressed Ne gas was loaded at the California Institute of Technology as a pressure
medium. A second panDAC (run 2) with 250 um beveled culets was loaded with
a 30 um thick, 65 x 60 um? grain. A Be gasket was pre-indented to a thickness
of 41 ym and a 140 um hole was drilled in the center of the indentation. A boron
epoxy insert was placed into each drilled Be gasket to stiffen the sample chamber.
A ruby sphere approximately 10 um in diameter was loaded proximal to the sample
in each panDAC for pressure determination. Ruby fluorescence measurements were
used to determine the pressure in each cell at low pressure (< 35 GPa) using the
calibration of Dewaele et al. (2008). Pressure uncertainty is determined from ruby
fluorescence measurements performed before and after each series of NRIXS scans.
At high pressure (> 35 GPa), diamond edge Raman spectroscopy was used to esti-
mate pressure inside the panDAC with the calibration of Akahama and Kawamura
(2010). Pressure uncertainty at high pressure was determined from diamond edge
measurements at four different locations of the sample. Additional details on the

processing of NRIXS data are described in Chapter 4.

2.3 Results

Band identification and assignments at 1 bar

Raman and infrared (IR) spectra of (Al,Fe)-phase H and §-Fel3 at ambient pressure
(1 bar) are plotted in Figures 1 and 2, respectively. The same ambient pressure
Raman spectra are compared to those of 6-AIOOH from the DFT study of Tsuchiya
etal. (2008) and the measurement of Ohtani et al. (2001) in Figure 1. The Raman and
IR spectra of each oxyhydroxide share the same general features and can be separated
into three bands at ambient pressure (Table 1). Band I (0-1000 cm™') contains at
least 5 visible vibrational modes that are associated with cation-oxygen (M-O)
vibrations (Jahn et al., 2012; Tsuchiya et al., 2008). Henceforth, we focus on modes
associated with O-H bonds. In this work, we use O-H--O to indicate asymmetrically
bonded hydrogens and O-H to refer to a bond between a single oxygen and hydrogen
atom. Vibrational modes associated with O-H--O bonding are readily identified
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based on comparison to Kagi et al. (2010) and Jahn et al. (2012), who performed
infrared measurements on 6-AIOOH and -CrOOH, respectively. In these studies,
deuterated samples (6-AlOOD and 5-CrOOD) were also measured, revealing 2 O-H
bending modes between 1000 and 1500 cm~! (band II). The presence of several
O-H bending modes in 6-AIOOH in this wavenumber region was also predicted by
the density functional theory (DFT) results of Tsuchiya et al. (2008).

Band IIT encompasses absorption at wavenumbers > 1500 cm™! and corresponds
to O-H stretching vibrations (Tsuchiya et al., 2008; Jahn et al., 2012) or possibly
modes which have both bending and stretching components (Table 1). At ambient
pressure, the O-O distances in (Al,Fe)-phase H and §-Fel3 are 2.53 A (Strozewski
et al., 2023) and 2.55 A (Ohira et al., 2019). Based on these O-O distances, the
correlation curve of Libowitzky (1999) predicts O-H stretching frequencies of 2130
and 2335 cm~! (Supplementary Figure S1, Table 1) for (Al,Fe)-phase H and 6-
(ALLFe)OOH, respectively. These predicted frequencies agree well with a Raman
and infrared-active vibrational mode in the respective phases. In the rest of this work,
we refer to this mode as the primary stretching mode as it most closely corresponds

to the predicted O-H stretch from the respective crystal structures.

Although the O-H stretching region is complicated by residual absorption from the
diamond anvils, the primary stretching frequency is nevertheless easily tracked as it
moves to lower wavenumbers with increasing pressure (Figure 3) and is located well
by the measurements at ambient pressure (Figure 2). At higher pressures, an artifact
from the diamond absorption persists at ~ 2100 cm™! while the primary stretching
mode has shifted from 2130 cm™! to ~ 1800 cm™~! (Figure 3). We observe Raman and
infrared-active O-H stretching modes in (Al,Fe)-phase H and 6-Fe 13 at wavenumbers
higher than that of the primary stretching mode in the wavenumber region =~ 2000-
3500 cm~!. The existence of several distinct modes at wavenumbers higher than
that of the primary O-H stretch inferred from the crystallographic constraints on the
0O-O distance is a robust observation in dense oxhydroxides. Ohtani et al. (2001)
observed additional O-H stretching modes in 6-AIOOH (Figure 1), which were
corroborated by the DFT predictions of Tsuchiya et al. (2008), who speculated that
several O-O distances exist within the crystal structure. Xue et al. (2006) suggested
that instead these modes are caused by Fermi resonances between the fundamental
O-H stretching mode and overtones or combination modes. The observation here
that vibrational modes in the range ~ 2000-3000 cm™~! are generally both Raman

and infrared-active confirm that the O-H--O bonding unit is not centrosymmetric in
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Figure 2.1: (a) Comparison of Raman spectra at ambient pressure of (Al,Fe)-phase
H and 6-Fel3 with that of powdered AI(OH); gibbsite (this study) and 6-AIOOH
(Ohtani et al., 2001). A theoretical prediction of the Raman spectrum of 6-AIOOH
in the O-H stretch region from Tsuchiya et al. (2008) (structure 12) is plotted in light
gray. Spectra are plotted with decreasing wavenumber on the x-axis for consistency
in comparison to infraredspectra throughout the manuscript.
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Figure 2.2: Identification of vibrational modes in the measured Raman and infrared
spectra of (AlL,Fe)-phase H and 6-Fel3. (a) Comparison of Raman and infrared
spectra measured on two grains of 6-Fel3 at ambient pressure. Infrared and Raman
spectra are collected on the same two grains. (b) Comparison of Raman and infrared
spectra measured on three different grains of (Al,Fe)-phase H at ambient pressure.

Band # | Wavenumber (cm™!) | # modes
M-O | 0-800 5+
O-H bend 11 1000-1550 2-4
O-H bend-stretch | III 1550-2000 2-4
O-H stretch III 2000+ 4-6

Table 2.1: Vibrational bands in spectra of (Al Fe)-phase H, their corresponding
wavenumber regions, and the number of modes (functions) which are fit to infrared
spectra at high pressure. M-O refers to vibrations of cation and oxygen bonds,
which we do not focus on in this study. Band labels are determined by the primary
motions deemed to be present in this wavenumber range. However, combination
modes and the effects of pressure complicate an exact labeling (see discussion).
Peak broadening due to sample effects may result in a different number of fit modes
compared to theoretical calculations.

either (Al,Fe)-phase H or 6-Fel3 at ambient pressure. That is, in neither case are
hydrogen bonds symmetric. Additionally, a small shoulder of the primary stretching
mode at ~ 1600 cm™! is present in low-pressure infrared spectra of (Al,Fe)-phase
H and ¢-Fel3. The wavenumber of this mode — between that of the more intense
bending modes and the primary O-H stretching mode — may suggest it results from

a combination of bending and stretching.



18

(Al,Fe)-phase H displays a distinct vibrational mode at 3500 cm™!, present in both
Raman spectra at 1 bar and infrared spectra (Figures 1 and 2) . This mode is not
observed in the 1 bar Raman spectra of 6-Fel3 but is present in the infrared spectra.
The precise origin of this mode is unclear. The Raman inactivity of this mode in
0-Fel3 implies that this vibrational mode corresponds to a structural unit which is
centrosymmetric in 6-Fel3 but not in (Al,Fe)-phase H. No modes at wavenumbers
greater than 3000 cm™' are predicted by Tsuchiya et al. (2008), or reported in
studies of oxyhydroxides with a single type of cation (Kagi et al., 2010; Jahn et al.,
2012; Ohtani et al., 2001). One possible explanation is that long O-H bonds are
present due to hydrogen defects in each of these oxyhydroxides. Studies of O-H
vibrational frequencies in rutile (Palfey et al., 2021; Koudriachova et al., 2004)
find that OH defects could form on O vacancies and would have infrared-active
vibrational frequencies between ~ 3250 and 3350 cm~!'. We hypothesize that the
distorted rutile structure of (Al,Fe)-phase H increases the frequency of this defect
mode to ~ 3500 cm™~! although additional measurements or theoretical calculations
to confirm this are necessary. Both (Al,Fe)-phase H and ¢-Fel3 contain a greater
H wt.% than implied by stoichiometry (Kawazoe et al., 2017; Ohira et al., 2019;
Strozewski et al., 2023). In particular, for the case of (Al,Fe)-phase H, Mg and Si
could enter the crystal structure via the substitution 2A13* — Mg?* + Si**. However,
these cations are not present in a 1:1 ratio in these samples. The vibrational mode at
3500 cm™!' may therefore be evidence of the substitutions Al** — Mg>* + H* and/or
2A1P*— Si** + 2H*, which could result in OH defects. Similar substitutions may
involve Fe* rather than AI** and any local order induced as a result could influence

transitions in the 6-H-€ system.

Effect of pressure on O-H vibrational modes

Selected synchrotron infrared spectra collected at NSLS-II (Upton, NY) at high
pressure of (Al,Fe)-phase H and 6-Fel3 are plotted in Figure 3. The entire set of
spectra for each composition are plotted in Supplementary Figure S2. In (ALFe)-
phase H, with increasing pressure, the absorption of stretching modes above 2000
cm~! decreases in intensity while absorption between 1700 and 1900 cm™! increases,
commensurate with the calculated infrared spectra of e-FeOOH (Insixiengmay and
Stixrude, 2023). The reduction of sample absorption at wavenumbers above 2000

I reveals an artifact from diamond absorption at 2100 cm~!, combined with

cm
marked noise due to a fringing effect (i.e. interference between diamond anvils).

Nevertheless, ambient-pressure Raman and infrared spectra outside of a diamond
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anvil cell (Figures 1 and 2) confirm the presence of vibrational modes at ~ 2100
cm™! at low pressures. Measured spectra of §-Fel3 show little change at pressures
higher than 20 GPa although bending modes cannot be reliably tracked above 6 GPa
due to merging of the vibrational modes and saturation of the absorption scale. At20
GPa, high-wavenumber stretching modes are broad and low in intensity. In (Al,Fe)-
phase H, stretching modes are still apparent at 20 GPa and continue to broaden
and decrease in intensity to a maximum measured pressure of 42 GPa while the
peak at ~ 1800 cm™! continues to increase in intensity and shift to slightly higher

wavenumbers.

The following sections describe results obtained by fitting the measured spectra
using the fityk software (Wojdyr, 2010). Vibrational modes are fit with either
Gaussian or Voigt profiles. We fit the measured spectra using the minimum number
of functions possible to obtain a good (reduced y? ~ 1) statistical description while
respecting the observed shape. That is, in some cases multiple peaks are visible but
close enough that a fit using a single, very broad function produces similar statistics.
In this case, peak positions may be fixed during fitting to maintain the number of

peaks which can be discerned from the raw spectra.

For low-symmetry crystal structures with multiple cations such as (Al,Fe)-phase H
and 0-Fel3, many vibrational modes may be present within certain spectral bands.
For example, the DFT simulations of Jahn et al. (2012) found 8 vibrational modes
associated with O-H bending between 1000 and 1600 cm™! in Prnnm B-CrOOH at 0
GPa. However, the breadth of the measured vibrational bands precludes the decom-
position of the measured band II into vibrational modes associated with particular
symmetry properties. Instead, we choose the minimum number of functions neces-
sary to obtain a good statistical fit and in accordance with the number of observable
peaks, as described above. At low pressures, infrared absorption with two peaks
is observable between 1500 and 1900 cm™! in (Al,Fe)-phase H and 6-Fel3. We
label this region as the "bend-stretch" region as it likely is constituted by modes
which have some bending (lower frequency) character and some stretching (higher

frequency) character (Table 1).

(Al,Fe)-phase H

The O-H bending region (band II) was fitin (Al,Fe)-phase H ((Alo.g4Fe(3)57Mg0.oz Sip.06)OOH)

over the entire compression and decompression range (Figure 4). Mode centers and

pressures are listed in Supplementary Table S3. At pressures below 25 GPa, two
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Figure 2.3: Select high-pressure infrared spectroscopy data above 1000 cm™! col-
lected on (AlFe)-phase H and 6-(Alg s7,Feq.13)O0OH (6-Fel3) at the National Syn-
chrotron Light Source-II, Brookhaven National Laboratory. Spectra were collected
on (Al,Fe)-phase H and 6-Fe13 to a maximum pressure of 42 GPa.

Voigt profiles generally provide a good description of the O-H bending frequencies
of (Al,Fe)-phase H, consistent with the results of Thompson et al. (2020): e-FeOOH,
Jahn et al. (2012): B-CrOOH, and Kagi et al. (2010): 6-AIOOH. At several pres-
sures, a third Voigt profile is required, though it is difficult to ascertain whether
this corresponds to the presence of a real vibrational mode. At low pressure (<
25 GPa), the two fit profiles (bend A and bend B1) describe the band II region
and have similar pressure dependencies. These modes shift to higher wavenumber
with increasing pressure to ~ 12 GPa. At pressures greater than 12 GPa, bend
A and bend B1 are relatively insensitive to pressure. The same trend in pressure
dependencies was observed for O-H bending modes in S-CrOOH (Jahn et al., 2012)
and 6-AlOOH (Kagi et al., 2010) and was interpreted to be due to the disorder of
hydrogen bonds (Figure 4b). This interpretation is supported by observations that
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0-AlOOH and 6-(Al,Fe)OOH undergo a P21nm — Pnnm phase transition between
8 and 12 GPa (Ohira et al., 2019; Satta et al., 2024; Sano-Furukawa et al., 2018), due
to disordered hydrogen bonds resulting in an additional glide plane and a change in
symmetry of the phase. For the case of (Al,Fe)-phase H (Pnnm), hydrogen bonds
are disordered even at ambient pressure and no phase transition is observed by X-ray
diffraction at high pressure (Strozewski et al., 2023). Nevertheless, the trend in
the pressure dependence of O-H bending observed here suggests that (Al,Fe)-phase
H undergoes a change in hydrogen bonding environment at 9-13 GPa, similar to
other high-pressure oxyhydroxides. In (Al,Fe)-phase H, the plateau-like pressure
dependence may indicate merging of several potential wells representing more than

two sites for the H atom. We discuss this hypothesis further below.

Modes bend A and bend B1 soften between 20 and 25 GPa, moving to lower
wavenumbers (Figure 4). At pressures greater than 25 GPa, it is impossible to
obtain a fit of sufficient statistical quality with two Voigt profiles: three are required.
Specifically, bend B1 splits into bend B1 and bend B2. The observed splitting of
bend B1 could be attributed to a small difference in pressure dependence of two
existing modes or softening of O-H stretching modes from higher wavenumbers with
increasing pressure. Bend A, bend B1, and bend B2 each increase in wavenumber
between 25 and 35 GPa. At 35 GPa, each bending mode appears invariant with
pressure to a maximum pressure of 42 GPa. The pressure dependence of the
bending modes is similar to that of the modes predicted at these wavenumbers at
the pressure of hydrogen bond symmetrization in P2nm 6-AIOOH (Tsuchiya et al.,
2008) (Figure 4).

The O-H bend-stretch region in (Al,Fe)-phase H (band III), is characterized by
a significant gain in absorption with increasing pressure (Figure 3, Supplementary
Figure S3). The frequencies of bend-stretch modes at every pressure are plotted in
Figure 5a, though we note that this region is complex, particularly at low pressure
(Supplementary Table S4). The frequency of bend-stretch A increases with pressure
to 12 GPa and softens to lower wavenumbers at higher pressures. The primary
stretching mode, labeled "bend-stretch B" in Figure 5, softens significantly at a
pressure between 10 an 15 GPa, after which it remains constant. Tsuchiya et al.
(2008) predicted that transverse O-H stretching modes would soften from =2500
cm~! to 1700 cm at the pressure of hydrogen bond symmetrization. Consistent
with this prediction, we conclude that the (Al,Fe)-phase H primary stretching mode

changes its character from primarily O-H stretching to both bending and stretching
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Figure 2.4: (a) Frequencies of fits to (Al,Fe)-phase H infrared bending modes
(band II). Mode bend A is assigned to the prominent bending mode with the low-
est wavenumber. Modes bend B1 and B2 are at higher wavenumbers. Dashed
lines indicate predicted frequencies of several vibrational modes in 6-AIOOH from
Tsuchiya et al. (2008). (b) Reported frequencies of bending modes with pressure
from infrared spectroscopy measurements on S-CrOOH (Jahn et al., 2012) and ¢-
AIOOH (Kagi et al., 2010). The shaded gray area serves as a guide to the eye for
the plotted 6-AlIOOH mode centers.

motions, indicated by the gradient of the shaded region and the name of "bend-stretch

B" in Figure 5.

The O-H stretch region (band III) contains modes with a variety of pressure
dependencies. Softening of the "stretch A" mode in (Al,Fe)-phase H is observed at
approximately 12 GPa, resulting in a splitting of this mode into two modes, both of
which are approximately constant with pressure (Figure 5a). This softening could
be attributed to that of a longitudinal stretch mode predicted by Tsuchiya et al.
(2008), albeit with a different pressure dependence. The second stretching mode
("stretch B", Figure 5b) appears to follow a similar pressure dependence as that of
the bending modes, with a kink in the wavenumber vs. pressure trend at 12 GPa.
We have labeled this a stretching mode because its wavenumber at ambient pressure
falls in the O-H stretching band (band III, Table 1). However, the observed pressure
dependence of this mode may indicate that it dominantly involves bending motion of
O-H bonds, which could be produced by Fermi resonance with the bending modes
at lower wavenumber (Xue et al., 2006). A stretching mode at 3200 cm™! ("stretch
C") remains approximately constant with pressure to 12 GPa in (Al,Fe)-phase H but
is not fit at higher pressures due to broadening of other absorption features in this
region. The center of the "stretch D" mode (3500 cm™!) which we attribute to OH
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Figure 2.5: Frequencies of O-H vibrational modes determined to be stretching
or combination modes of (AlLFe)-phase H and ¢-Fel3. Filled shapes indicate
frequencies determined during compression. Empty shapes indicate frequencies
of stretching modes measured on decompression in the case of (Al,Fe)-phase H.
Fitting procedure and mode assignment is discussed in the main text. In panel (a),
the shaded area is drawn as a guide to the eye for the softening of the "bend-stretch
B" mode, which may change its character from stretching to bending at 10 GPa.
Arrows in panel (b) indicate the apparent disappearance of the "stretch C" mode due
to broadening of the surrounding vibrational modes.

defects in (Al,Fe)-phase H remains approximately constant with pressure while the

width of the mode increases and its intensity decreases.

Softening of O-H stretching modes (band III) could indicate a widening of the po-
tential minimum in which the H atom sits (Kolesov, 2021). In order to estimate at
what pressure softening of O-H stretching modes ceases (if it does), we calculate
the fractional intensity of two bands (Supplementary Figure S3): low wavenumbers
(1600-2000 cm™!) and high wavenumbers (2200-3700 cm™!), deliberately avoid-
ing the most prominent diamond absorption between 2000 and 2200 cm~!. The
fractional intensity is determined by integrating over each band and dividing the
summed absorption of that band by the total sum of both. If O-H stretching modes
are shifting to lower wavenumbers in a certain pressure range, we expect to see a de-
crease in the fractional absorption of the high wavenumber region and an increase in
the fractional absorption of the low wavenumber region. This calculation confirms
that absorption strength shifts with increasing pressure from high wavenumbers to
low wavenumberspredominantly at pressures below 15 GPa. The intensity of the

2200-3700 cm~! band reaches a minimum at ~ 35 GPa, although scatter in the
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values from this calculation make it difficult to discern if intensity exchange from

high to low wavenumbers is continuous between 15 and 30 GPa.

0-(ALFe)OOH

O-H bending modes in 6-AlOOH increase significantly in wavenumber with pressure
to 10 GPa (Kagi et al. 2010, Figure 4b). At pressures higher than 10 GPa, the centers
of these modes depend only weakly on pressure. As discussed above, this change
in trend is inferred to be due to the order-disorder transition of hydrogen bonds in
0-AlOOH, which results in a P2{nm — Pnnm transition at this pressure (Ohira et al.,
2019; Meier et al., 2022; Trybel et al., 2021; Sano-Furukawa et al., 2018). Band II
(O-H bending) in 6-Fe13 is fit to 5 GPa and the mode centers listed in Supplementary
Table S3. At higher pressures, merging of the bending modes results in saturation of
the absorption spectra in this wavenumber region and fits would not be meaningful.
These modes are not plotted in Figure 4b for clarity but generally follow similar
trends to those of 6-AIOOH.

O-H stretching modes in 6-Fe 13 can be fit to 8 GPa before the breadth of the saturated
bending modes becomes a problem for precise fitting (Figure 5). In 6-Fel3, only one
mode is required to describe the bend-stretch region to 8 GPa ("bend-stretch A").
With increasing pressure, the mode "bend-stretch B" softens from approximately
2100 cm™! to 1700 cm~!, merging with bend-stretch A. This contrasts with the
dramatic softening over a narrow pressure interval of the same mode in (Al,Fe)-
phase H. The stretching mode "stretch A" does not soften but is instead relatively
invariant with pressure to 8 GPa. Between 2700 and 2900 cm™!, two modes are
required for a good fit ("stretch B1" and "stretch B2"), which could be due to an
artifact from background removal in the spectra (Figure 3). The two modes have
similar dependencies on pressure and the mode stretch B2 follows closely the stretch
B mode in (Al,Fe)-phase H. The stretch C mode softens with increasing pressure,
similar to the bend-stretch A mode. The highest-wavenumber mode (stretch D) —
which is not present in Raman spectra of this phase — may soften with increasing
pressure as in (Al,Fe)-phase H but the scatter in its central position at low pressures

does not reveal a trend.

2.4 Discussion
Analysis of O-H vibrational modes in (Al,Fe)-phase H and 0-Fel3 indicate a varia-

tion in the pressure dependencies of mode centers with increasing pressure. Com-
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bined with previous studies, this variation suggests changes in the hydrogen bonding
environment. O-H bending modes of (Al,Fe)-phase H have distinct dependencies on
presure at (i) low pressure (0 to 9 GPa), (ii) moderate pressure (9 to 23 GPa), (iii) high
pressure (23 to 35 GPa), and (iv) highest pressure (above 35 GPa). Diverse trends in
O-H stretching modes in both (Al,Fe)-phase H and 6-Fe13 (Figure 5) support the hy-
pothesis that these modes involve a combination of bending and stretching motions,
possibly in Fermi resonance with the broad, primary O-H stretching mode (Xue
etal., 2006). In the rest of this discussion, we will primarily focus on (Al,Fe)-phase

H since its modes can be more thoroughly tracked to high pressure.

It is important to clarify that changes in infrared-active vibrational frequencies asso-
ciated with O-H bonding are predominantly affected by changes in the force constant
of O-H bonds, which in turn affects the dipole moment of the molecule. This differs
from studies which employ nuclear magnetic resonance (NMR) to constrain the pro-
ton position and mobility (Meier et al., 2022; Trybel et al., 2021) or neutron diffrac-
tion, which constrains the position of the nucleus of the H atom (Sano-Furukawa
et al., 2018). In the following section, we seek to explain these observations in
the context of information provided by additional experimental techniques to form
a picture of the O-H--O bonding environment in these oxyhydroxides at high pres-
sure. This discussion is outlined schematically in Figure 6. This schematic shows
the potential well of the hydrogen atom in (Al,Fe)-phase H inferred from this study
compared to that discerned for 6-AlIOOH from the neutron diffraction experiments
of Sano-Furukawa et al. (2018). In this schematic, we estimate O-O distances in
(Al,Fe)-phase H from previous X-ray diffraction data (Strozewski et al., 2023). We
use the constrained a and b unit cell parameters, projected along the vector of the
O-O separation at ambient pressure: jo_o = 1/8a + 1/5b to estimate the change in
0O-O separation with pressure. O-O distances for 6-AIOOH are taken from Sano-
Furukawa et al. (2018) below 20 GPa and estimated from the data of Sano-Furukawa
et al. (2009a) at higher pressures.

At low pressures (i: 0 to 9 GPa, Figure 6), O-H bending modes in (Al,Fe)-phase H
shift to higher wavenumbers with increasing pressure and O-H-O stretching modes
are generally invariant to pressure. In contrast, the primary O-H stretching mode of
0-Fel3 moves to lower wavenumbers monotonically over this pressure range. We
interpret the increase in bending mode frequency as a shortening of the O-H bonds,
resulting in a higher frequency of vibration (Kagi et al., 2010; Jahn et al., 2012;
Tsuchiya et al., 2008; Insixiengmay and Stixrude, 2023). The softening of O-H
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Figure 2.6: A schematic of the proposed change of the potential well of the H atom
with pressure in both (Al,Fe)-phase H (red) and 6-AIOOH (blue). Potential wells
of 0-AIOOH are taken from the neutron diffraction experiments of Sano-Furukawa
et al. (2018). O-O distances at select, important pressures in each phase are given
at the bottom of the schematic. O-O distances in (Al,Fe)-phase H are estimated
from X-ray diffraction data (Strozewski et al. 2023) as described in the main
text. O-O distances in 6-AIOOH to 20 GPa are taken from Sano-Furukawa et al.,
2018 and estimated at 40 GPa from the data of Sano-Furukawa et al. (2009a). (i)
Occupational disorder of the hydrogen atom over several sites with an O-O distance
of 2.53 A in (Al,Fe)-phase H. The O-O distance in §-AIOOH is longer and there
are two asymmetric sites for the H atom. (ii) Compression of the O-O distance
in (Al,Fe)-phase H results in a potential that is wide but asymmetric and with a
very small potential barrier. Hydrogen bond symmetrization and the transition to
a unimodal potential takes place in 6-AIOOH at 18 GPa. (ii1) Further compression
of (Al,Fe)-phase H reduces the barrier between potential wells, resulting in a single
well potential at 35 GPa and an O-O separation of 2.415 A. (iv) Compression to
pressures greater than 35 GPa narrows a single potential well.

stretching modes in §-Fel3 indicates a shortening of the O-H-O bonds. As the O-O
distance is compressed, the potential barrier between two H sites is reduced and a
wider potential well is created that results in a lower frequency of oscillation. This
phenomenon is described in general by Kolesov (2021) and predicted using density
functional theory for 6-AIOOH by Tsuchiya et al. (2008) and for e-FeOOH by
Insixiengmay and Stixrude (2023). Sano-Furukawa et al. (2018) observe shortening
of the O-O distance and disorder of hydrogen bonds in -AIOOH at 9 GPa via neutron
diffraction. The softening of O-H-O stretching modes in 6-Fel3 is commensurate
with a softening of the partial, projected density of states observed by Ohira et
al. (2021), which ceases after the P2inm — Pnnm phase transition in this phase

(Supplementary Figure S5).
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None of the O-H stretching modes in (Al ,Fe)-phase H soften between 0 and 9
GPa (Supplementary Figure S5), despite nearly identical pressure dependence of
vibrational modes related to O-H bending when compared with 6-AlIOOH (Figure
4). We propose that the reason for this difference is that (Al,Fe)-phase H has more
than two sites for the hydrogen atom at 0 GPa and that these sites merge into a broad
double well with a small potential barrier over a narrower pressure interval than in
0-AlOOH (Figure 6). That is, in both phases, decreased O-O distances lead to O-H
distances which are on average shorter, resulting in stiffening of O-H bending modes
below 10 GPa. In 6-AlOOH, reducing the O-O distance allows the hydrogen atom to
overcome the potential barrier and oscillate with a lower frequency when oscillating
in the direction parallel to the O-H bond (stretch). In (Al Fe)-phase H, the potential
is such that tunneling is less probable and the H atoms are more confined (Figure
61). Between 9 and 13 GPa, these wells merge, resulting in the observed softening
of O-H stretching modes (Figure 6i1).

Komatsu et al. (2011) constrained the space group of (Al geMgo.07510.07)OOH to
be Pnnm at 1 bar and posited that the dissolution of Mg and Si ions into the crystal
structure may result in the disorder of hydrogen atoms, which act as a "valence com-
pensator" to maintain local charge balance, occupying positions closer to ions with
lower valence states and farther from those with higher valence states. That is, in a
structure with cations of different valences, the H atom may occupy several positions
rather than just the two observed in 6-AIOOH (Sano-Furukawa et al., 2018; Kudoh
et al., 2004; Kuribayashi et al., 2014) and escape detection by X-rays. Xue et al.
(2006) used NMR to observe that in phase egg (AISiO30H), Al and Si disorder
also provokes H-bond disorder. At ambient pressure, hydrogen atoms in oxyhy-
droxides with cations of different valences may be occupationally disordered but
not dynamically disordered (i.e. no tunneling between sites). Therefore, it is likely
that even high-quality X-ray diffraction data would struggle to distinguish multiple
hydrogen positions or O-H distances in this context. Indeed, the crystal structures
of Aly.86Mgo.07S10.07O00H (Komatsu et al., 2011) and (Al,Fe)-phase H (Strozewski
et al., 2023) were both satisfactorily solved with an assumed single hydrogen po-
sition of occupancy 0.5, which necessitates the Pnnm space group. This modeled
site from X-ray diffraction would represent the most significant concentration of

electron density in a potential with several local minima (Figure 6).

Changes in the pressure dependence and position of O-H vibrational modes in
(Al,Fe)-phase H at moderate pressure (ii: 9-23 GPa) indicate a clear change in the
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hydrogen bonding environment. O-H bending modes become invariant to pressure
(Figure 4) while O-H stretching modes soften to lower wavenumbers (Figure 5).
The plateau-like trend of O-H bending modes due to hydrogen bond disorder has
previously been associated with structural phase transitions provoked by hydrogen
bond disorder in -AIOOH (Kagi et al., 2010) and S-CrOOH (Jahn et al., 2012). In
0-AlOOH, hydrogen bond disorder is observed to occur at an O-O distance of 2.443
A at approximately 10 GPa (Trybel et al., 2021; Sano-Furukawa et al., 2018; Meier
etal., 2022). In compositions more similar to (Al,Fe)-phase H, maximum hydrogen
mobility is achieved at the same O-O distance (2.443 A) but at higher pressure (>
20 GPa) (Meier et al., 2022). This observation agrees with our calculation that the
0-O distance reaches 2.443 A in (Al,Fe)-phase H at 23 GPa. We therefore propose
that between 9 and 23 GPa, hydrogen atoms in (Al Fe)-phase H remain in a state
of dynamic disorder whereby there is still a potential barrier (or asymmetry) that is
reduced with pressure. At 23 GPa, this barrier or asymmetry is small enough that the
hydrogen atoms in (Al,Fe)-phase H achieve maximum mobility in a broad potential
well. However, the potential barrier is still present and the hydrogen bonding state
remains more accurately described as dynamic disorder. In contrast, the structural
transition in 6-AlOOH at approximately 10 GPa results in a reduction of the potential
barrier between hydrogen sites such that there is a coincidence between the onset of

dynamic disorder and maximum hydrogen mobility (Figures 6 and 7).

The demarcation between moderate pressure (9-23 GPa) and high pressure (iii: 23-
35 GPa) is the softening of O-H bending modes in (Al Fe)-phase H and splitting of
bend mode B1,at 25.8 GPa. We propose that between 23 and 35 GPa, the potential
well continues to narrow and the potential barrier between minima continues to
decrease, resulting in a unimodal potential at 35 GPa which is more narrow than that
of the dynamically disordered state. The O-O distance in (Al,Fe)-phase His 2.415 A,
which is approximately the same as that observed for hydrogen-bond symmetrization
in 6-AIOOH at 18 GPa (Sano-Furukawa et al., 2018). This pressure region (23-35
GPa) therefore corresponds to 10-18 GPa in 6-AIOOH, between dynamic disorder
of hydrogen bonds and symmetrization. It is unclear whether the softening and
splitting we observe here occurs at 18 GPa in 6-AIOOH (Figure 4b). Although Kagi
et al. (2010) do not observe softening at 18 GPa, they look only at peaks of two
modes and may therefore miss this phenomenon. Previous work has revealed a kink
in the plot of normalized pressure vs. eulerian strain (F-f) (Strozewski et al., 2023) at
35 GPa — which indicates a change in the compressional behavior of (Al,Fe)-phase

H — as well as spectral changes in synchrotron Mossbauer spectra that require an
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additional Fe>* site (Chapter 3). It is possible that two distinct Fe>* sites at pressures
greater than 35 GPa points to local cation order. Once the hydrogen atom is confined
to a narrow potential well in a symmetric bonding state at 35 GPa, it is no longer
free to compensate for differences in electron density provided by different cations,
as it could at ambient pressure (Komatsu et al., 2011). Consequently, hydrogen
defects or electronegativity differences between Fe atoms and neighboring cations
in the crystal structure result in distinct electronic environments surrounding the Fe

atoms (Chapter 3).

At pressures greater than 35 GPa (Figure 6iv), there are no observed changes in
trends of vibrational modes versus pressure. We hypothesize that this reflects a state
of strong, symmetric hydrogen bonding whereby the compression of the crystal
structure dominantly occurs due to shortening of bonds other than O-H. Such a
change in the accommodation of pressure was observed by Xu et al. (2013) in a-
FeOOH and associated with strengthening of hydrogen bonds. We also note that
the separation in pressure of H-bond order-disorder and symmetrization from the
Fe* spin crossover in (Al,Fe)-phase H indicates that the these electronic transitions
are independent of each other (Figure 7), in agreement with previous studies (Ohira
et al., 2019; Meier et al., 2022; Trybel et al., 2021; Sano-Furukawa et al., 2018;
Gleason et al., 2013).

2.5 Conclusion

We have performed Raman and infrared spectroscopy measurements on (Al,Fe)-
phase H to 42 GPa and on 6-(ALFe)OOH to 40 GPa, complimented by constraints
derived from nuclear resonant scattering. Our results suggest that hydrogen atoms
in (Al,Fe)-phase H become dynamically disordered at approximately 10 GPa but
likely achieve maximum mobility at 23 GPa. Structural disorder induced by the
substitution of heterovalent Mg?* and Si** into the crystal structure (Komatsu et al.,
2011) results in the additional glide plane of Pnnm (Al,Fe)-phase H compared with
P21nm at ambient pressure and the lack of a soft-mode transition in (Al,Fe)-phase
H between 0 and 10 GPa. The softening and splitting of O-H bending modes and
calculation of O-O distances at higher pressure support the conclusion of Meier
et al. (2022) that dense oxyhydroxides achieve maximum hydrogen mobility in a
broad, effectively single potential well between 20 and 25 GPa. We identify the
pressure of hydrogen bond symmetrization in (Al,Fe)-phase H as 35 GPa based
on the plateau-like trend in frequencies of O-H bending modes above this pressure

as well as observed changes in the electronic environment surrounding Fe atoms.
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Figure 2.7: Identified or inferred transitions in dense oxyhydroxides at high pres-
sure from experimental data. Theoretical predictions are omitted from this figue.
Observation listed for §-(Al,Fe)OOH include studies of the 6-AIOOH end-member.
Interpretations and observations are taken from the following studies: S-CrOOH
(Jahn et al., 2012), e-FeOOH (Gleason et al., 2013; Thompson et al., 2020), ¢-
(AlLFe)OOH (Kagi et al., 2010; Trybel et al., 2021; Ohira et al., 2019; Ohira et al.,
2021; Sano-Furukawa et al., 2018), (Al,Fe)-phase H (Strozewski et al. 2023, and
this study), and MgSiO,(OH), (Nishi et al., 2018).

Interestingly, at approximately the same pressure (= 35 GPa), a second, distinct
Fe3* site is observed in SMS spectra (Strozewski et al., 2023), and a high statistical
quality NRIXS spectrum yields a lower Lamb-Mdssbauer factor than anticipated
by the trend with pressure below 50 GPa. We consider 35 GPa as the maximum
pressure at which changes in the hydrogen bonding environment of this phase could

be observed or are likely to significantly effect its electronic structure.

Figure 7 summarizes observations on dense oxyhydroxides including changes in the
spin state of Fe atoms or hydrogen bonding environment. This diagram demon-
strates that hydrogen bond disorder and symmetrization occur at significantly lower
pressure than the spin crossover of Fe>*. It is clear that variations in composition

of phases in the §-H-€ system have an appreciable effect on both the pressure of
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hydrogen bond symmetrization and the Fe** spin crossover. However, additional
work focused on intermediate compositions and employing multiple techniques,
including neutron diffraction and infrared spectroscopy, would more precisely de-
termine compositional effects. Pairing single crystal X-ray diffraction and infrared
spectroscopy at high pressure and temperature would be a powerful approach to dis-
cern whether the approximately 20 GPa difference in hydrogen bond symmetrization
pressure between 6-AlIOOH and (Al Fe)-phase H results in appreciable effects on
the pressure and temperature at which water in these phases could be retained in

Earth’s mantle.

Evidence that subducted slabs can descend through the mantle transition zone and
into the lower mantle implies a need to understand their petrology and seismic
velocities at pressures greater than 25 GPa. Previous work (Ohira et al., 2019;
Thompson et al., 2017; Duan et al., 2018; Strozewski et al., 2023, Chapter 4)
and the current study (Figure 7) indicate that the seismic velocities and electronic
transitions in the 6-H-€ system are appreciably affected by composition. Hydrogen
partitioning between SiO; and phases in the d-H-€ system (Ishii et al., 2024) will
directly affect the pressure of the post-stishovite transition commonly invoked to
explain scattering of seismic waves in the mid-lower mantle (Kaneshima, 2016,
Chapter 4) while precise understanding of the mineralogy of a slab is necessary
to assess whether scattering may instead occur below the 660 km discontinuity
due only to intrinsic heterogeneity within the slab (Mao et al., 2022). If a slab
descends to the core-mantle boundary (Sun et al., 2019; Wolf et al., 2024), dense
oxyhydroxides may contribute to the observed seismic velocities at the edges of
large, low velocity provinces (Ohira et al., 2019; Strozewski et al., 2023, Chapter
4). Further experiments on the crystal chemistry of hydrous minerals that may be
involved in H exchange across the core-mantle boundary (Kim et al., 2023; Kawano
et al., 2024) would enhance our understanding of the petrology of subducted slabs
and place constraints on chemical reactions due to potential slab dehydration in
the lowermost mantle. Additional study of intermediate compositions in the 6-H-€
system will help to elucidate the variance of seismic velocities in this system as well
as the entire range of compositions which may carry hydrogen to the lowermost

mantle.
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Chapter 3

EQUATION OF STATE AND SPIN CROSSOVER OF
(AL,FE)-PHASE H

*This chapter has previously been published as:

Strozewski, Benjamin, Johannes Buchen, Wolfgang Sturhahn, Takayuki Ishii, Itaru
Ohira, Stella Chariton, Barbara Lavina, Jiyong Zhao, Thomas S Toellner, and
Jennifer M Jackson (2023). “Equation of State and Spin Crossover of (Al,Fe)-
Phase H”. In: Journal of Geophysical Research : Solid Earth, pp. 1-20. por:
10.1029/20221B026291.

3.1 Introduction

In Earth’s mantle, the volatile element hydrogen is incorporated into minerals as
point defects in nominally anhydrous minerals and in the crystal structures of hy-
drous minerals (e.g., Bell and Rossman, 1992; Bolfan-Casanova, 2005; Litasov and
Ohtani, 2003; Ohtani, 2015; Rossman, 1996). Transport of volatiles in minerals
as part of subducted lithosphere results in cycling of hydrogen between Earth’s
surface and interior and places important constraints on the chemical and dynamic
evolution of the Earth (Crowley et al., 2011; Nakagawa and Tackley, 2015; Parai
and Mukhopadhyay, 2018). The presence of hydrogen in mantle minerals has been
shown to affect the speed at which seismic waves propagate through the material
and alter the properties of key seismic discontinuities in the mantle (Buchen et al.,
2018; Jacobsen et al., 2010; Zhou et al., 2022). The release of hydrogen from sub-
ducted lithosphere as a result of mineral reactions can affect mantle dynamics by the
depression of solidus temperatures and partial melt formation (i.e., arc volcanism),
reductions in mantle viscosity, or can result in metasomatic reactions (Palot et al.,
2016; Pearson et al., 2014; Tschauner et al., 2018).

While mantle convection models predict a diverse set of possible slab dynamics
in the mantle transition zone, these models often agree that subducting slabs can
descend through the abrupt change in density at 670 km depth and eventually
accumulate at the core-mantle boundary (Brandenburg and Van Keken, 2007; Tan
et al., 2011). Regions of positive seismic velocity perturbation, which are inferred
to be cold, subducted oceanic lithosphere, have been consistently observed at depths

greater than 670 km using seismic tomography (e.g. Durand et al., 2017; Hosseini
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etal., 2020; Koelemeijer et al., 2016). At higher spatial resolutions, regional seismic
studies corroborate dynamic studies in their observations of material with elevated
seismic wave speeds throughout the deepest parts of the mantle (Schumacher and
Thomas, 2016; Sunetal., 2019). Accurate and quantitative interpretations of seismic
studies and inferences of lower mantle structure requires thorough knowledge of the
effects of compositional variations on observed seismic velocities and impedance
contrasts, constrained in part by the equations of state of relevant mineral phases

and their solid solutions.

In the case of subducted slabs, relevant compositions may include hydrous compo-
nents formed in oceanic lithosphere and carried to greater depth. For example, phase
“Egg” (AlSiO3(OH)) has been observed as nanocrystalline inclusions in diamonds
recovered from the mantle transition zone (Wirth et al., 2007). The discovery of
ice-VII (Tschauner et al., 2018) and hydrous ringwoodite (Pearson et al., 2014) as
inclusions in diamonds exhumed from the transition zone also suggests the presence
of aqueous fluid in this region. While dense hydrous magnesium silicate phases are
expected to dehydrate along typical geotherms in the upper mantle or transition zone
(Bolfan-Casanova, 2005), recently synthesized hydrous phases such as §-AIOOH
(“delta phase™), MgSiO,(OH), (“phase H”), and e-FeOOH have been observed to
be stable at temperatures and pressures relevant to the lowermost mantle and form
from the components of hydrous metabasalts (Liu et al., 2019). In particular, ¢-
AlOOH has garnered interest as a candidate carrier of hydrogen to the deep mantle
(Ohtani, 2020; Ohtani et al., 2018) due to its stability at temperatures potentially
as high as those of the ambient mantle near the core-mantle boundary (Sano et al.,
2008; Terasaki et al., 2012). However, recent synthesis experiments have revealed
0-AIOOH to be an endmember component of the (6-AIOOH)-(MgSiO,(OH),)-(e-
FeOOH) solid solution (Komatsu et al., 2011; Liu et al., 2019; Ohira et al., 2014).
Therefore, studying the effect of compositional variation in this system will be
necessary to understand the seismic signature of subducted lithosphere and distin-
guish between different hypotheses concerning the origin of seismic reflectors and

structure within the lower mantle (e.g., Panero et al. (2020)).

The aluminum oxyhydroxide 6-AIOOH is a high-pressure polymorph of diaspore
(a-AlOOH), first synthesized by Suzuki et al., (2000) at 21 GPa and 1273 K with
small amounts of magnesium and silicon (9-Aly g6Mgo.07519.07O0OH). At ambient
conditions, 6-AlIOOH and e-FeOOH adopt the space group P2;nm with ordered
and asymmetric hydrogen bonds (Gleason et al., 2013; Suzuki et al., 2000; Thomp-
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son et al., 2017). These two phases have been further observed to form a solid
solution (Kawazoe et al., 2017; Nishi et al., 2017). Changes in hydrogen bonding
environment due to compression have been observed in single crystal X-ray diffrac-
tion, neutron diffraction, and infrared spectroscopy measurements on 6-AIOOH
(Kagi et al., 2010; Kuribayashi et al., 2014; Sano-Furukawa et al., 2018). The
symmetrization of hydrogen bonds in e-FeOOH has been inferred from changes in
relative compressibilities along different crystallographic directions and prompts a
change in space group from P2;nm to Pnnm near 18 GPa (Thompson et al., 2020),
a pressure lower than the symmetrization pressure predicted by density functional
theory calculations performed for this composition by Gleason et al. (2013) (42
GPa) but similar to the calculations of Thompson et al. (2017) (17.5 GPa). Sim-
ilar observations have been used to infer an order-disorder transition of hydrogen
bonds in 9-(Al,Fe)OOH near 10 GPa (Ohira et al., 2019). Nuclear magnetic reso-
nance measurements reported by Meier et al. (2022) corroborate the change in space
group from P2inm to Pnnm observed at ~10 GPa in J-(Al,Fe)OOH and conclude

that hydrogen bond symmetrization occurs at a pressure of approximately 22 GPa.

MgSiO,(OH), (phase H) crystallizes in the space group Pnnm with disordered hy-
drogen bonds (Bindi et al., 2014a). X-ray diffraction measurements at high pressure
revealed changes in relative compressibilities along different crystallographic axes
near 30 GPa, indicating that hydrogen bonds in MgSiO,(OH), may become sym-
metric at this pressure (Nishi et al., 2018). The solid solution between 6-phase
and phase H was confirmed to coexist with alumina-depleted bridgmanite in the
lower mantle (Ishii et al., 2022a; Ohira et al., 2014). Liu et al. (2019) observed
the formation of a solid solution between 6-AIOOH, MgSiO,(OH),, and e-FeOOH
(referred to as “Al-rich phase H”) coexisting with calcium silicate perovskite (or
davemaoite, Tschauner et al., 2021), stishovite, magnesiowiistite, and fluid at 25-
26.3 GPa and 1273-1473 K from compression and heating of a natural, hydrous
basalt. However, the compressional behavior of an intermediate composition in the
(6-A10OOH)-(MgSi0;,(OH),)-(e-FeOOH) solid solution at pressures throughout the

lowermost mantle has not yet been described.

The compressibility of this solid solution may be affected by changes in hydrogen
bonding environment as well as a spin transition of ferric iron (Fe**) at high pres-
sure. The formation of short, strong hydrogen bonds by disordering and eventually
of symmetric hydrogen bonds is likely important in preventing the dissociation of

these hydrous phases at the high temperatures of the lower mantle. A spin transition
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will affect the elastic properties of Fe-bearing compositions in this solid solution
at lower mantle depths. The decreases in bulk modulus across the range of pres-
sures corresponding to a spin crossover have been previously observed in studies
of (Mg,Fe)O (Chen et al., 2012; Lin and Tsuchiya, 2008; Solomatova et al., 2016),
Fe3+—bearing bridgmanite (Mao et al., 2015; Dorfman et al., 2015), and other Fe-
bearing minerals (Liu et al., 2015; Wu et al., 2016). The pressure range of the
spin crossover and its effects on compressibility are governed in part by the valence
state(s) of the iron atom(s), their coordination environment, and the electric field
gradient imposed by the surrounding anions, whose pressure dependence is related
to how strain is accommodated within the crystal structure. At quasi-hydrostatic
conditions, changes in compressibility reflected in the equation of state of a material
should precisely measure the breadth of a Fe** spin crossover, though the inferred
pressures of this crossover may vary by several percent between studies based on
the pressure calibrant used (see section 3.2). Additionally, techniques which are di-
rectly sensitive to the electronic and magnetic states of Fe atoms (e.g., synchrotron
Mossbauer spectroscopy or X-ray emission spectroscopy) can be more sensitive
to low proportions of low-spin Fe and may discern broader pressure intervals of
the spin crossover. Ohira et al. (2019) inferred a high-low spin transition of Fe3*
in 6-(Al,Fe)OOH with two different iron concentrations (Fe/(Al+Fe) = 0.047(10)
(0-Fe5) and Fe/(Al+Fe) = 0.123(2)) (6-Fel2) near 35 GPa based on synchrotron
powder X-ray diffraction measurements and confirmed a change in spin state of
the Fe** atoms by synchrotron Mossbauer spectroscopy on a similar composition
with Fe/(Al+Fe) = 0.133(2). Additionally, Nishi et al. (2019) observed a volume
collapse due to the Fe3+ spin crossover in J-(ALLFe)OOH with Fe/(Al+Fe) = 0.21
(6-Fe21) and Fe/(Al+Fe) = 0.64 (6-Fe64) at ~45 GPa using X-ray diffraction. In
the (6-AlIOOH)-(MgSiO,(OH);,)-(e-FeOOH) solid-solution, the incorporation of
Mg and Si could affect the way in which strain is accommodated by Fe-O bonds
and therefore result in important differences in the spin transition characteristics
and compressional behavior in comparison to 6-(Al,Fe)OOH. Here, we use syn-
chrotron powder X-ray diffraction to determine the equation of state, including the
effects of hydrogen bond symmetrization and the high-low spin transition of iron, of
A10.34Fe3+0.07Mg0‘02Sio.06OOH (hereafter referred to as “(Al,Fe)-phase H”) to 125
GPa. The results are discussed in the context of important transitions in dense oxy-
hydroxides and their implications for the signature of subducted, hydrous lithosphere

in the lower mantle.
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3.2 Methods

Synthesis of (Al,Fe)-H crystals

(Al,Fe)-phase H crystals were synthesized with a hydrothermal method using a
1000-ton Kawai-type multi-anvil apparatus installed at the Bayerisches Geoinstitut,
University of Bayreuth (BGI). The starting material was a mixture of 80% AI(OH)3,
6% MgO, 6% Si0O,, and 8% Fe,03 (96.64% enriched with 57Fe) by weight. The
starting material was compressed to 21 GPa and heated to 1470 K at a rate of
40-50 K/min. This temperature was held constant for a total of 4 hours before
rapid quenching. To determine the chemical composition and crystal structure of
(Al,Fe)-phase H, a recovered single crystal with dimensions of about 50 x 50 x 50
um was selected based on the absence of twinning observed by X-ray diffraction and
sharp optical extinction when viewed between crossed polarizers with a polarizing
microscope. The chemical composition of the recovered crystal was measured to
be Alo.g4Fe3+o,07Mg0,02Sio.06OOH using an electron microprobe operating at 15 kV
and 10 nA in wavelength-dispersive mode (JEOL, JXA-8200 installed at Tohuku
University). Synthetic hematite and corundum were used as standard materials
for Fe and Al, respectively. Natural enstatite was employed as a standard material
for Mg and Si. The high-pressure experiments described below used grains from
this synthesis which were cut into smaller pieces and crushed into a powder. o¢-
(AlLFe)OOH crystals with Al/(Al+Fe) = 0.87 (hereafter referred to as “6-Fel3”)
used for synchrotron Mdssbauer measurements were synthesized at 27 GPa and
1500 K for 5 hr. using the 1500-ton Kawai-type multi-anvil apparatus with Osugi-
type guide block system installed at BGI (Ishii et al., 2016; Ishii et al., 2019). A

detailed description of the synthesis of these crystals is given in Buchen et al. (2021).

X-ray diffraction

Single crystal X-ray diffraction patterns of the recovered (Al,Fe)-phase H crystal
were collected using a Huber eulerian cradle single-crystal diffractometer with a
Mo Ka X-ray source operated at 50 kV and 40 mA and a point detector. The
diffractometer was controlled by the SINGLE software (Angel and Finger, 2011).
Unit cell parameters of crystals with a half-width of the diffraction peaks less than
0.1° were refined using the vector least-squares method (Ralph and Finger, 1982).
The effect of crystal offsets and diffractometer aberrations for each crystal were
eliminated using the eight-position centering method (King and Finger, 1979). X-
ray diffraction measurements for structural refinement were made separately using

an area detector. The WinGX program (Farrugia, 2012) was employed for space
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group assignment and structure refinement (see section 3.1). The initial structure
for the refinement was found using the direct method of the SHELXL-97 program
(Sheldrick, 1997). Refinement of the structure was performed against |F|2 using
the full-matrix least-squares method with the scattering factors of neutral atoms

(International Tables for Crystallography 1992).

Powdered (Al Fe)-phase H was loaded in a symmetric diamond anvil cell (DAC)
for high-pressure X-ray diffraction measurements. Beveled Type IA diamonds with
culet diameters of 250 yum were used as the anvils. A rhenium foil with initial
thickness of about 250 um was pre-indented to a thickness of 40 um for use as
the gasket. To form the sample chamber, a 70 um diameter hole was drilled at
the center of the gasket indentation using an electric discharge machine. Powdered
(AlLFe)-phase H was loaded into the sample chamber with a ruby sphere and gold
powder to serve as pressure gauges. Compressed helium gas was loaded at 25,000
PSI at the California Institute of Technology to serve as a quasi-hydrostatic pressure-
transmitting medium. At beamline 13-ID-D of GSECARS at the Advanced Photon
Source at Argonne National Laboratory (Lemont, IL, USA), the DAC was connected
to a membrane-driven pressure control system. Angle-dispersive X-ray diffraction
patterns were collected on a Pilatus IM CdTe area detector using monochromatic
X-rays (1 =0.3344 A) focused to a size of 2 pm (vertical) by 3 um (horizontal) at the
sample position. Calibration of the instrument resolution function, sample-detector
distance, and detector tilt was performed by collecting a diffraction pattern of LaBg
powder in air, using the known X-ray wavelength and pixel area. Diffraction patterns
of (Al,Fe)-phase H were collected at 159 pressures between 4.0 and 123 GPa. Pat-
terns were collected with an exposure time of 10 seconds, during which the sample
was rotated by 10° about its vertical axis. Two-dimensional angle-dispersive X-ray
diffraction patterns were integrated to one-dimensional profiles of diffracted intensi-
ties versus 26-angle using the DIOPTAS software (Prescher and Prakapenka, 2015).
Background subtraction was performed using the “sbck™ module of the MINUTI
software package Sturhahn, 2022 which detects and removes background common
to all diffraction profiles in a coherent stack of profiles. By iteratively searching
the lowest intensity at specific 26 angles in the stack of normalized diffraction pro-
files, sbck yields a refined background function which is subsequently removed
from individual diffraction profiles. Inspection of the processed diffraction profiles
after background subtraction ensures that sample reflections remain undistorted.
An example of the results of the sbck background subtraction routine for a pattern

collected at 7 GPa is shown in Figure 1(a). Full-pattern Pawley refinement of each
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diffraction profile is performed using the GSAS-II software package (Toby and Von
Dreele, 2013). An example fit to a pattern collected at 7 GPa is shown in Figure
1(b). All reported pressures for the sample are determined using the refined unit

cell volumes of gold and the equation of state given by Fei et al. (2007).

3.3 Equation of State Fitting

The pressure-volume data of (Al Fe)-phase H obtained from the powder X-ray
diffraction measurements was fit to a spin crossover equation of state using the
MINUTI software package (Sturhahn, 2022). The MINUTI software package im-
plements an equation of state model which accounts for both the elastic and spin
contributions (arising from the spin state of the 3d electrons of the Fe atoms) to the
free energy of the sample. For a 3rd order Birch-Murnaghan equation of state, the

elastic component of the free energy is given by equations (1) and (2):

Fa(V) = SKoVo 21+ (K~ 4)] G
_ L Yoyos _
f=35)7 -1 (3.2)

where Kq represents the bulk modulus at zero pressure, K’¢ refers to the gradient
dK/dP at zero pressure, Vj is the unit cell volume at zero pressure, and f is the
eulerian strain. The component of the free energy attributable to the spin state of

the Fe atoms is given by equation (3):

Fy(V,T) = —kgTIn(Zy) (3.3)

where k is the Boltzmann constant, T is the temperature, and Z; is the spin partition
function, defined for the relevant atom (here Fe’*) by the number of unpaired elec-
trons, volume-dependent energy, and orbital degeneracy. When fit to experimental
P-V data, this model locates the region of the spin crossover and describes changes
in density and compressibility resulting from the spin transition. Equations of state
for the high and low-spin states are fit simultaneously. Additional details are given
in the MINUTI manual (Sturhahn, 2021). It is well known that estimates of uncer-
tainties on refined unit cell parameters are typically underestimated by full-profile
refinement protocols. Therefore, we follow the procedure recommended by Angel,

2000 and implemented in Morrison et al., 2018 in scaling the uncertainties (o) on
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Figure 3.1: a) Example background subtraction using the MINUTI sbck mod-
ule (nrixs.com). The collected diffraction profile has a substantial but smooth
background which can be removed from each profile in the stack to produce a
“background subtracted profile” that is more amenable to fitting using whole-profile
refinement methods. (b) Example fit to the same background subtracted profile
using the Pawley refinement procedure of the GSAS-II software (Toby and Von
Dreele, 2013).
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unit cell edge lengths by an empirical scaling factor k such that a fit to an appropriate
equation of state model produces x> ~ 1. So long as the model used to fit the data is
appropriate, y” » 1 indicates that the variance of the data has been underestimated
while y? « 1 indicates an overestimate of the variance. Uncertainties on unit cell
edge lengths for both the gold pressure calibrant and (Al,Fe)-phase H sample are
scaled by a factor of k = 1.5. The scaled uncertainties were subsequently used
to calculate the standard deviation of unit cell volumes using standard formulae
to propagate experimental uncertainties. Uncertainties in pressure were estimated
using the scaled uncertainties of the unit cell volumes of gold, neglecting any un-
certainties on the equation of state parameters of gold (Fei et al., 2007a) since their

covariance matrix is not reported.

Synchrotron Mossbauer Spectroscopy

Two symmetric diamond anvil cells (DACs) were loaded with powdered (Al Fe)-
phase H and two with 6-(Al,Fe)OOH with Fe/(Al+Fe)=0.13 (6-Fe13) for synchrotron
Mossbauer spectroscopy (SMS) measurements conducted at beamline 3-ID-B of
the Advanced Photon Source, Argonne National Laboratory. Each DAC was loaded
with a small ruby sphere (=10 ym diameter) proximal to the center of the gasket
hole for online pressure determination using the calibration of (Dewaele et al.,
2008). For measurements on (Al,Fe)-phase H, one DAC with 400-um diameter
culets was loaded with compressed He gas at the California Institute of Technology.
The measured pressure after gas loading was 1.5 GPa and measurements were
performed to a maximum pressure of 22 GPa. A second set of SMS measurements
was performed using a DAC with beveled, 300-um diameter culets at pressures
from 0.03 to 53 GPa. For these experiments, the cell was shipped to the Advanced
Photon Source and loaded with compressed He gas at the GSECARS/COMPRES gas
loading system. Synchrotron Mossbauer spectra were collected on 9-Fel3 samples
from 2 to 23 GPa and 15 to 47 GPa using DACs with 400-um flat and 250-um
beveled culets, respectively, and loaded with compressed He gas at the California

Institute of Technology.

Time-domain SMS measurements were performed for the (Al,Fe)-phase H and ¢-
Fel3 experimental runs during which the storage ring was operated in top-up mode
with 24 bunches separated by 153 ns. The beam was focused on an area of 16 x
16 um? at the sample position using a Kirkpatrick-Baez mirror system. A high-
resolution monochromator was tuned to the 14.4125 keV nuclear transition energy of

3TFe (Toellner, 2000) and the resonance monitored during collection of time spectra
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to optimize counting rates. Additional measurements were collected in hybrid mode
for (AlLFe)-phase H at a pressure of 1.5 GPa and 6-Fel3 at 24 GPa, using a focal
area of 10 x 10 ,umz. Isomer shifts were derived relative to a stainless steel (SS)
reference foil with a natural abundance of >’Fe placed downstream of the sample.
Measurements to constrain the isomer shift were taken at the lowest pressure point
in each (Al,Fe)-phase H experimental run as well as at 40 GPa. Each reference foil
was measured at the APS using a radioactive source to have isomer shifts relative to
a-iron metal of -0.100(3) mm/s and -0.094(3) mm/s for the 5 um and 10 um thick
SS310 foils, respectively (Solomatova et al., 2017).

Synchrotron Mdssbauer spectra were fit with version 2.2.2 of the CONUSS software
(Sturhahn, 2000) using a time window between 25 and 120 ns in 24-bunch mode
and from 50 to 250 ns in hybrid mode. The CONUSS software implements a
least-squares algorithm to refine the hyperfine parameters of iron and the effective
thickness of the sample. The effective thickness is dimensionless and is the product
of the numerical density of the >’ Fe atoms, the physical thickness of the sample, the
nuclear resonant cross-section (2.56x10722 m? for °’Fe), and the Lamb-Mossbauer
factor (fraction of recoil-free scattering events). For compression points at which a
spectrum was collected with the stainless reference foil, a simultaneous fit of both
spectra (with and without the reference foil) was performed. Starting models were
informed by the hyperfine parameters of 6-(Al,Fe)OOH reported in Ohira et al.
(2019). In fitting SMS spectra of ¢-Fel3 in this study, the Lamb-Md&ssbauer factor
at each pressure is interpolated from the Lamb-Mossbauer factors reported in Ohira
et al. (2021). The same interpolation is applied to estimate the Lamb-Mdssbauer
factor of (Al,Fe)-phase H at high pressure, disregarding the transition associated
with hydrogen bond disorder in Ohira et al. (2021) as hydrogen bonds are likely

disordered at ambient pressure in (Al,Fe)-phase H (see Results and Discussion).

3.4 Results

Crystal Structure of (Al,Fe)-phase H

Single crystal X-ray diffraction patterns of (Al,Fe)-phase H (Alo,g4Fe3+0_07Mg0,028i0,06OOH)
were indexed with the Pnnm space group and yielded unit cell parameters at am-

bient pressure of ag = 4.7187(1) A, by = 4.2285(1) A, ¢y = 2.8448(1) A, and V; =
56.762(3) A3. A rendering of the crystal structure is shown in Figure 2 and a Crys-
tallographic Information File (CIF) file provided in the supporting data (Strozewski

et al., 2024). The crystal structure constrained here is similar to that determined for
Al-bearing phase H along the 6-AIOOH-MgSiO,(OH); join: Mgg 500Si0.465Al0.035



42

(Bindi et al., 2015), with ap=4.730(2) A, by = 4.324(2) A, ¢y = 2.843(1) A, and
Vo = 58.15(5) A3, (Al,Fe)-phase H crystallizes in the same CaCl,-type structure
with edge-sharing octahedra and hydrogen bonds that locate in the a-b plane, albeit
with different atomic positions. The substitution of small amounts of Fe** for AI**
and higher concentration of Al relative to Mg and Si in (Al,Fe)-phase H may be
responsible for the observed differences in unit cell edge lengths but does not result
in a structural change. In both compositions, cations occupy a single octahedral
site and hydrogen bonds are disordered at ambient pressure, as in the end-member
MgSiO,(OH),; composition (Bindi et al., 2014a). The structure reported here agrees
with the observation that a change in space group of 6-AIOOH from P2 nm to Pnnm
is provoked by substitution of even small amounts of Mg and Si for Al (Komatsu
et al., 2011). In contrast, the replacement of APt by Fe3* substitution does not

appear to cause a structural change (Kawazoe et al., 2017; Suzuki et al., 2000).

Powder X-ray Diffraction and Equation of State

A reasonable estimate of the error in pressure when comparing the X-ray diffraction
results presented here with previous measurements in the 5-(AIOOH)-(MgSiO,(OH),)-
(e-FeOOH) solid solution is <2%. Pressures reported in Duan et al. (2018) and
Gleason et al. (2013) are calibrated with the equation of state of gold reported in
Fei et al. (2007a). Thompson et al. (2020) use the Fei et al. (2007a) equation of
state for neon. Pressures reported in those studies should therefore be consistent
with those reported here. Ohira et al. (2019)) used the calibration of the tungsten
pressure scale by Dorogokupets and Oganov (2006), which records pressures that
are systematically = 1.7% greater than those of the Fei et al., 2007a gold calibra-
tion. The Tsuchiya (2003) Au equation of state used to determine pressure in the
measurements of Nishi et al. (2019) reports pressures at the relevant pressures and

300 K that are approximately 3% higher than those reported in this study.

Figure 3 shows the normalized unit cell edge lengths and axial ratios of (Al,Fe)-
phase H (A10,84Fe3+0,07Mg0.02Sio,06OOH) compared to other compositions in the
0-(AIOOH)-(MgSi10,(OH),)-(e-FeOOHR) solid solution at 300 K (Duan et al., 2018;
Gleason et al., 2013; Nishi et al., 2018; Ohira et al., 2019; Thompson et al., 2020).
A comparison of normalized unit cell volumes of the same compositions is shown
in Figure S1. The linear compressibility of the a-axis is the least sensitive to
cation substitution at low pressure (Fe-bearing materials in the high-spin state), as
indicated by the similarity in values of a/ag between different compositions. The

subtle kinks in the compression trends of a/ag, b/bg, and c/cq in (Al,Fe)-phase H
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Figure 3.2: Crystal structure of (Al,57Fe)—phase H (Alpss’'Fe3*
0.07Mg0.02S10.0600H) (space group Pnnm) as determined by single crystal
X-ray diffraction. The crystal structure is projected along the crystallographic
c-axis.  Octahedrally coordinated cations are represented by their colors in
proportion to their concentration. A CIF file containing atomic coordinates and
structure parameters is available as a supplementary file to the published version of
this article. This figure was created with VESTA (Momma and [zumi, 2011).

near 55 GPa are the result of a volume collapse due to a spin transition. There
is comparatively little variance in a/ag or ¢/co due to composition in the pressure
range shown relative to that observed for b/by. The crystal structure of 6-AIOOH
appears to be most sensitive along the b-axis to the incorporation of Fe**: §-Fe5
exhibits lower values of b/bg relative to 6-AIOOH and §-Fel2 has even lower values.
However, this effect does not remain with the substitution of Mg and Si as the length
of the crystallographic b-axis in (Al,Fe)-phase H appears to be more invariant to

pressure.

Ohira et al. (2019) inferred the symmetrization of hydrogen bonds in 6-(Al,Fe)OOH
with Fe/(Al+Fe)=0.12 (6-Fel2) and Fe/(Al+Fe)=0.05 (5-Fe5) at approximately 10
GPa based on changes in the trend of the axial ratios as well as on a change in space

group from P21nm to Pnnm. To pressures of about 30 GPa, the trends in ratios of unit
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Figure 3.3: Normalized unit cell edge lengths and axial ratios for compositions in
the (6-AIOOH)-(MgSi0,(OH),)-(e-FeOOR) solid solution at 300K. Measurements
at high pressure are obtained from Ohira et al. (2019): ¢6-Alg.9sFeq.0sOOH (6-
Fe5) and 6-Alg ggFe.12OOH (6-Fel2), Nishi et al. (2018): MgSiO,(OH),, Duan
et al. (2018): 6-AIOOH, and the combined datasets of Gleason et al. (2013), Nishi
et al. (2019), and Thompson et al. (2020): e-FeOOH. Unit cell edge lengths at
high pressure are normalized by their values at ambient pressure determined by
single crystal X-ray diffraction measurements on the same composition: this study
(Al,Fe)-phase H, Kawazoe et al. (2017): (o-Fe5 and 6-Fel2), Bindi et al. (2014a):
MgSi0O,(OH),, Kuribayashi et al. (2014): 6-AIOOH, and Suzuki (2010): e-FeOOH.
Values of a/c for 6-Aly79Feq21OOH (6-Fe2l) , 6-Alg3gFep.64O0H (6-Fe64), and
Mg .17Si9.17Alp.33Fe.630O0H reported by Nishi et al. (2019) are shown in the lower
right panel of this figure.
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Figure 3.4: P-V data for (Al,Fe)-phase H fit to a spin equation of state using the
MINUTI software package (y* = 1.21(9)). For discussion of uncertainties in fitting
P-V data to an equation of state see the methods section. The gray shaded region
indicates the spin crossover region (total width ~ 15 GPa) determined by fitting
the spin equation of state. The equation of state is compared to unit cell volume
data for other compositions in the (6-AIOOH)-(MgSiO,(OH),)-(e-FeOOH) solid
solution at 300 K. P-V data for other compositions were obtained from Ohira et al.
(2019): 6-Fe5 and 6-Fel2, Nishi et al. (2018): MgSiO,(OH);, Duan et al. (2018):
0-AlOOH, and Nishi et al. (2019): ¢-Fe2l and 6-Fe64. Due to the significantly
larger unit cell volume, data for e-FeOOH is omitted from this figure for clarity.
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cell edge lengths vs. pressure observed in (Al,Fe)-phase H are flat, especially when
compared to the same trends observed in -(Al,LFe)OOH (Figure 3). At pressures
greater than 30 GPa, the decrease in the ratio a/b with pressure is steeper than
what is observed for 6-(Al,Fe)OOH, regardless of iron concentration. The ratio a/c
remains approximately constant to a pressure of 120 GPa whereas the magnitude
of the increase of b/c with pressure is similar to that observed in -(Al,Fe)OOH.
The ratio a/c of (Al,Fe)-phase H is lower than for 6-(Al,Fe)OOH and is the lowest
for Mgo.17S19.17Alp 33Fe 63OOH, implying that increasing concentration of Mg and
Si in 6-(AlLFe)OOH decreases a/c. Axial ratios of -AIOOH (Duan et al., 2018)
exhibit the same general trends observed for 6-(Al,Fe)OOH to 120 GPa.

Figure 4 shows P-V data for compositions in the d-(AIOOH)-(MgSiO,(OH),)-(e-
FeOOHR) solid solution and the equation of state constrained for (Al,Fe)-phase H. For
clarity, the much larger unit cell volumes of e-FeOOH are not plotted. Comparison
of e-FeOOH to other compositions based on normalized unit cell volumes is shown
in Figure S1. Equation of state parameters for compositions plotted in Figure 4 are
given in Table 1. In Table 1, the data range for a spin equation of state includes all

data used in the fit, with the spin transition pressure and width as free parameters.

The spin transition pressure determined by fitting the spin crossover equation of state
is defined as the pressure at which the change in unit cell volume due to the spin
transition is 50% complete, constrained here for (Al,Fe)-phase H as 55.5 + 0.9 GPa.
The spin crossover region determined from the equation of state is 48-63 GPa (width
of 15 GPa at 300 K). This region does not overlap with the spin crossover determined
for 6-(ALLFe)OOH. On the basis of changes in the unit cell volume, the spin crossover
in 6-(ALFe)OOH occurs over a pressure range of approximately 8 GPa and is 50%
complete in 6-Fe5 at 35(1) GPa, and 36.1(7) GPa, in 6-Fel2 (Ohira et al., 2019).
Figure 5 illustrates correlations between unit cell volume and the isothermal bulk
modulus of §-(Al,Fe)OOH and (Al,Fe)-phase H at various pressures as confidence

ellipses obtained from the equation of state fits, further discussed below.

Synchrotron Mossbauer Spectroscopy

Fits to (Al,Fe)-phase H (AIO.34Fe3+0.07Mgo_ozsio,%OOH) SMS spectra collected in
24-bunch mode are shown in Figure 6. Fits to spectra collected on ¢-(Al,Fe)OOH
with Fe/(Al+Fe)=0.13 (6-Fel3) in 24-bunch mode are shown in Figure S2. Hyper-
fine parameters determined for each phase are given in Tables 2-3 ((Al,Fe)-phase H)
and Tables S1-S2 (o-Fel3). Mossbauer spectra collected in 24 bunch mode (delay
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Figure 3.5: Confidence ellipses for correlations between unit cell volume (V) and
bulk modulus (K7) at 0, 10, 20, 30, 70, and 100 GPa from equation of state
fits to (Al,Fe)-phase H (this study) and 0-(Al,Fe)OOH (Ohira et al., 2019).The
inner ellipses represent the 39% confidence interval of these two parameters at the
indicated pressure. The outer ellipses represent the 86% confidence interval and the
outermost ellipses represent the 99% confidence interval.

times of 25-150 ns) at low pressures (P < 33 GPa) during both (Al Fe)-phase H
experimental runs are well described using a model with a single ferric iron site
(Fe43*), in accordance with the single crystallographic site occupied by Fe** in the
crystal structure of (Al,Fe)-phase H. The best-fitting model at pressures higher than
33 GPa requires the introduction of a second site (Fep>*) that is distinguishable from
Fe43* by its hyperfine parameters. The spectra collected on §-Fel3 also require the
introduction of a second site at ~ 40 GPa. When multiple sites are required to fit
the Mossbauer spectra, we perform a Monte Carlo search over a large parameter
space using the CONUSS module kmco. Good models at each pressure cannot be
obtained by fixing the weight fractions of the Mdssbauer sites over a pressure range
as performed in Ohira et al. (2019). Instead, the weight fractions of the two sites at
each pressure are obtained by the best sampling in the monte carlo parameter search.
Least-squares refinement of hyperfine parameters, physical thickness, and sample
texture are then performed using the CONUSS module “kctl” to determine the best
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model.

Hybrid mode collection allows access to longer delay times than data collected in
24-bunch mode, as shown in Figure S3. Access to longer delay times provides
improved spectral resolution and allows for more precise fitting of potentially minor
Fe sites or small differences in model parameters, including differences which may
arise from deviatoric stresses. In contrast to the data collected in 24-bunch mode,
the hybrid mode spectra for both (Al Fe)-phase H (1.50 GPa) and 6-Fel3 (23.31
GPa) require a second site to obtain the best model (Table 3 and Table S2). At
1.5 GPa in (Al,Fe)-phase H, the two sites have approximately equal weight with
distinct hyperfine parameters. Site A has an isomer shift, quadrupole splitting, and
full width at half-maximum (FWHM) values of 0.308(3), 0.494(3), and 0.236(1) in
units of mm/s. These values are similar to those used in the single site model of
the spectrum collected during 24-bunch mode at this pressure. In contrast, site B is
broad (FWHM = 1.31(1) mm/s) and has a higher isomer shift (0.574(9) mm/s) and
lower quadrupole splitting (0.29(2) mm/s). At 23.31 GPa in ¢-Fel3, the hyperfine
parameters of the two sites differ only slightly (Table S1). Site A is the dominant
contributor to the observed spectrum (wt. fraction = 0.9). A comparison of the

two-site model to the best models obtained using a single site is shown in Figure S3.

The quadrupole splittings determined from 24-bunch mode data in this study are
compared to those determined for 6-(Al,Fe)OOH (Ohira et al., 2019) in Figure 7a.
Comparison of isomer shifts and weight fractions of the Mossbauer sites are plotted
in Figure 7b and Figure 7c, respectively. At low pressure, low values of quadrupole
splitting and isomer shift confirm the sole presence of ferric iron (Fe**) (Bromiley
and Hilairet, 2005; De Grave et al., 2006; Douvalis et al., 2000; Dyar et al., 2006;
Lyubutin et al., 2009) in both (Al,Fe)-phase H and 6-(Al,Fe)OOH. Quadrupole
splittings of the A site in (AL,Fe)-phase H exhibit a general decrease with pressure
from a value of 0.403(2) to 0.177(2) mm/s at 32.1(3) GPa. Quadrupole splittings of

the A site in 0-Fel3 are approximately constant across the same pressure range.

Between 34 and 45 GPa, quadrupole splittings of both Fe** and Fep®* increase
for both compositions. Over the same pressure range, the weight fraction of the
Fe,3* site (lower quadrupole splitting) in (Al,Fe)-phase H decreases, achieving a
minimum value of 0.34 in (Al,Fe)-phase H at 40.1 GPa. The quadrupole splitting
of the Fe 43* site in (Al,Fe)-phase H increases disproportionately at pressures higher
than 45 GPa relative to that of the Feg3* site, which plateaus and then increases

gradually. In contrast, the quadrupole splittings of each site in 6-Fel3 increase
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Figure 3.6: SMS spectra of (Al,Fe)-phase H and fits for data collected in 24-bunch
mode and without a reference foil are shown at each measured pressure. Spectra
are arbitrarily offset for clarity. Fits are performed to time-domain spectra using
the CONUSS software package. Resultant hyperfine parameters, uncertainties in
pressure, and y? values are given in Tables 2 and 3.
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Figure 3.7: Hyperfine parameters and weight fractions of models for Fe?* sites
determined from 24-bunch mode data. (a) Quadrupole splittings (QS) of Fe** in
(Al,Fe)-phase H and 6-(Al,Fe)OOH with Fe/(Al+Fe)=0.13(2) (6-Fel3) compared to
those previously reported for 6-(Al,Fe)OOH with Fe/(Al+Fe) = 0.133(3) (o-Fel3)
in Ohira et al. (2019). At low pressures, only one site is necessary to describe
the observed SMS data (Fe43*). A second Mdssbauer site is introduced (Feg3*) at
pressures higher than 32 GPa for (Al,Fe)-phase H and at 37 GPa for 6-(Al,Fe)OOH.
(b) Isomer shifts obtained using a stainless steel reference foil. (c) Weight fractions
of the Fe* sites used to fit synchrotron Mdssbauer spectra. Uncertainties (1) in
pressure and hyperfine parameters are plotted but are generally smaller than the size
of the symbols.

relatively smoothly and approach the values determined at higher pressures in Ohira
et al. (2019).

Values of the isomer shift decrease with increasing pressure for both (Al,Fe)-phase
H and 6-(Al,Fe)OOH (Figure 7b), reflecting an increase in s-electron density at the
nucleus of the Fe atom due to compression. At = 40 GPa in (Al,Fe)-phase H, the
best-fitting model has two sites with identical isomer shifts relative to @-Fe (0.145(6)
mm/s), which does not unambiguously determine the spin state of the Fe atoms. In
contrast, the fits to 0-(AlLFe)OOH spectra above 37 GPa require low or negative
1somer shifts for site A (Table S2) that identify low-spin Fe* (Giitlich and Garcia,
2012). Isomer shifts constrained on the same composition in (Ohira et al., 2019)

are significantly higher but still reflect values typical of low-spin Fe>*.

3.5 Discussion

Comparison to previous studies

A previous study of 9-(Aly.g6Mgo.07S10.07)O0OH (Komatsu et al., 2011), revealed
that substitution of even small amounts of Mg and Si into the structure of 6-AIOOH

results in disordering of hydrogen bonds at ambient pressure and in a change in space
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group from P2ynm to Pnnm. In contrast, substitution of ferric iron for aluminum
does not result in hydrogen bond disorder or a change in space group (Kawazoe
et al., 2017). Therefore, the disordering of hydrogen bonds at ambient pressure in
(Al,Fe)-phase H is likely due to the incorporation of Mg and Si as confirmed by our
crystal structure determination (Figure 2, space group Pnnm), and the lack of an
order-disorder transition upon compression, as observed for §-(Al,Fe)OOH (Ohira
et al., 2019).

The compressional behavior of (Al,Fe)-phase H (Alo,34Fe3+0,07MgO_OZSiO.%OOH)
is distinct from that of 6-(Al,Fe)OOH as well as that of the end-members 6-AIOOH,
MgSiO,(OH),, and e-FeOOH, implying the incorporation of Mg and Si into the
crystal structure has important effects on bulk elastic properties relative to compo-
sitions which contain only Al and Fe. At pressures lower than 10 GPa, the bulk
modulus of (Al,Fe)-phase H is comparable to that of 6-(Al,Fe)OOH (Figure 5) and
the presence of Mg and Si in (Al,Fe)-phase H does not appear to exert a strong
influence. Due to the order-disorder transition of hydrogen bonds, 6-(Al,Fe)OOH
becomes less compressible than (Al,Fe)-phase H between 10 and 32 GPa (Figure
5). At 32 GPa, the high to low spin crossover of Fe** in §-(Al,Fe)OOH results in
increased compressibility compared to (Al,Fe)-phase H. At pressures greater than
70 GPa — where Fe* in both (Al,Fe)-phase H and -(Al,Fe)OOH is in the low-spin
state — the bulk moduli and unit cell volumes of the two compositions remain clearly
distinguishable, based on the correlations of these parameters from the respective
equation of state models (Figure 5). Some of the differences in the constrained
isothermal bulk moduli of 6-(Al,Fe)OOH and (Al,Fe)-phase H at pressures greater
than 70 GPa may be due to the extrapolation of the equation of state determined
in Ohira et al. (2019) from data collected at lower pressure. Ohira et al. (2019)
fixed K7’ to a value of 4 in fitting data to the low-spin state of 6-(Al,Fe)OOH due
to a lack of data above 70 GPa. This also marks the pressure at which the density,
bulk modulus, and bulk sound velocity of (Al,Fe)-phase H begin to deviate from
0-(ALLFe)OOH due to a considerably higher value of K7’ (Table 1). The larger
isothermal bulk modulus of (Al,Fe)-phase H relative to 6-AIOOH, ¢-(Al,Fe)OOH,
and e-FeOOH may also be attributable to the substitution of Mg and Si into the
crystal structure. The mechanism by which this substitution results in a less com-
pressible crystal lattice is presently unclear but could be related to the specific way
in which strain is accommodated within each crystal lattice, for which single crystal
X-ray diffraction data is needed. With Mg?* having the largest ionic radius of all
cations in the 0-(AIOOH)-(MgSiO,(OH),)-(e-FeOOH) solid solution, the large Mg
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cations might support the crystal structure and, to some extent, prevent the sites
hosting smaller cations from contracting. The relative controls that cation substi-
tution and the high-low spin crossover of Fe>* place on the compressibility of the
0-(AIOOH)-(MgSi0,(0OH),)-(e-FeOOH) solid solution could be clarified by addi-
tional constraints on the equation of state of 6-(Al,Fe)OOH to pressures exceeding

70 GPa or an equation of state of another composition in this solid solution.

The onset of the spin transition at a lower pressure in 6-(Al,Fe)OOH (32-40 GPa)
compared to e-FeOOH led Ohira et al. (2019) to infer that the spin transition pressure
in the (6-AlIOOH)-(e-FeOOH) solid solution would increase with increasing iron
concentration, an effect confirmed via Raman spectroscopy (Su et al., 2021b) and
also observed for varying concentrations of Fe>* in (Mg,Fe)O (Fei et al., 2007b;
Lin et al., 2005; Solomatova et al., 2016). Nishi et al., 2019 observed a spin
crossover of Fe3* at approximately 46 GPa in §-(Al,Fe)OOH with Fe/(Al+Fe) = 0.23
and Fe/(Al+Fe)=0.67. These results corroborate the positive correlation between
Fe’* concentration and spin transition pressure in d-(Al,Fe)OOH at low Fe** but
imply that there may be a critical Fe3* concentration at which this effect becomes
negligible. The (Al,Fe)-phase H composition studied here contains 7 wt. % Fe3+,
which is within the range of iron concentrations in 6-(Al,Fe)OOH studied in Ohira
et al. (2019). We would therefore expect the spin transition to occur at a similar
pressure (~ 35 GPa) if the substitution of Mg and Si did not affect the spin transition
pressure. However, the spin crossover inferred from our (Al,Fe)-phase H equation of
state occurs at a significantly higher pressure (48-63 GPa) than that in 6-(Al,Fe)OOH
and is more similar to that constrained for e-FeOOH (43-47 GPa; Thompson et al.,
2020, 46-54 GPa; Gleason et al., 2013) albeit with a larger width. It is therefore
apparent that dissolution of Mg and Si into the crystal structure of ¢-(Al,Fe)OOH
has the same effect as increasing the Fe concentration: stabilization of high-spin
Fe3* to higher pressures. The reasons for the persistence of high-spin Fe* to
higher pressures in (Al,Fe)-phase H relative to 6-(Al,Fe)OOH could be related to
differences in ionic radii, to how Mg and Si cations affect the hydrogen bonds in the

crystal lattice, and to how strain is accommodated at high pressure.

Inferring multiple transitions in the 6-AIOOH -MgSiO,(OH),-e-FeOOH sys-
tem

The inversion of axial compressibility inferred to be a signature of a hydrogen
bond-order disorder transition observed in 6-(Al,Fe)OOH at 10 GPa (Figure 3) is
not observed in (Al,Fe)-phase H because hydrogen bonds are disordered in (Al Fe)-
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phase H at ambient conditions. Since hydrogen bonds in (ALFe)-phase H lie in
the a-b plane, strengthening of these bonds is likely to produce noticeable changes
in relative compressibilities along the crystallographic axes. In particular, the
compressibility along the crystallographic a and b axes is expected to decrease
while compressibility along the c-axis remains largely unaffected by changes in
hydrogen bonding. At pressures greater than approximately ~ 30 GPa, the b-axis
becomes significantly less compressible than either the a or c-axis in (Al,Fe)-phase
H (Alo,84Fe3+0_07Mgo,ozSio,%OOH) (Figure 3). A decrease in compressibility along
the b-axis associated with hydrogen bond order-disorder or symmetrization has also
been observed in e-FeOOH (18 GPa; Thompson et al. (2020), 43 GPa; Gleason et
al. (2013)), MgSiO,(OH); (30 GPa; Nishi et al. (2018)), and §-AIOOH (=10 GPa;
Sano-Furukawa et al., 2009b; Sano-Furukawa et al., 2018; 8.2 GPa; Kuribayashi
et al., 2014).

The compressional behavior observed here for (Al,Fe)-phase H is similar to that of
Fe-Al bearing phase D (MgFe3+0,15A10_3ZSi1 5H» 60¢; Chang et al., 2013), although
the two compositions are not isostructural (Fe-Al bearing phase D crystallizes in
a trigonal structure with space group P31m). The spin transition region inferred
from our equation of state is similar to that observed for octahedrally coordinated
Fe’* in Fe-Al bearing phase D (40-65 GPa) (Chang et al., 2013). Additionally,
the pressure at which the ¢/a ratio becomes constant in Fe-Al bearing phase D is
~40 GPa, seemingly unrelated to the Fe>* spin transition (Chang et al., 2013) and
comparable to the ~35 GPa observed in this study. A relatively constant ratio of a/c
reflects similar compressibility along the a and ¢ axes and has been interpreted to
be the result of hydrogen bond symmetrization (Chang et al., 2013; Hushur et al.,
2011; Litasov et al., 2007; Shinmei et al., 2008), although this interpretation was
not confirmed by infrared spectroscopy measurements, as discussed in Thompson
et al., 2020.

The decrease in compressibility of the b-axis relative to the a and ¢ axes in (Al,Fe)-
phase H may instead reflect a change in the how strain is accommodated within
the crystal structure. Single crystal X-ray diffraction measurements revealed a
change in the mechanism by which strain is accommodated in trigonal e-FeOOH
at low (P < 16 GPa) and high (P > 16 GPa) pressure Xu et al., 2013. That is,
at pressures below 16 GPa, strain is accommodated along the channels containing
the hydrogen bonds which are parallel to the b-axis and more compressible relative

to the Fe’* octahedra. At pressures greater than 16 GPa, compression of Fe3*
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octahedra accommodates a larger proportion of the strain, a change not associated
with hydrogen bond symmetrization which occurs at higher pressures. Therefore,
the decrease in compressibility of the b-axis in (Al Fe)-phase H and constant a/c
ratio observed in this study at 30-35 GPa may indicate a symmetrization of hydrogen
bonds. Alternatively, it may represent a change in the dominant mechanism of strain
accommodation within the crystal structure without hydrogen bonds becoming fully

symmetric at the same pressure.

The best-fitting model to SMS spectra collected in 24-bunch mode at pressures
greater than 35 GPa requires the introduction of a second Mossbauer site for ferric
iron (Figure 7). Data collected with access to longer delay times (hybrid mode)
require a second Mossbauer site at lower pressures in both compositions (Table 3
and Supplementary Table S2, Supplementary Figure S3). The significant difference
in hyperfine parameters between Mossbauer sites in 0-Fel3 at ~37 GPa implies a
distinct change in the coordination environment and/or the electronic structure of
ferric iron. In (Al,Fe)-phase H, the second site at 1.5 GPa could be a result of
hydrogen bond disorder. Komatsu et al. (2011) demonstrated that incorporation of
Mg and Si into the structure of -AlIOOH results in disordering of hydrogen bonds
and hypothesized that the positions of hydrogen atoms may be affected by the local
arrangement of cations. In this context, two Fe>* Mossbauer sites may manifest as a
result of two different local arrangements of cations, which may also be important in
determining the strength and degree of disordering of hydrogen bonds. This effect
may only be observable at low pressures with the longer timing window and more

precise measurements conducted in hybrid mode.

The measurements reported here confirm the steep increase in quadrupole splitting
of both Fe* sites in d-(ALLFe)OOH that is closely linked to the unit cell volume
collapse observed at ~35 GPa. Ohira et al. (2019) found that two low-spin Fe>*
sites were necessary to describe SMS spectra collected above 45 GPa. Here we find
that two sites are necessary at pressures above approximately 37 GPa, where the
low-spin fraction of Fe* is close to 0.5 based on the equation of state model (Figure
8a).

The quadrupole splittings of Fe 43* and Fep** in (Al,Fe)-phase H also increase above
35 GPa. In contrast to 5-(Al,Fe)OOH, the quadrupole splitting of Fe4>* in (Al,Fe)-
phase H undergoes a second steep increase at ~50 GPa, close to the lower pressure
limit of the spin transition region inferred from our equation of state. Additionally,

quadrupole splitting values of both sites in (Al,Fe)-phase H continue to increase at
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the highest measured pressures (53 GPa), whereas those of §-(Al,Fe)OOH increase
only gradually with pressure beyond 45 GPa, indicating that the spin transition is
not complete in (Al,Fe)-phase H at 53 GPa.

Whereas the F-f plot of J-(Al,Fe)OOH shows a single decrease due to the spin
transition of Fe>* at 35 GPa (Figure 8b), values of normalized pressure for (Al,Fe)-
phase H decrease separately at 35 and 62 GPa and increase only gradually between
35 and 62 GPa, demarcating 3 separate regions in the compression curve. With the
interpretation that hydrogen bond symmetrization occurs at 35 GPa, these regions
correspond to (i) high-spin Fe** with disordered hydrogen bonds (P < 35 GPa), (ii)
high-spin Fe** with symmetric hydrogen bonds (35 < P < 62 GPa), and (iii) low-spin
Fe** with symmetric hydrogen bonds (Figure 8b). Region (ii) cannot be discerned
from the F-f curve for 6-(Al,Fe)OOH, which could be a result of hydrogen bond
symmetrization and the spin transition occurring at similar pressures, as noted in
Ohiraet al. (2019). The appearance of a second Fe** Mossbauer site in (Al,Fe)-phase
H at the boundary between regions (i) and (i1) prior to the spin crossover leads to the
conclusion that the second Mdssbauer site is unrelated to the spin crossover, at least
for (AlLFe)-phase H. However, a combination of single crystal X-ray diffraction data
and infrared spectroscopy measurements at these pressures would better constrain
the relationship between hydrogen bond symmetrization and the Fe>* spin crossover
in both (Al,Fe)-phase H and -(Al,Fe)OOH.

3.6 Implications

The data presented here reveal that the incorporation of Mg and Si into Fe-bearing
compositions in the (6-AIOOH)-(MgSiO,(OH);)-(e-FeOOH) solid solution de-
creases their compressibility (Figure 9b). Increasing Fe concentration tends to
increase the spin transition pressure, at least for low Fe concentrations (< 30 wt.%)
as does increasing concentration of Mg and Si. In the context of the solid solu-
tion, the spin transition pressure shifts to higher pressure with a decreasing pro-
portion of 9-AlIOOH. Therefore, we predict that the “Al-rich phase H” samples
(Alg.63Feq.03Mgo.11Si0.2)OOH synthesized by Liu et al. (2019) would be less com-
pressible and undergo a spin crossover at higher pressures compared to the samples
studied here (A10.84Fe3+().07Mg0.()2SiQ()ﬁOOH). Additional measurements of com-
pressibility and seismic wavespeeds on non-end-member compositions within this
solid solution are needed to provide quantitative constraints on this prediction and
its effects on elastic properties. In particular, if (Al,Fe)-phase H forms due to

dehydration processes at the base of the lower mantle (Ohtani, 2020), the cation
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Figure 3.8: (a) Fraction of Fe3* atoms in the low-spin state in (Al,Fe)-phase H and
0-(Al,Fe)OOH determined from the respective equation of state models. Low-spin
fraction of 0-Fe5 and 6-Fel2 is determined by refitting the P-V data reported in
Ohira et al. (2019) using the same equation of state parameters (within uncertainty).
(b) Normalized stress (F) as a function of normalized strain (f) of (Al,Fe)-phase H
and 6-(Al,Fe)OOH.

concentration (and consequently, the seismic wavespeeds) may be significantly dif-
ferent from those measured on samples synthesized at pressures and temperatures of
the mantle transition zone. Modeling of MORB hydration by formation of phases in
the (6-AlIOOH)-(MgSiO,(OH),)-(e-FeOOH) solid solution may result in increased
seismic velocities of hydrous MORB relative to pyrolitic mantle just below the
mantle transition zone (x~680-900 km; Satta et al., 2021). However, the Vp and Vg
values constrained for 6-(Alg.97Fe( 03)OOH and used in the modeling for seismic
velocities of this solid solution are significantly faster than those constrained for
compositions with greater concentrations of Fe: (6-(Alg g7Feq.13)O0H; Ohira et al.,
2021, (Alg.956Fe0.044)O0H; Su et al., 2021a . Comparison of seismic wavespeeds
predicted by these studies reveal a decrease in both Vp and Vg with increasing
Fe concentration, complicating the modeled seismic signature of MORB hydration
and highlighting the need for additional measurements of seismic wavespeeds of
compositions in the (6-AIOOH)-(MgSiO,(OH);)-(e-FeOOH) solid solution.

Seismological studies have observed the presence of small-scale seismic scatterers
in the mid-lower mantle (1100-1800 km; 43-78 GPa) and attributed the observed

scattering to the presence of basaltic material transported into the lower mantle
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Figure 3.9: (a) Density, (b) Isothermal bulk modulus, and (c) bulk sound velocity of
compositions in the (6-AIOOH)-(MgSiO,(OH),)-(e-FeOOH) solid solution at 300
K compared to PREM (Dziewonski and Anderson, 1981). Values for 6-Fe5 and
0-Fel2 were determined by refitting the P-V data reported in Ohira et al. (2019) with
the same equation of state parameters (within uncertainty). Values for 6-AIOOH
and MgSiO,(OH), were determined from the equations of state reported by Duan
et al. (2018) at 300 K and Nishi et al. (2018), respectively. e-FeOOH is plotted
in the low-spin state using the equation of state parameters reported in Thompson
et al. (2017). Shaded regions indicate uncertainties at the 68% confidence level
(10). Extrapolations of values to pressures beyond those of the measured data or
applicable pressures of the respective equations of state used are shown as dashed
lines.

by a subducting slab (Kaneshima, 2016). For example, Bentham and Rost (2014)
observed small-scale scatterers associated with the Mariana slab in the western
Pacific to depths of 1480 km (=65 GPa), as well as at other subduction zones in
this region. Similarly, scatterers associated with high velocity anomalies interpreted
to be fossil slabs in the mid-lower mantle (=700-1600 km) were observed by Saki
et al. (2022) and Rochira et al. (2022). Chang et al. (2013) discussed the possibility
that seismic scatterers in this depth range could be explained by the spin transition
of Fe** in Fe-Al bearing phase D. The spin crossover of (Al,Fe)-phase H (48-63
GPa) spans a similar pressure range as that of Fe-Al bearing phase D (40-65 GPa)
(Chang et al., 2013), and gives rise to a large decrease in bulk sound velocity over
approximately the same depth range (1100 to 1550 km). However, the synthesis
experiments of Liu et al. (2019) demonstrated that Fe-Al bearing phase D transforms
to Fe-Al bearing phase H above 25 GPa and 1000°C, possibly by the reaction: Fe-Al
bearing phase D + garnet = Fe-Al bearing phase H + bridgmanite + davemaoite
(Tschauner et al., 2021). At pressures of the spin crossover of Fe>*, (Al,Fe)-phase H
is therefore more likely to form as the stable hydrous phase in Earth’s mantle. While
this study constrains the pressures of the spin transition at ambient temperature,

first-principles calculations of the temperature dependence of the spin transition of
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Fe’* in the NAL phase suggests that the spin crossover region may broaden with

increasing temperature, but not change pressure appreciably (Hsu, 2017).

Modeling of seismic velocities of the major constituents of metabasalt, formed
from recycled mid-ocean ridge basalt (MORB) suggests that a thin layer (<10 km)
of a metabasaltic aggregate within a subducting slab could scatter seismic waves
based on the observation that S-wave velocity (vs) in metabasalt could be ~ 2-4%
lower than vs in pyrolite at the top of the lower mantle (Tsuchiya, 2011), resulting
in a significant change in vs over a relatively short length scale (<10 km). In
(Al,Fe)-phase H, vs may be invariant to pressure across the spin transition and lower
than that of ambient mantle at these pressures whereas the P-wave velocity (vp) is
expected to decrease, by analogy to seismic wavespeeds reported for 6-(Al,Fe)OOH
(Ohira et al., 2021). The concentration of (Al,Fe) phase H in subducted oceanic
crust between 1100 and 1550 km could enhance scattering of seismic waves in this
region via significant reduction of vp in metabasaltic rocks which are otherwise
indistinguishable from pyrolitic mantle by vp in this depth range (Tsuchiya, 2011).
However, measurements of the S-wave speed in (Al,Fe) phase H are needed, as well
as more precise constraints on the shape and elastic parameters are necessary to
better understand scatterers in the lower mantle (Kaneshima, 2016) and formulate a

quantitative interpretation of their origin.

Large, low seismic velocity provinces (LLSVPs) are basal mantle structures which
may be thermochemical in nature and are defined by negative shear-wave veloc-
ity anomalies that are anti-correlated with positive bulk sound velocity anomalies
(Garnero et al., 2016; McNamara, 2019). One possible source of chemical hetero-
geneity is the transport of subducted material carried into the lowermost mantle by
slabs (Garnero et al., 2016; Jones et al., 2020; McNamara, 2019; Ohtani, 2020).
0-(ALLFe)OOH, MgSi0,(OH),, and (Al,Fe)-phase H each represent positive pertur-
bations in bulk sound velocity (ve) relative to PREM (Figure 9¢). Assuming the
same thermal parameters as determined for 6-AlIOOH (Duan et al., 2018), a smaller
proportion of (Al,Fe)-phase H (1-4 wt.%) than 5-(Al,Fe)OOH (6-8 wt.%) (Ohira et
al.,2019) is necessary to produce the vp anomalies observed at the edges of LLSVPs.
This small concentration of (Al,Fe)-phase H is 10-14% less than the proportion of
(AlLFe)-phase H in the (6-AIOOH)-(MgSi0,(OH),)-(e-FeOOH) system produced
by synthesis experiments on hydrous oceanic basalts at pressures of 25-27 GPa and
temperatures between 1273 and 1473 K (Liu et al., 2019). If an anti-correlation
of ve and vy is observed in (Al,Fe)-phase H, as in 6-(Al,Fe)OOH, accumulation of
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this phase as part of subducted basaltic material may contribute to the positive bulk
sound velocity and negative shear wave velocity anomalies observed near the edges
of LLSVPs.
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Chapter 4

SOUND VELOCITIES OF (AL,FE)-PHASE H AND THE
SEISMIC VISIBILITY OF DENSE OXYHYDROXIDES IN
EARTH’S LOWER MANTLE

*This chapter has been submitted and is currently under review:

Strozewski, Benjamin T., Ojashvi Rautela, Johannes Buchen, Wolfgang Sturhahn,
Takayuki Ishii, Itaru Ohira, Olivia Pardo, Jiyong Zhao, Thomas S Toellner, and
Jennifer M Jackson (2025). “Sound Velocities of (Al,Fe)-phase H and the seismic
visibility of dense oxyhydroxides in Earth’s lower mantle ”. In: Physics of Earth
and Planetary Interiors [submitted].

4.1 Introduction

Cycling of ‘water’ — in the form of hydrogen and hydroxyl in mantle minerals —
between different chemical reservoirs of the Earth is a critical process in controlling
the evolution of the Earth as a chemical system. Knowledge of the deep Earth
water cycle is critical to quantify Earth’s total hydrogen budget, which can help
constrain models of volatile delivery and accretion of terrestrial planets (Albarede,
2009; Barnes et al., 2020; Piani et al., 2020). In particular, precise understanding
of volatile transport in Earth’s interior can constrain the amount of ‘water’ stored as
hydrogen or hydroxyl groups in the core and lower mantle (Litasov and Ohtani, 2003;
Murakami et al., 2002). Earth’s core and lower mantle are volumetrically large and
therefore have the potential to store more than five ocean masses of water (Li et al.,
2020), although partitioning of hydrogen between the lowermost mantle and core
at all relevant conditions remains uncertain. Hydrogen is degassed from Earth’s
interior by magmatism, primarily at mid-ocean ridges but also by mantle plumes
which produce ocean island basalts (OIBs). OIBs can be more hydrogen-rich (e.g.
Simons et al. (2002), review by Bolfan-Casanova (2005)), than mid-ocean ridge
basalts (MORBs), suggesting that their lower mantle source may either preserve a
primordial signature of hydrogen-rich material or a volatile enrichment attributable
to subducted material. Modeling of the I/Pu ratio (Liu et al., 2023) — which is
lower in the plume reservoir compared to MORB mantle (Mukhopadhyay and Parai,
2019) — suggests that the source of ocean-island basalts (OIBs) could be well
described by an undegassed reservoir of volatile-rich material delivered in the late
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veneer phase of Earth’s accretion. However, precise measurement of Xe isotopic
ratios (Parai and Mukhopadhyay, 2015) as well as those of Pb and Sr (Doucet et
al., 2020) suggest that at least OIBs delivered by plumes arising from the African
large, low-velocity province (LLVP) incorporate signatures of recycled oceanic
crust. In combination with geochemical observations of mantle rocks, studying
seismic velocities of relevant hydrous phases will provide a better understanding
of the concentration of hydrous material and volatile cycling in Earth’s interior by
facilitating more precise comparison to observations from tomographic images (e.g.
Koelemeijer et al. (2016) and Hosseini et al. (2020)) as well as regional seismic
studies capable of locating small-scale scatterers and heterogeneities (Kaneshima,
2016; Ritsema et al., 2020).

To what depths within Earth’s mantle hydrogen can be transported is determined by
whether the minerals in which it is stored can retain hydrogen at high pressures and
temperatures along the P-T path of a subducting slab (e.g., Barber et al. (2022)). The
mantle transition zone has generally been considered to be ‘wet’” (up to 20,000 ppm
H,O0) relative to the upper (100-200 ppm H;0O) and lower mantle (100-2,000 ppm
H,0), a paradigm (see review Ohtani (2020)) based in part on the water storage
capacities of high-pressure olivine polymorphs and the apparent lack of hydrous
phases stable at conditions of the lower mantle (Bercovici and Karato, 2003; Karato,
2011). Inclusions in superdeep (> 410 km depth) diamonds have revealed that the
base of the mantle transition zone is at least locally ‘wet’ (up to 2 wt. % H,O) and
is likely a region of metasomatism within Earth’s mantle (Gu et al., 2022; Pearson
et al., 2014; Tschauner et al., 2018; Wirth et al., 2007). Recent findings suggest
that stishovite (Lin et al., 2020) and other rutile-structured phases may contain up
to several wt.% water, even at core-mantle boundary conditions (Tsutsumi et al.,
2024), possibly via the occupation of an oxygen vacancy by a hydrogen atom (Palfey
etal., 2021) or, in the case of Al-free stishovite, the charge balancing of a Si vacancy
by four OH groups (Palfey et al., 2023). The coupled substitution of Al and H
for Si likely enhances the water storage capacity of stishovite (Ishii et al., 2022a;
Takaichi et al., 2024). However, it was suggested that stishovite remains dry and
alumina depleted when an Al-rich hydrous mineral (6-AlIOOH) coexists (Ishii et al.,
2024), implying that such a hydrous mineral is an important carrier of water as
long as it is thermally stable. The observation that certain hydrous phases may be
stable to the core-mantle boundary along a cold slab geotherm implies that the lower
mantle may be more ‘wet’ than implied by the restricted water storage capacities

of volumetrically major minerals (Liu et al., 2019; Ohira et al., 2014; Sano et al.,
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2008; Suzuki et al., 2000).

Mantle convection models and images produced by seismic tomography indicate
that in certain cases slabs can descend through the mantle transition zone (Durand
et al., 2017; Hosseini et al., 2020; Koelemeijer et al., 2016) and accumulate at
the core-mantle boundary (Brandenburg and Van Keken, 2007; Tan et al., 2011).
The geographical correlation of basal mantle structures such as LLVPs and ultralow
velocity zones (ULVZs) with subduction zones imply that subducted material could
interact with these structures either dynamically (i.e. sweeping a ULVZ into an
LLVP: (Sun et al., 2019; Wolf et al., 2024)) or thermochemically, influencing the
existence of geochemical reservoirs in the deep mantle (McNamara et al., 2010;
Tan et al., 2002). Hydrous phases such as MgSiO,(OH); (phase H), e-FeOOH, ¢-
AIOOH, and their solid solutions are potential water carriers into the lower mantle
(see review Ohtani et al. (2018)). If they form within oceanic lithosphere in the
mantle transition zone (Kawazoe et al., 2017; Suzuki et al., 2000; Liu et al., 2019)
they could remain stable even at the high pressures and temperatures of the core-
mantle boundary region (Ohtani et al., 2018; Sano et al., 2008; Terasaki et al., 2012;
Duan et al., 2018) and may also affect seismic wave speeds throughout the lower
mantle (Ohira et al., 2021; Thompson et al., 2017). For example, hydrous phases
would be concentrated in a basaltic assemblage, which can contribute to scattering

of seismic waves in the mid-lower mantle (Kaneshima, 2016; Mao et al., 2022).

Measurement of the seismic velocities of hydrous minerals in the MgSiO,(OH),-
FeOOH-AIOOH ternary system 1is critical to understanding the seismic signature
of hydrous MORB in the lower mantle (e.g. Satta et al. (2021)). A solid solution
between the 6-phase (6-AIOOH) and phase H (MgSi0,(OH),) has been confirmed
to coexist with alumina-depleted bridgmanite at conditions of the lower mantle (Ishii
et al., 2022b; Ohira et al., 2014) in high-pressure experiments while an intermediate
solid solution (referred to as “Al-rich phase H”) between 6-AIOOH, MgSiO,(OH),,
and &-FeOOH has been observed to coexist with calcium silicate perovskite (or
davemaoite: Tschauner et al. (2021)), stishovite, ferropericlase (Fe/(Fe+Mg) = 0.9),
and fluid at 25-26.3 GPa and 1273-1473 K from compression and heating of a
natural, hydrous basalt (Liu et al., 2019). Small amounts of cation substitution
can produce significant effects on the velocity profile of minerals, particularly those
which undergo spin crossovers (e.g. (Mg,Fe)O: Chen et al. (2012), Lin and Tsuchiya
(2008), and Solomatova et al. (2016)), or phase transitions at lower mantle pres-

sures and temperatures (e.g. Al-bearing SiO,; Zhang et al. (2022)). Compression
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studies have found that 6-(Al,Fe)OOH with up to Fe/(Al+Fe)= 0.15 undergoes a

spin crossover of Fe’* at a pressure of approximately 35 GPa (Ohira et al., 2019;
Su et al., 2021b). Nishi et al. (2019) observed that for higher concentrations of Fe
in 0-(ALFe)OOH (Fe/(Al+Fe) = 0.21 and Fe/(Al+Fe) = 0.64), the spin crossover
pressure increases to 45 GPa. Strozewski et al. (2023) also observed an increase in
the spin transition pressure of Fe** (~ 55 GPa) as a result of the incorporation of
Mg and Si. Together, these observations reveal that the spin crossover of Fe?* in
Fe-bearing phases in the MgSiO,(OH),-FeOOH-AIOOH ternary system is affected
by compositional variation (Ohira et al., 2019; Thompson et al., 2020; Strozewski
et al., 2023) and implies that measurements of the sound velocities of intermediate
compositions in this system are required for accurate predictions of its effect on

seismic velocities in subducted metabasalt.

In this study, we used nuclear resonant inelastic X-ray scattering (NRIXS) to measure
the partial phonon density of states (pDOS) of (Al,Fe)-phase H (Alo,84F6857Mg0.02810.06OOH)
at high pressure. Based on the measured pDOS and an equation of state previously
constrained by X-ray diffraction (XRD) at high pressures (Strozewski et al., 2023),
we calculate P-wave (Vp), S-wave (Vy), and bulk sound (Vg) velocities of this
hydrous phase throughout Earth’s lower mantle, both as a single phase and as a
component of hydrous metabasalt along an adiabat corresponding to a cold sub-
ducting slab (1173.2 K at 25 GPa). Additionally, we model the wavespeeds of
pyrolitic mantle along an ambient mantle adiabat (1900 K at 25 GPa). We compare
our constraints on the wavespeeds of hydrous metabasalt and pyrolite to a 1-D Earth
model and in this context discuss implications for the mineralogy of basal mantle

structures and mid-lower mantle seismic scatterers.

4.2 Methods

Two panoramic diamond anvil cells (panDACs) were loaded with grains of (Al,Fe)-
phase H (Alo,84Fe(3)57Mg0.028i0.06OOH) for nuclear resonant inelastic X-ray scat-
tering (NRIXS) experiments. Synthesis and characterization of these samples is
described in Strozewski et al. (2023). One panDAC with 400 pym flat culet anvils
was loaded with a 20 um thick, 50x30 um grain. A Be gasket was pre-indented
to a thickness of 62 ym and drilled with a 210 um diameter hole. Compressed
Ne gas was loaded into the sample chamber as a pressure medium at the California
Institute of Technology. A second panDAC with 250 um beveled culets was loaded
with a 30 um thick, 65 x 60 um grain and a small (<5 ym) W flake as a pressure
calibrant. A Be gasket was pre-indented to a thickness of 41 ym and a 140 ym hole



64

drilled in the center of the indentation. A boron epoxy insert was placed into each
drilled Be gasket to stiffen the sample chamber. A ruby sphere approximately 10
um in diameter was loaded proximal to the sample in each panDAC for pressure de-
termination. Ruby fluorescence measurements were used to determine the pressure
in each cell at low pressure (P < 35 GPa), using the calibration of Dewaele et al.
(2008). Pressure uncertainty was determined from ruby fluorescence measurements
performed before and after each series of NRIXS scans. At high pressure (P >
35 GPa), Raman spectroscopy of the diamond anvils (diamond edge) was used to
determine pressure inside the panDAC and the pressure at 100 GPa verified using
X-ray diffraction of W. Raman spectroscopy (including ruby fluorescence measure-
ments) was performed at sector 13, GSECARS of the Advanced Photon Source,
Argonne National Laboratory. X-ray diffraction patterns of W were analyzed using
the DIOPTAS software (Prescher and Prakapenka, 2015) and pressure determined
using the calibration of Dewaele et al. (2004). To determine the uncertainty in
pressure arising from stress gradients within the panDAC, diamond edge Raman
measurements were taken at four corners of the sample as well as the center. Re-
ported pressures and uncertainties correspond to the average and standard deviation

of these measurements, respectively.

NRIXS spectra were collected at sector 3 of the Advanced Photon Source, Argonne
National Laboratory. During NRIXS experiments, the storage ring was operated in
24-bunch mode and the X-ray energy was tuned to the Fe resonance energy (14.4125
keV) using a high-resolution monochromator with an energy resolution of 1.1 meV
(Toellner, 2000). NRIXS signal was collected using three avalanche photo diodes
positioned radially around the panDAC. Nuclear forward scattering signal (critical
in determining the resolution function) was collected downstream of the panDAC.
At pressures below 30 GPa, energy scans were performed over the energy range
-100 to 150 meV. At ~33 GPa, an energy scan range of -80 to 120 meV was used.
For most pressures greater than 35 GPa, energy scans were performed over the range
-80 to 150 meV. Scans at 78, 91, and 100 GPa were performed over the range -80 to
180 meV.

Examples of raw NRIXS spectra are shown in Supplementary Figure S1 and ad-
ditional details of the reduction and analysis of NRIXS data explained in Supple-
mentary Text S1. Parameters extracted from the refined spectra (without the elastic
peak) are presented in Supplementary Table S1. The PHOENIX software package

(version 3.0.4, www.nrixs.com; Sturhahn, 2000) is used to process NRIXS energy
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scans, construct the partial, projected phonon density of states (pDOS), determine
the Debye velocity, and determine seismic wavespeeds. The pDOS at each pressure

in the dataset is shown in Figure 1.

4.3 Results

Debye velocities (Vp) of (Al,Fe)-phase H (Alo,84Fe8'+07Mg0.028i0,06OOH) are ex-
tracted from the measured NRIXS pDOS as described in Supplementary Text S1.
An example of the collection of fits to the Debye velocity function and the resulting
probability distribution for the Debye velocity of (Al,Fe)-phase H at 26(1) GPa is
shown in Figure 2. Fits to the Debye velocity function and resulting probability dis-
tributions constrained for each pressure are given in Supplementary Figures S2 and
S3, respectively. Parameters of the probability distribution are reported in Supple-
mentary Figure S2. Debye velocities of (Al,Fe)-phase H and 6-(Alg g7Fep.13)OOH
(6-Fe13) (Ohira et al., 2021) at high pressure are compared in Figure 2. Ohira et al.
(2021) observed a shift of features of the pDOS to lower frequencies at pressures
between ambient pressure and approximately 10 GPa, indicative of a soft mode
transition inferred to be related to the disordering of hydrogen bonds and com-
mensurate with the phase transition from P2;nm to Pnnm observed in Ohira et al.
(2019). (ALFe)-phase H has the Pnnm structure and disordered hydrogen bonds at
ambient pressure (Strozewski et al., 2023). In agreement with these observations,
we do not observe any phonon softening in (Al,Fe)-phase H and Debye velocities
monotonically increase with increasing pressure. At comparable pressures, Debye
velocities of (Al,Fe)-phase H and ¢-Fel3 are generally indistinguishable within er-
ror. At approximately 65 GPa, the Debye velocity of 6-Fel3 is slightly higher than
that of (Al,Fe)-phase H, though this difference disappears at higher pressure.

Seismic wavespeeds of (Al,Fe)-phase H and other high-pressure oxyhydroxides at
300 K are compared to the preliminary reference Earth model (PREM) (Dziewonski
and Anderson, 1981) in Figure 3. In order to discern the effects of cation substitution
on the seismic wavespeeds of dense oxyhydroxides, we compare our results to previ-
ous measurements on relevant compositions (Mashino et al., 2016; Su et al., 2021a;
Ikeda et al., 2019; Ohira et al., 2021). Mashino et al. (2016) and Su et al. (2021a)
used Brillouin spectroscopy to constrain the seismic wavespeeds of 6-AIOOH and
0-(Alp.9s6Fen.044)O0H, respectively. Ikeda et al. (2019) determined the seismic
wavespeeds of e-FeOOH in a Kawai-type multi-anvil press using an ultrasonic
method. As previously mentioned, the seismic wavespeeds of 5-(Alg g7Fep.13)OOH

(Ohira et al., 2021) are determined by nuclear resonant inelastic X-ray scattering.
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At pressures greater than 65 GPa, (Al,Fe)-phase H displays the highest P-wave
velocity (6InVp=x +8% relative to PREM), due mostly to the high bulk modulus of
(Al,Fe)-phase H at pressures of the lowermost mantle (Strozewski et al., 2023). The
P-wave velocities of (Al,Fe)-phase H and 6-(Alg g7Feq.13)OOH (6-Fel3) are similar
from 0 to 30 GPa, at pressures lower than the Fe** spin crossover in both phases. The
more iron-rich 6-Fe13 has lower P-wave velocities than 6-(Alg 9s6Feg.044) (Su et al.,
2021a) and 6-AIOOH (Mashino et al., 2016) at all measured pressures. e-FeOOH
displays the lowest P-wave velocity and is the only high-pressure oxyhydroxide with

a negative 0V p relative to PREM at all pressures.

Both (ALFe)-phase H and ¢-Fel3 display S-wave velocities lower than those of
PREM at 300 K and pressures of the lower mantle (P > 25 GPa). S-wave velocities
of (Al,Fe)-phase H and 0-Fe13 are generally comparable at pressures greater than 30
GPa. At = 100 GPa, the S-wave velocity of (Al,Fe)-phase H is approximately 10%
lower than that of PREM at 300 K. In the low-spin state (6-Fe13: P > 45 GPa (Ohira
etal., 2019); (Al,Fe)-phase H: P > 65 GPa (Strozewski et al., 2023)) dVs/dP is small
and S-wave velocities plateau, particularly for pressures above 80 GPa. A plateau
in the S-wave velocities of 9-Fel3 at approximately 40 GPa may be attributable to
the spin crossover of Fe* at this pressure. However, the Fe** spin crossover does
not cause a significant decrease in S-wave velocity, in contrast with the bulk sound
velocity and P-wave velocity, which decrease substantially over the pressure region
of a spin crossover due to the enhanced compressibility of Fe-bearing compositions

at pressures of the Fe** spin crossover.

4.4 Discussion and Implications

Modeling lower mantle seismic velocity profiles of select petrologies

To understand a scenario in which (Al,Fe)-phase H is subducted into the lowermost
mantle, we model a hydrous metabasalt that includes (Al Fe)-phase H (HHMB)
assuming that 8 vol.% of bridgmanite is replaced by (Al,Fe)-phase H (Liu et al.,
2019). We also model the seismic wavespeeds of pyrolitic mantle. Pyrolite repre-
sents a model composition of Earth’s mantle that partially melts to produce MORB
and leaves behind a peridotite residuum. Chemical bulk compositions of pyrolitic
mantle and modeled metabasalt correspond to the depleted MORB mantle (DMM;
‘pyrolite’) and normal mid-ocean ridge basalt (NMORB) compositions defined in
Workman and Hart (2005) + 1 wt.% H;O in the case of the modeled hydrous
metabasalt (HHMB). The phase proportions of each modeled rock are given in
Supplementary Table S3. In HHMB, the added 1 wt.% H;O is assumed to be en-
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Figure 4.1: Seismic wavespeeds of (Al,Fe)-phase H and other high-pressure oxy-
hydroxides compared to PREM at high pressure and 300 K. PREM is shown as
an orange line. Calculated P-wave velocities (red line) of (Al,Fe)-phase H are
determined from the equation of state (Strozewski et al., 2023) and the interpola-
tion of shear modulus values is described in the Supplementary Text S2. Seismic
wavespeeds of Fe-bearing oxyhydroxides are shown for compositions with a natural
abundance of >’Fe.

tirely in (Al,Fe)-phase H, which could be reasonable based on the observed strong
partitioning of water into hydrous phases (Ishii et al., 2024; Ishii et al., 2022b).
The seismic velocities of the resulting aggregate are determined as described in
Buchen et al. (2021), incorporating the elastic properties and sound wave velocities
of (Al,Fe)-phase H reported here and in Strozewski et al. (2023). For incorporation
of (ALFe)-phase H into our modeling framework, we fit the crystal field model of
Buchen et al. (2021) to the unit cell volume and bulk modulus data of Strozewski
et al. (2023) as well as the Debye velocities presented in this study. We use the
thermal parameters yg = 1.26(9), 69 = 1230, and qp = 1.21 (0.46), 50 = 2yo = 2.52,
constrained by adapting the crystal field modeling and thermal equation of state de-
scribed in Buchen et al. (in review) to (Al,Fe)-phase H. Additional details regarding
the determination of wavespeeds and associated uncertainties of (Al,Fe)-phase H at
high temperatures can be found in Supplementary Texts S2 and S3 and additional

description of our modeling procedure in Supplementary Text S4. We note here that

500 2500 ;50 500
¢
300K g 300K ¢ ve 04
+ 7.0 ® ¢ o 006
et T TIRAPRTEX.
o ¢ +<:> ¢ &b ¢ $9°
N ¢49
SedP = g |, ¢ + + 1
° Oﬁ»:]} \_260 ! ¢ >
¢+ > @ #P s
&
o 9 o 55(° %t
p .... ° PREM o ®
0® o 5 AGO (iashing ct 2016 50{ ¢ ¢
o) @ 6-(Alg.gseFeq.0ss)OOH (Suetal. 2021) ]
© O 6-(Alps7,Feq.13)00H (Ohiraetal. 2021)
@® (Al,Fe)-phase H
20 40 60 80 w00 0 20 40 60 80 100




68

our models of pyrolite and HHMB do not incorporate the phase transition of bridg-
manite to post-perovskite in the lowermost mantle (Murakami et al., 2004; Oganov
and Ono, 2004; Tsuchiya et al., 2004) and therefore we restrict our conclusions to
pressures lower than 95 GPa (= 2200 km depth), approximately the depth at which

this phase transition occurs in a metabasalt (Hirose, 2006).

Propagation of uncertainties in the seismic wavespeeds of (Al Fe)-phase H into
modeled hydrous metabasalt at high temperature is described in Supplemental Text
S3. Uncertainties computed for (Al,Fe)-phase H are generally less than (+/-) 1%,
~ 1.5%, and ~ 1% for Vg, Vs, and Vp, respectively. We assign the same frac-
tional error to our modeled hydrous metabasalt. It has previously been noted that
uncertainties in thermoelastic parameters and lower mantle temperature contribute
significantly to the uncertainty in the wavespeeds of an aggregate rock from mineral
physics properties (Houser et al., 2020; Buchen et al., 2021). The uncertainties de-
termined here reinforce the need for increasingly precise thermoelastic parameters
and demonstrate that average wavespeed anomalies of less than 2% remain difficult

to assign to any particular composition in Earth’s mantle.

Comparison of modeled petrologies to PREM

It remains unclear whether an adiabatically decompressed uniform, peridotitic com-
position (i.e. pyrolite) in Earth’s lower mantle can be reconciled with 1-D global
Earth models derived from seismology (Ricolleau et al., 2009), especially given
uncertainties in lower mantle temperatures and thermoelastic parameters at lower
mantle pressures and temperatures (Houser et al., 2020). Regardless, comparison to
a model composition of the ambient mantle remains helpful in discerning whether
differences in seismic wave velocities are predominantly thermal, compositional, or
both. Deviations of the wavespeeds of (Al,Fe)-phase H and those of pyrolitic mantle
from PREM are shown in Figure 4. Pyrolite is plotted along an ambient mantle
adiabat (1900 +/- 200 K at 25 GPa) that spans the range consistent with the mantle
adiabatic temperature profiles of Katsura (2022). (Al,Fe)-phase H and HHMB are
plotted along a “cold” adiabat profile constrained to 1173.2 K (900° C) at 25 GPa,
based on the thermal structure of the Tonga slab derived from deep earthquakes
(Liu et al., 2021) and consistent with slab temperatures determined from global
geodynamic modeling studies (e.g. Bower et al. (2013)). Mantle and cold slab
adiabatic temperature profiles are plotted in Supplemental Figure S5. Different adi-
abats are chosen for pyrolite and HHMB to reflect realistic temperature differences

between ambient mantle and a cold subducting slab. That is, comparing these two
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compositions along different adiabats yields velocity differences attributable to both
intrinsic compositional differences and temperature, which more accurately com-
pares velocity differences sensed by propagating seismic waves than considering
only compositional differences. In the lower mantle, differences between PREM
and other 1-D average Earth models (IASP91: (Kennett and Engdahl, 1991) AK135:
(Kennett et al., 1995)) are small so we here compare our results only to PREM for

clarity.

Throughout the lower mantle, (Al,Fe)-phase H has significantly higher bulk sound
velocity and significantly lower shear wave velocity than pyrolite and PREM. These
differences become more extreme with increasing depths, reaching a value of 6InVg
- 0InV ¢ = 25% at 2200 km depth. Similarly, Vp/V of (Al,Fe)-phase H is greater
than that of pyrolite (Figure 4) and the difference increases more strongly with
depth after the completion of the Fe* spin crossover (65 GPa; 1550 km depth).
At approximately 40 GPa, the P-wave velocities of (Al,Fe)-phase H become greater
than those of pyrolitic mantle and the difference between the two increases with
increasing pressure to ~ 6% at 100 GPa. The deviations of HHMB along the
cold adiabat and pyrolite along the ambient mantle adiabat from PREM are shown
in Figure 5. HHMB and pyrolite have low shear wave velocities (6InVg = -2%
relative to PREM) at 25-50 GPa along these adiabats, implying that these two
compositions would be indistinguishable between about 750 and 1300 km depth
when only considering Vg. The same is true for pressures greater than 80 GPa
(depth > 1800 km). Based on Vg alone, pyrolite and HHMB are distinguishable
only between ~ 1300 and 1800 km depth, where the post-stishovite phase transition
(Zhang et al., 2022; Umemoto et al., 2016; Fischer et al., 2018; Buchen et al.,
2018) in metabasalt decreases the S-wave speed of HHMB. The Fe** spin crossover
in (Al,Fe)-phase H also occurs over a portion of this depth range (48-63 GPa, ~
1100-1500 km depth: Strozewski et al. (2023)) and contributes to decreasing Vp
and Vg in HHMB, as discussed in section 3. Consequently, structures inferred to be
subducted metabasalt should display a significant increase in the ratio Vp/Vg (Figure
5) due to the post-stishovite transition, which can vary with depth (e.g. Zhang et al.,
2022; Wang et al., 2023). Given the estimated uncertainties on seismic wavespeeds,
HHMB may be difficult to distinguish from PREM at lowermost mantle depths
solely by Vp or Vs. However, with additional constraints on V¢, the subducted
metabasalt could be distinguishable from pyrolite (6InVp = +1 to 3%, dInVg = +1
to 3.5%) throughout the lower mantle. At pressures greater than 80 GPa, after the
completion of the post-stishovite transition and the spin crossover in (Al,Fe)-phase



Pressure (GPa)

40

60 1

80 1

100 -

120

70

Deviations from PREM - Pyrolite and AlFeH phase

Pyrolite
AlFeH

5$900C

F750

r1000

r1250

r1500

r1750

r2000

r2250

r2500

F2750

—10

6Inp%

0 0 5 -10 0 0 10 20 20 0 15

6InVp% 6InVs% 6InV3% 6InVs% — 6InVy%

Figure 4.2: Properties of pyrolite and hydrous (Al Fe)-phase H (AlFeH) in the
lower mantle (25-130 GPa). Panels show deviations in density, Vp, Vg, Vo, and
anti-correlation 6lnVg-61lnVg with respect to PREM, as well as the Vp to Vg ratio.
Pyrolite is plotted along an ambient mantle adiabat (1900 K at 25 GPa) and (Al Fe)-
phase H along an adiabat of a cold slab (1173.2 K at 25 GPa) constrained by the
thermal structure of the Tonga slab inferred from deep earthquakes (Liu et al.,
2021). For pyrolite, in addition to 1900 K, properties are shown for +/- 200 K
adiabats (shaded region along the depth profile). See Supplementary Figure S5 for
pressure-temperature profiles of both adiabats and Supplementary Figures S6, S7,
and S9 for the absolute values of the properties shown in each panel.

H, HHMB shows little deviation from PREM in Vp, Vg, and V4. The comparatively
low values of both Vg and Vp of pyrolite relative to PREM imply that although
pyrolite and HHMB would not be distinguishable in their effect on S-wave travel
times, their presence between 750 and 1300 km depth may be parsed by whether
or not slow S-wave anomalies are correlated with fast or slow P-waves (relative
to PREM). Considering the anti-correlation of Vg and Ve in HHMB (Figure 5),
constraints on bulk sound velocity would be even more informative in discerning
the presence of subducted metabasalt between 750 and 1300 km. Finally, exchange
of less dense (Al,Fe)-phase H (6lnp ~ -10% with respect to PREM and pyrolite;
Figure 4) in hydrous metabasalt maintains the higher density of metabasalt with
respect to pyrolite and PREM. That is, cold, dense hydrous metabasalt will sink into

the lowermost mantle.
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Figure 4.3: Properties of pyrolite and hydrous metabasalt (HHMB) containing
(Al,Fe)-phase H in the lower mantle (25-130 GPa). Panels show deviations in
density, Vp, Vs, Vo, and anti-correlation 6InVg-6lnVe with respect to PREM, as
well as the Vp to Vg ratio. Plotted adiabats are the same as described in Figure 4
and shown in Supplementary Figure S5.

(Al,Fe)-phase H and lower mantle heterogeneity

Understanding the effect of a variable composition in the MgSiO,(OH),-FeOOH-
AlOOH system on seismic wavespeeds is critical to inferring the presence of hydrous
phases in the deep Earth from seismic observations. The present measurements on
the solid solution (AlFe)-phase H compared to a compilation of other mantle-
relevant oxyhydroxides at 300 K (Figure 3) indicate that increasing Fe concentration
generally produces both lower P-wave velocities and lower S-wave velocities at pres-
sures of the lower mantle and when Fe is in the high-spin state. Given the lower
concentration of Fe in (Al,Fe)-phase H compared to 6-Fe13 (Ohiraetal., 2021), their
comparable seismic wavespeeds at pressures below 30 GPa imply that incorporation
of a MgSi0O,(OH), component also serves to decrease the wavespeeds of high-spin
Fe-bearing oxyhydroxides. Athigher pressures, after the completion of the Fe** spin
crossover in 0-(Al,Fe)OOH (42 GPa) and (Al,Fe)-phase H (65 GPa), increasing Fe
concentration in (Al,Fe)OOH results in lower Vp and Vg (Su et al., 2021a), though
the effect is more apparent in Vp. (Al,Fe)-phase H is an exception to this trend. That
is, (Al,Fe)-phase H exhibits the highest P-wave velocities and lowest S-wave veloci-

ties amongst dense oxyhydroxides at pressures of the lowermost mantle. Therefore,
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while dissolution of MgSiO,(OH), into high-spin J-(Al,Fe)OOH decreases seis-
mic wavespeeds, the effect of incorporating MgSiO,(OH), into an oxyhydroxide
solid solution is to increase the P-wave velocities of low-spin Fe-bearing compo-
sitions. Liu et al. (2019) synthesized (Al Fe)-phase H that is significantly richer
in the MgSi(OH), component and depleted in Al: (Mgg.11Feq.03S19.2Aly.630O0H)
compared to the samples measured here. Our results suggest that the samples of Liu
et al. (2019) would have even higher P-wave velocities and lower S-wave velocities
in the lowermost mantle (P > 65 GPa) than the samples measured here, exacerbating
the difference from PREM in each case. The increased concentration of Mg and Si
in the samples of Liu et al. (2019) could stiffen the crystal structure and result in a
higher pressure of the Fe** spin crossover relative to (Al,Fe)-phase H (Strozewski

et al., 2023), though additional experiments are needed to clarify the effect.

Regional seismic imaging studies have observed subducting slabs impinging on
the edges of LLVPs (Sun et al., 2019; Wolf et al., 2024). HHMB remains denser
than surrounding mantle (Figure 5) and should continue to sink into the lowermost
mantle. We have not included the post-perovskite (pPv) phase transition in our
modeled HHMB, and therefore restrict our conclusions to depths shallower than
95 GPa (2200 km depth), which includes the upper edges of LLVPs. We note
that experiments have found oxyhydroxide phases to coexist with post-perovskite
(Ohira et al., 2014; Yuan et al., 2019) and that the ~ 1% density increase associated
with the pPv transition (Murakami et al., 2004; Hirose, 2006) would encourage the
sinking of subducted metabasalt (dlnp ~ +5%) to the core-mantle boundary. The
magnitude of this density anomaly leaves open the fate of subducted HHMB: it could
either concentrate at the edges of LLVPs or be entrained into mantle upwellings, i.e.
plumes (McNamara et al., 2010). Along the chosen cold adiabat at 95 GPa (2200
km depth), our modeled HHMB with 8 vol% (Al,Fe)-phase H exhibits values of Vg
and V¢ similar to those of PREM (Figure 5). It is therefore an unlikely candidate for
reproducing the observed seismic anomalies associated with LLVPs (McNamara,
2019) at depths shallower than those of the pPv transition in metabasalt, at least
when the subducted HHMB first arrives in the core-mantle boundary region. If
the HHMB heats as it accumulates, Vg, Vg, and Vp will decrease, resulting in
uniformly low seismic wavesspeds associated with HHMB, similar to the low Vg
and Vp associated with LLVPs at 2200 km depth (Koelemeijer et al., 2016).

Formation of (Al,Fe)-phase H in a subducted hydrous metabasalt will contribute to

seismic heterogeneity in the mid mantle due to its low density, high P-wave speed,
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and low S-wave speed (Figure 4). Mid-mantle (750-1800 km depth) heterogeneity
has been frequently observed via scattered seismic waves, which are presumably
caused by thin interfaces with large contrast in wavespeeds relative to the surrounding
material (Kaneshima, 2016; Waszek et al., 2018). Although the geometry and
wavespeeds of these structures are difficult to constrain, several studies suggest that
they are associated with low shear wave velocities (6Vg =0 to -12%) (Ritsema et al.,
2020; Haugland et al., 2017), and they must be thin (= 10 km) due to the short period
(< 1 s) of the scattered waves. These constraints suggest the presence of subducted
metabasalt as a possible cause for the observed scattered waves. Along the adiabat
of a cold slab, our modeled HHMB is difficult to distinguish from either PREM
or pyrolite in shear wave velocity, except at pressures of the broad post-stishovite
transition (40-80 GPa; 1000-2000 km depth). In contrast, differences in wavespeeds
of P-waves are largest between our modeled pyrolite and HHMB at depths greater
than 1800 km and between 750 and 1300 km.

Fan et al. (2024) used P-wave azimuthal anisotropy tomography to identify structures
interpreted to be remnants of the subducted Izanagi plate with modestly high Vp
(0Vp =~ +1%) between 800 and 1500 km, which generally agrees with the predicted
velocity anomalies of our modeled hydrous metabasalt. Given our model for pyrolite,
a P-wave will encounter the greatest impedance contrasts between pyrolite and
HHMB at depths greater than 1800 km and between 750 and 1300 km, and we would
predict a relative paucity of P-P scattering attributable to metabasalt between 1300
and 1800 km depth. In contrast, if the PREM P-wave velocities are representative
of ambient mantle surrounding a subducting slab, rather than the modeled pyrolite,
the depth range of 1300 to 1800 km should yield the highest efficiency of P-P
scattering. The post-stishovite transition increases the contrast between S-wave
speed in metabasalt and P-wave speed in the surrounding mantle (Figure 5) and
should result in higher amplitudes of S-P scattering that occurs between 1000 and
1800 km depth, making such scattered waves easier to identify, in agreement with

the reported frequency of such observations (Kaneshima, 2016).

In addition to temperature (Fischer et al., 2018; Nomura et al., 2010) and deviatoric
stress (Wang et al., 2023), the phase boundary of the post-stishovite transition is
affected by Al and H concentration (Zhang et al., 2022; Lakshtanov et al., 2007).
This phase boundary could therefore be influenced by the formation of (Al,Fe)-
phase H. Ishii et al. (2024) found that at 24-28 GPa and 1000° - 1200° C, Al
and H would partition into(Al,Fe)-phase H such that stishovite contained < 1 wt.%
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Al,O3 and ~ 500 ppm H;O. At the formation conditions of the cold adiabat in this
study, stishovite would therefore be Al and H-poor. Similarly, Liu et al. (2019)
observed Al, O3 contents of 0.3-1.6 wt.% and H,O contents < 1 wt. % in stishovite
when formed with (Al,Fe)-phase H in a metabasalt. Increasing the Al,O3 content
in stishovite to a maximum 1.6 wt.% (0.63 mol %) would result in a 200 km
shallower post-stishovite transition at 1300 km depth ( 54 GPa, Zhang et al.
(2022)), but not change our models significantly otherwise. A shallower post-
stishovite transition raises the potential for S-P scatterers between approximately
800 and 1000 km depth and shifts the spike in Vp/Vg of HHMB to shallower
depths, as noted in section 4.2. S-P scatterers associated with low S-wave speeds at
depths shallower than 800 km or greater than 1800 km would be difficult to observe
in a cold subducting slab in which (Al,Fe)-phase H forms due to the low contrast
in S-wave velocity of PREM and pyrolite to HHMB at depths outside the depth
interval of the post-stishovite transition. Distinguishing between different dynamic
and mineralogical scenarios in this context could be best achieved by advancements
in 3-D full waveform simulations at short periods. Additionally, directly building
upon the results presented here, a targeted approach of synthetic waveform modeling
considering specific mineralogies within a slab at the appropriate depths (e.g. Mao
et al. (2022)), could help further develop the understanding of the intra-slab mid-

mantle velocity heterogeneity.
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Chapter 5

CONCLUSIONS

I describe in this thesis the crystal chemistry and geophysical properties at high
pressure of (Al,Fe)-phase H: 0-Alg g4Fep.07Mg0.02510.06O0OH, a dense oxyhydroxide
in the (6-AIOOH)-(MgSiO,(OH);)-(e-FeOOH) system which could be an impor-
tant carrier of water in Earth’s deep mantle. In this work, I have demonstrated that
even relatively small changes in composition of an oxyhydroxide change the pres-
sures at which it undergoes hydrogen bond symmetrization and the spin crossover
of ferric iron. Differences in the pressure of these transitions affect the inferred
seismic velocities of a subducted metabasalt containing phases in the (6-AIOOH)-
(MgSi10,(0OH),)-(e-FeOOH) system and may also affect their capacity for retaining
water at high temperatures. Studies of different compositions in the system are
therefore important as details of the petrology of hydrous, subducted metabasalt at
the base of the mantle transition zone and in the rest of the lower mantle remain

unclear.

In Chapter 2, I employed Raman and infrared spectroscopy of (Al,Fe)-phase H and
0-(Alp.g7,Feq.13)O0OH, complemented by nuclear resonant inelastic X-ray scattering
(NRIXS) to constrain the pressure of hydrogen bond disorder and symmetrization
in (Al,Fe)-phase H. These measurements demonstrate that substitution of cations
with different valences in oxyhydroxides with a distorted rutile structure results in
hydrogen bond disorder at ambient pressure and that the pressure of hydrogen bond
symmetrization in dense oxyhydroxides depends critically on the distance between
oxygens (O-0O). The O-O distance is in turn influenced by the incompressibility of
the crystal structure on the whole. I also infer that (Al,Fe)-phase H stores additional
H as defects in its structure, an observation which warrants further investigation.
These measurements motivate additional study of intermediate compositions in the
(0-A1OOH)-(MgSi0,(OH),)-(e-FeOOH) system to better understand how compo-
sitional variance in this system affects the temperatures at which different compo-
sitions may retain water and show that hydrogen bond symmetrization likely takes

place in all dense oxyhydroxides at lower mantle pressures.

In Chapter 3, I use X-ray diffraction and synchrotron Mdssbauer spectroscopy to

constrain the equation of state of (Al,Fe)-phase H and the spin state of its Fe>* atoms,
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respectively. The equation of state provides the most fundamental constraints on
the compressional properties of a material and indicates a spin crossover of ferric
iron — confirmed by synchrotron Mossbauer measurements — between 48 and 63
GPa, leading to reduced incompressibility over this pressure range and occurs at a
significantly higher pressure than 6-(Al,Fe)OOH (35 GPa). These measurements
reveal that (Al Fe)-phase H has a significantly higher bulk sound velocity than
PREM or other oxyhydroxides at high pressures. Considering thermal effects, this
difference makes it a feasible contributor to the elevated bulk sound velocities (Vo)

observed at the edges of large, low shear velocity provinces.

Although V¢ can be determined directly from the equation of state, it provides no
constraints on the shear properties. We therefore pursue constraints on Vp and Vg,
which are more frequently determined by seismic observations. Chapter 4 describes
nuclear resonant inelastic X-ray scattering measurements used to determine V p and
Vs of (Al,Fe)-phase H at high pressure and room temperature. These experimental
constraints are incorporated into realistic models of a hydrous metabasalt at high
temperature and pressure. We conclude from these models that hydrous metabasalt
containing a hydrous phase will be difficult to distinguish from PREM or pyrolitic
mantle across a wide range of depths in the lower mantle purely from seismic ve-
locities. However, the modeled impedance contrasts support the hypothesis that
subducted metabasalt could result in scattering of seismic waves in the mid-lower
mantle. The depth of this scattering also depends on whether ambient mantle veloc-
ities are best represented by a pyrolitic model or by a 1-D Earth model derived from
observations, such as PREM. We suggest synthetic waveform modeling targeted
towards specific mineralogies and which incorporate detailed constraints on mineral

assemblages from experimental studies as a way to resolve some of these questions.

The deep Earth presents several challenges to detailed study, foremost among them
the often non-unique models used to explain observations and the inevitability that
any rocks exhumed from depth have been geochemically reprocessed. Nevertheless,
it is clear that certain regions of the Earth deviate substantially from the predictions
of an average, 1-D Earth model. Large, low shear velocity provinces and ultra-
low velocity zones at the base of the mantle suggest heterogeneity which may be
related to subducted material and demand a thorough knowledge of the petrology
of this material and its seismic signature. Scattering of seismic waves in the mid-
lower mantle imply departures from ambient mantle seismic velocities and hint at

potentially complex dynamics of subduction, even in regions of the Earth nominally
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without chemical and seismic discontinuities. Important, first-order questions about
the evolution of the Earth as a whole naturally arise. How much water is sequestered
in Earth’s interior? Was this water delivered during accretion or by subduction of
tectonic plates? What is the origin of basal mantle structures such as large, low
velocity provinces? Do we misattribute seismic velocities to temperature variations
when those variations could in fact be compositional? Does exsolution of hydrogen
at the core-mantle boundary result in complex chemistry such as Fe-H exchange

between the core and mantle?

The work contained herein addresses these challenges with fundamental knowledge
on lower mantle mineralogy. Lower mantle materials are mineral aggregates; the
chemistry and elastic properties of the minerals in these aggregates place funda-
mental controls on their rheology and the speed at which they propagate seismic
waves. The experiments and models discussed in this thesis offer insight into the
complex crystal chemistry of dense oxyhydroxides and the influence they may exert
on the relevant mineral assemblages. As seismic observations continue to improve,
more precise knowledge of the heterogeneous properties of minerals within these
aggregates will be required for accurate inferences. Confluence of advances in our
understanding of mineral physics, seismology, and geodynamics promises resolution

to first-order questions about Earth’s interior.
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Supplementary Figure S1: Correlation function (Libowitzky 1999) of infrared-
active O-H stretching modes of various oxyhydroxides. In each case, the predicted
O-H stretching frequency at ambient pressure is determined from the O—O distance

measured by single-crystal X-ray diffraction.
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1000 cm™! collected on (Al,Fe)-phase H ((Alg.g4Feo.07Mgo.02S19.06)OOH) and
0-(Alp.g7,Fep.13)O0OH (6-Fel3) at the National Synchrotron Light Source-II,
Brookhaven National Laboratory. Spectra were collected on compression of (Al,Fe)-
phase H and ¢-Fe13 to a maximum pressure of 42 GPa and upon decompression.
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Supplementary Figure S3: Relative intensities of the low wavenumber (1600 to
2000 cm™!) stretching region and the high (2200 to 3700 cm™!) wavenumber re-
gion in (Al,Fe)-phase H. Fractions were calculated by integrating the two regions
(deliberately avoiding the diamond absorption region) and taking the ratio of each
integrated intensity to the summed total.
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Supplementary Figure S4: Data and fit examples demonstrating the softening of O-
H stretching modes above 10 GPa in (Al,Fe)-phase H and below 10 GPa in ¢-Fel3.
Individual functions used for fitting are plotted in pink while the summed fit model
is plotted in black. "Active data" refers to the data used for fitting while "inactive
data" is not used.
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Supplementary Figure S5: Vibrational frequencies of O-H modes in (Al Fe)-phase
H and ¢6-Alg g7Fep.1300H compared with trends in Lamb-Mdossbauer factor, mean
force constant, and mean kinetic energy determined by nuclear resonant inelastic X-
ray scattering (NRIXS) after refinement of the spectra (see Chapter 4). For clarity,
only the compression run and primary O-H stretching mode for each phase are
plotted.
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Pressure (GPa) | bend A (cm™) | bend B1 (cm™") [ bend B2 (cm™") | bend C (cm™) | y?
0.64 (2) 1202 (3) 1368 (3) - 1056 (2) 1.7
1.3 (3) 1207 (4) 1378 (4) - - 2.1
1.92 (5) 1225 (3) 1396 (3) - - 0.82
3.54 (9) 1237 (3) 1407 (4) - - 1.54
4.4 (1) 1259 (3) 1432 (3) - - 0.92
5.5 (1) 1296 (5) 1472 (3) - - 0.97
6.8 (2) 1284 (2) 1463 (3) - - 0.42
8.9 (2) 1302 (3) 1485 (3) - - 0.96
9.6 (2) 1294 (2) 1477 (2) - - 0.43
13.3 (3) 1287 (14) 1480 (13) - 1080 (0) 4.4
14.4 (4) 1314 (2) 1496 (2) - - 1.15
17.2 (4) 1279 (4) 1466 (5) - 1062 (3) 0.66
18.1 (5) 1286 (4) 1473 (4) - 1061 (1) 0.91
19.2 (5) 1318 (2) 1488 (2) - - 2.29
21.1 (5) 1312 (4) 1495 (4) - - 1.02
22.6 (6) 1292 (7) 1473 (7) - - 2.34
23.7 (6) 1324 (3) 1499 (4) - - 1.57
25.0 (6) 1269 (3) 1433 (4) - - 1.19
25.8 (6) 1271 (3) 1398 (5) 1536 (2) - 2.77
27.6 (7) 1257 (12) 1395 (11) 1530 (2) - 0.7
29.6 (7) 1267 (2) 1405 (3) 1541 (2) - 2.14
32.2(8) 1278 (1) 1435 (3) 1550 (1) - 1.09
33.5(8) 1303 (7) 1449 (4) 1546 (2) 1108 (2) 1.45
35.0 (9) 1305 (4) 1455 (3) 1548 (2) 1117 (2) 0.73
36.4 (9) 1278 (2) 1442 (2) 1553 (1) 1134 (2) 0.7
37.8 (9) 1299 (7) 1451 (5) 1550 (2) 1126 (8) 1.7
39 (1) 1307 (3) 1456 (2) 1553 (1) 1112 (1) 0.92
41.2 (1.0) 1304 (4) 1456 (2) 1554 (1) 1127 (2) 0.88
41.5 (1.0) 1297 (4) 1443 (3) 1556 (3) 1246 (21) 1.66
#0.44 (1) 1181 (4) - 1366 (4) - 0.5
#2.6 (1) 1164 (3) 1340 (3) - 0.74
#3.7 (1) 1205 (9) - 1373 (13) - 0.6
#5.7 (1) 1142 (14) 1264 (14) 1424 (42) - 1.7
*7.2(2) 1137 (3) 1258 (4) 1414 (9) - 1.1
#8.9 (2) 1239 (14) 1399 (13) 1511 (2) - 0.6
#10.8 (3) 1249 (8) 1400 (7) 1516 (2) - 1.48
#12.8 (3) 1250 (12) 1398 (11) 1525 (2) - 0.6
#16.7 (4) 1324 (4) 1440 (5) 1532 (2) - 0.8
#20.6 (5) 1289 (4) 1428 (3) 1534 (2) - 0.61
#26.1 (7) 1238 (30) 1368 (14) 1515 (41) - 3.7
#30.7 (8) 1269 (3) 1430 (5) 1550 (2) - 0.61
#35.2 (9) 1301 (3) 1451 (2) 1554 (1) - 0.38

Supplementary Table S1: Frequencies of O-H vibrational modes in (Al,Fe)-phase H
(Alp.g4Feo.07Mgo.02S10.0600H) nominally in the O-H bending wavenumber region
for this phase. 1o uncertainty is given in parentheses for each vibrational mode. *
indicates a measurement on decompression while a dash indicates that this mode
was not fit at this pressure. Modes in bold are plotted in Figure 4 of the main text.

In this table, they are ordered from left to right with increasing wavenumber.
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Pressure (GPa) | bend-stretch AT (em ™) | b

d-stretch A2 cm ™) | bend

h A (cm™") [ bend h B (cm )

stretch A (cm 1)

stretch B (cm 1) | stretch C (cm ™)

stretch D (cm 1)

diamond (cm™T)

stretch A2 (cm ™)

stretch A3 (em ™)

0,64 (2) 1664 (3) - 1781 (30) 2110 (15) 2508 (5) 2839 (7) 3125 (39) 3454 (19)
13(3) 1592 (0) 1667 (4) 1822 (16) 2112 (13) 2507 (2) 2857 (4) 3173 (25) 3448 (4)
1.92(5) 1592 (3) 1667 (6) 1802 (35) 2102 (10) 2856 (3) 3153 (6) 3445 (6)
35409 - 1628 (2) 1779 (8) 2109 (1) 2862 (9) 3192 (16) 3464 (1)
44 (1) 1617 (4) 1696 (10) 1821 (17) 2102 (12) 2884 (4) 3167 (6) 3422 (7)
55(1) 1629 (17) 1734 (16) 1852 (32) 2085 (8) 2901 (18) 3233 (15) 3458 (14)
6.8(2) 1631 (4) 1713 (12) 1857 (10) 2128 (8) 2890 (10) 3189 (14) 3446 (8)
89(2) 1641 (1) 1742 (14) 1869 (20) 2011 (1) 2893 (29) 3194 (32) 3451 (19)
9.6(2) 1645 (6) 1734 (12) 1856 (12) 2118 (17) - - - 2902 (16) 3182(15) 3426 (16)
133(3) - 1684 (18) 1816 (13) 1916 (6) 2095 (1) 2333 (1) 2515 (11) 2920 (9) - 3407 (7)
144 (4) 1669 (3) 1840 (7) 1931 (1) 2097 (1) 2382 (10) 2546 (10) 2918 (6) 3401 (2)
1724 - 1720 (2) 1883 (3) 2096 (1) 2478 (2) 2626 (2) 2953 (3) 3408 (2)
18.1(5) 1708 (3) 1872 (4) 2097 (1) 2508 (3) - 2937 (3) 3393 (5)
192(5) - 1730 3) 1887 (1) 2099 (1) 2516 (3) 2916 (5) 3370 (9)
211 (5) 1644 (48) 1727 37) 1866 (19) 2103 (3) 2505 (27) 2948 (58) 3386 (1)
226 (6) 1639 (5) 1718 (6) 1857 (14) 2107 (4) 3 2512(4) 2942(7) 3406 (8)
237 (6) 1619 (4) 1717 (10) 1886 (8) 2105 (9) 2302 (2) 2504 (4) 2957 (10) 3398 (8)
250(6) - 1792 (7) - 2117 (3) 2314 (4) 2553 (3) 2951 (8) 3406 (2)
25.8(6) 1721 (8) 1883 (7) 2094 (1) 2271(2) 2471 (8) 2994 (22) 3413 (4)
27.6(7) 1670 (4) 1841 (4) 2092 (1) @) 2538 (6) 2962 (19) 3383 (9)
296 (7) 1731 (5) 1889 (4) 2094 (1) 2475 (5) 3012(8) 3397 (6)
322(8) 1716 (5) 1876 (6) 2095 (1) 2252 (3) 2460 (6) 2988 (15) 3406 (4)
335(8) 1662 (63) 1878 (63) 2096 (1) 2250 (4) 2502 (9) 2940 (13) 3389 (15)
35009 1678 (15) 1872(17) 2093 (1) 2262 (3) 2548 (6) 2910 (10) 3371 (5)
36.4(9) 1696 (9) 1867 (19) 2096 (1) 2245 (5) 2482.(7) 2995 (7) 3388 (8)
37.8(9) 1696 (32) 1892 (36) 2094 (1) 2261 (2) 2550 (6) 3024 (13) 3377(13)
39(1) 1653 (19) 1857 (24) 2097 (1) 2242 (4) 2487 (5) 2972 (1) 3377(13)
41.2(1.0) 1667 (16) 1867 (20) 2095 (1) 2245 (4) 2504 (6) 2924 (8) 3309 (8)
41.5(1.0) 1667 (6) 1800 (9) 2144 (16) 2370 (60) - 3120/(10) - 3450 (12)
*0.44 (1) - 1674 (3) - 2085 (2) - 2507 (1) 2847 (2) 3194 (5) 3455 (3)
*2.6 (1) 1585 (3) 1719 (16) 2110(17) 2522(2) 2859 (9) 3184 (13) 3461 (1)
*37(1) 1598 (2) 1747 (17) 2106 (33) 2539(2) 2871 (3) - 3403 (4)
*5.7 (1) 1618 (4) 1747 (8) 2106 (12) 2522(2) 2896 (16) 3240 (7) 3431 (3)
*7.2(2) 1621 (2) 1733 (5) 2087 (9) 2527 (1) 2918 (8) - 3425 (2)
*8.9 (2) 1595 (4) 1719 (5) 2077 (7) 2533 (1) 2913 (8) 3415 (2)
*10.8 (3) 1599 (6) 1736 (26) 2125 (34) 2532(3) 3417 (2)
*12.8 (3) 1608 (4) 1751 (18) 2129 (25) 2532(3) 3415 (2)
#16.7 (4) 1621 (6) 1840 (5) 2183 (5) - 2497 (9) 3407 (4)
#20.6 (5) - 1728 (33) 2049 (40) 2222(6) 2494 (26) 3405 (6)
*26.1 (7) 1796 (22) - 2123 (26) - 2431 (111) 3052 (14) 3372(7)
*30.7 (8) 1772 (14) 1974 (10) 2164 (15) 2471 (10) 3004 (7) 3395 (8)
#35.2 (9) 1775 (12) - 2171 (15) 2540 (5) 2897 (13) 3373 (4)

Supplementary Table S2: Frequencies of O-H vibrational modes in (Al,Fe)-phase H

(Alg.gaFeg.07Mgo.02S10.060O0H) nominally in the O-H stretching wavenumber region
for this phase. 1o uncertainty is given in parentheses for each vibrational mode. *
indicates a measurement on decompression while a dash indicates that this mode
was not fit at this pressure. Modes in bold are plotted in Figure 5 of the main text.
In this table, they are ordered from left to right with increasing wavenumber.

Pressure (GPa)

bend A (cm™1)

bend B (cm™1)

bend C (cm™)

/\/2

0.61 (0.02)
1.64 (0.04)
2.73 (0.07)
4.2 (0.1)

5.7 (0.1)

0.5 (0.02)
5.6 (0.1)

1153 (1)
1156 (1)
1162 (1)
1174 (1)
1196 (5)
1133 (1)
1142 (2)

1326 (1)
1324 (2)
1329 (1)
1333 (5)
1317 (9)
1311 (6)
1264 (14)

1380 (2)
1384 (2)
1392 (3)
1406 (3)
1404 (12)
1364 (2)
1424 (42)

1.75
1.25
24
1.53
1.91
0.4
1.7

Supplementary Table S3:

Frequencies of O-H vibrational modes in 6-Fel3

(Alp.g7Fep.1300H) nominally in the O-H bending wavenumber region for this phase.
1o uncertainty is given in parentheses for each vibrational mode. * indicates a mea-
surement on decompression while a dash indicates that this mode was not fit at
this pressure. Vibrational modes are ordered from left to right with increasing

wavenumber.
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Pressure (GPa) | bend-stretch A (cm™") | bend-stretch B (cm™') | diamond (cm™") | stretch A (cm™") | stretch B (cm™") | stretch B2 (cm™") [ stretch C (cm™") | stretch D (cm™")
061 (0.02) 1595 (14) 2109 (7) 2101 (0) 2502 3) 7714 3) 2849 (16) 3100 (14) 33702

1.64 (0.04) 1668 (5) 2121 (2) 2097 (0) 2504 (1) 2714 (3) 2842 (6) 3067 (23) 3416 (5)
2.73(0.07) 1602 (7) 2074 (3) 2101 (0) 2515(2) 2716 (4) 2863 (6) 3073 (19) 3368 (2)
4.2(0.1) 1636 (20) 1891 (21) 2192 (4) 2521 (10) 2725(2) 2869 (8) 3054 (79) 3399 (2)
57(0.1) 1616 (21) 1880 (13) 2100 3) 2511 (2) 2738 (1) 2880 (2) 2980 (21) 3402 (3)
7.1(0.2) 1689 (7) 1872 (3) 2116 (5) 2522 (4) 2744 (3) 2860 (2) 2941 (12) 3307 (9)
8.8(02) 1741 (6) 2097 (5) 2574 (6) 2729 (1) 2862 (1) 2952 (3) 3406 (3)

*0.5 (0.02) 1645 (5) 2115(2) - 2462 (2) - 2783 (6) 3088 (17) 3417 (11)

5.6 (0.1) 1671 (1) 2113 (6) 2499 (7) 2802 (7) 3071 (23) 3338 (8)

Supplementary Table S4: Frequencies of O-H vibrational modes in ¢-Fel3
(Alp.g7Fe.1300H) nominally in the O-H stretching wavenumber region for this
phase. 1o uncertainty is given in parentheses for each vibrational mode. * indicates
a measurement on decompression while a dash indicates that this mode was not fit
at this pressure. Modes in bold are plotted in Figure 5 of the main text. In this table,
they are ordered from left to right with increasing wavenumber.
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Supplementary Figure S1: Normalized unit cell volumes of different compositions
in the (6-AIOOH)-(MgSiO,(OH);)-(e-FeOOH) solid solution at 300K. Measure-
ments on -(Al,Fe)OOH with Fe/(Fe+Al) = 0.05 and Fe/(Fe+Al) = 0.12 are obtained
from Ohira et al. (2019). Data on other compositions are obtained from Nishi et
al. (2014): MgSiO,(OH),, Duan et al. (2018): 6-AIOOH, Nishi et al. (2019):
0-Alg79Feq 2,1 OOH and 6-Al 36Feq 4O0OH, and the combined datasets of Gleason
et al., 2013), Nishi et al., 2019, and Thompson et al., 2020 for e-FeOOH. Unit cell
volumes are normalized by the zero-pressure volume determined by single crystal
X-ray diffraction measurements on the same composition: this study: (Al,Fe)-phase
H, Kawazoe et al., 2017: (5-Fe5 and 6-Fel2), Bindi et al., 2014a: MgSiO,(OH)s,,
Kuribayashi et al., (2014): 6-AIOOH, and Suzuki (2010): e-FeOOH. Unit cell vol-
umes of -Algy79Fep21O0H and 6-Alg 36Feg ¢4OOH are normalized by the ambient
pressure measurements of the same study (Nishi et al. (2019).) Error bars (107) are
generally smaller than the points.
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Supplementary Figure S2: Fits to SMS spectra collected on 5-(Al,>’Fe)OOH with
Fe/(Fe+Al)=0.13(3). Spectra and fits of the sample alone are shown in red, spectra
and fits to the sample and the stainless steel reference foil are shown in blue. Spectra
and fits to the reference foil and sample are offset from those of only the sample
by a factor of 10 for clarity. Hyperfine parameters and y? values are given in
supplementary Tables S1 and S2 (below). Data collection times were generally
between 30 and 50 minutes
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Supplementary Figure S3: Models constrained using hybrid mode measurements
compared to those obtained by fitting 24-bunch mode data. Hybrid mode data is fit
to 250 ns but all data out to 400 ns is shown here. Data and fits are arbitrarily scaled
to facilitate comparison and represent measurements conducted without a stainless
steel reference foil. Isomer shifts constrained using a reference foil are described
in the main text. Each hybrid mode spectrum requires two distinct Mdssbauer sites
whereas data obtained in 24-bunch mode do not justify a second site in fitting an
appropriate model. Weight fractions and hyperfine parameters from hybrid mode
fits are reported in Table 3 of the main text and Table S2.
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Pressure (GPa) WT, 1S4 (mm/s) QS, (mm/s) FWHM, Thickness (um) Reduced y? Reference
2.21(4) 1.00  -0.088(1) 0.520(2) 0.137(5) 10.5(1) 3.78(1) SS310 (10um)
3.75(5) 1.00 0.377(6) 0.438(1) 0.056(6) 14.5(1) 1.78(7) SS310 (10um)
5.38(6) 1.00 0.354(6) 0.431(1) 0.104(4) 14.64(9) 2.04(7) SS310 (10um)
6.69(3) 1.00 0.351(6) 0.425(1) 0.108(4) 14.29(9) 2.25(7) SS310 (10um)
7.82(2) 1.00 0.350(6) 0.420(9) 0.122(3) 14.68(8) 2.20(7) SS310 (10um)
8.58(3) 1.00 0.361(5) 0.428(1) 0.147(3) 12.68(7) 3.13(9) SS310 (10um)
9.42(7) 1.00 0.343(5) 0.414(9) 0.121(3) 14.55(8) 2.70(8) SS310 (10um)
10.1(1) 1.00 0.336(5) 0.409(1) 0.116(3) 14.44(8) 2.55(8) SS310 (10um)
10.96(5) 1.00 0.334(6) 0.408(1) 0.113(3) 14.56(8) 3.0009) SS310 (10um)
12.2(1) 1.00 0.364(5) 0.431(1) 0.162(3) 12.35(7) 3.85(1) SS310 (10um)
13.0(2) 1.00 0.353(7) 0.418(3) 0.087(8) 9.5(4) 2.37(8) SS310 (10um)
13.09(9) 1.00 0.350(5) 0.424(1) 0.153(3) 12.45(7) 3.7(1) SS310 (10um)
14.22(9) 1.00 0.334(6) 0.429(1) 0.161(3) 12.13(6) 3.9(1) SS310 (10um)
16.6(2) 1.00 0.322(6) 0.407(1) 0.125(3) 13.98(7) 3.5009) SS310 (10um)
18.97(1) 1.00 0.310(8) 0.400(4) 0.113(10) 13.8(4) 4.1(1) SS310 (10um)
20.3(5) 1.00 0.338(6) 0.409(1) 0.078(5) 9.24(6) 3.5(1) SS310 (10um)
21.0(1) 1.00 0.290(9) 0.390(4) 0.086(1) 14.2(4) 3.7(1) SS310 (10um)
23.31(4) 1.00 0.287(9) 0.389(4) 0.093(1) 13.7(4) 3.6(1) SS310 (10um)
24.9(1) 1.00 0.335(9) 0.407(4) 0.07(1) 9.2(4) 3.0(1) SS310 (10um)
27.3(2) 1.00 0.326(9) 0.404(4) 0.07(1) 9.2(4) 2.72(9) SS310 (10um)
29.6(1) 1.00 0.322(9) 0.400(4) 0.06(1) 9.3(4) 2.90(9) SS310 (10um)
30.5(2) 1.00 0.31(1) 0.390(5) 0.05(2) 10.2(4) 2.53(8) SS310 (10um)
32.1(4) 1.00 0.33(1) 0.392(5) 0.05(1) 9.7(4) 2.54(8) SS310 (10um)
34.512) 1.00 0.30(1) 0.374(5) 0.02(2) 10.2(4) 2.7909) SS310 (10um)

Supplementary Table S1: Hyperfine parameters of >’Fe>* in §-Fe13 and full-widths
at half maximum (FWHM) of the measured spectra determined by fitting SMS
spectra collected in 24-bunch mode using a model with a single Fe** site (QS =
quadrupole splitting, IS = isomer shift). Isomer shifts are reported relative to a-Fe
based on the measured isomer shift of the stainless steel reference foil (see methods
section of the main text). For measurements which use a reference foil, the reported
1 indicates the combined value for a fit to the reference and data.

Pressure (GPa) WT, IS, (mm/s) QS (mm/s) FWHM, WT, IS, (mm/s) QS, (mm/s) FWHM, Thickness (um) Reduced y? Reference
2331 (4) 0.90 B 0.448(1)  0.109(1) 0.1 B 0.418(4)  0.13(1) 9.22(9) 10.1(1) B
36.7(5) 073 0.302) 0420(7)  0.0592) 027  0.40(2) 0.79(2) 0.38(5) 7.23(1) 29009)  SS310 (10um)
38.8(1) 075 -0.004(6) L1614)  0522) 025  0.17(1) 1.202(6)  0.05(1) 6.01(9) 5.6(1)  SS310 (10um)
40.6(1) 061  -0.052(5)  1.242(5)  0502) 039  0.164(5) 1.296(5)  0.124(5) 5.56(9) 44(1)  SS310 (10um)
42.8(2) 0.64  -0.037(6) 1.287(6)  050(1) 036  0.148(6) 1.3336)  1.181(5) 6.03 43(1)  SS310 (10um)
44.9(2) 047  0.072) 1.47(4) 0.41(6) 053  0.0209) 1.47(4) 0.23(2) 6.7(3) 6.7(1)  SS310 (10um)
47.1(2) 0.75  -0.011(5) 1.303(7) 0.50(1) 0.25 0.112(7) 1.387(8) 0.074(2) 5.56(7) 5.2(1) SS310 (10um)

Supplementary Table S2: Hyperfine parameters of >’Fe3* in §-Fe13 and full-widths
at half maximum of the measured spectra determined by fitting SMS spectra using
a model with two Mossbauer sites. Isomer shifts are reported relative to a-Fe
based on the measured isomer shift of the stainless steel reference foil (see methods
section of the main text). For measurements which use a reference foil, the reported
x° indicates the combined value for a fit to the reference and data. Hybrid mode
measurements are denoted with an asterisk (¥).
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Reduction and analysis of NRIXS data

Between 15 and 25 energy scans (collection time of approximately 1.5 hours for each
scan) at each compression point were summed to form each NRIXS spectrum. Raw
spectra without the elastic peak removed are shown in Figure S1. The PHOENIX
software package was used to remove the elastic peak of each spectrum, after which
the Lamb-Maossbauer factor, mean-force constant, and mean kinetic energy are
determined (Table S1). The mean kinetic energy and mean force constant can be
determined from the second and third-order moments of the spectrum, respectively.
Additional details of the implemented procedure can be found in Sturhahn (2000)
and Buchen et al. (2021). The partial, projected phonon density of states (pDOS) —
the portion of the phonon density of states involving vibrations of the Fe atoms — is
then determined from the NRIXS spectrum with the elastic peak removed (Sturhahn,
2000). The dependence of the Debye velocity on energy can be calculated using
equation (1): s
mE?

v(E) = [W] (5.1)
where p is the density of the enriched sample, m is the mass of the nuclear resonant
isotope (*’Fe), D(E) is the pDOS in the low-energy region (< 20 meV), and 7 is
the reduced Planck constant. v(E) is equal to vp in the limit E—0, the low-energy
region of the pDOS. To determine vp, a probability distribution is formed by many

different possible fits to v(E) using an empirical power-law formulation:

v(E) =vp[l - (E/p1)]" (5.2)
where p; and p; are fit parameters. One fit provides a single estimate of vp and
hundreds of fits are performed over different energy ranges between a minimum
and maximum energy (Table S2) to determine the probability distributions (Figure
S2). The Debye and bulk sound velocities are related to the compressional (Vp) and

shear (V) wave velocities through equations (3) and (4), respectively:

3 1 2

-+ = (5.3)
v, Vi V3
K 4

(?‘)2 =Vi- gvg (5.4)
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where K is the adiabatic bulk modulus of the sample, determined at a given pressure
from an equation of state of the material of interest: (Al,Fe)-phase H (Strozewski
et al., 2023) in this case. Equations (3) and (4) are solved within PHOENIX to
determine Vp and Vg, which can in turn be used to calculate the shear modulus (u)

using equations (5) and (6):

KS+%/J
0

Ve = \/E (5.6)
0

Determination of the bulk sound velocity (V) from the equation of state (Strozewski

Vp = (5.5)

et al., 2023) yields a complete picture of seismologically relevant acoustic wave

velocities for a given material.
Supplementary Text S2. Parameterization of shear properties

To incorporate the shear properties of the hydrous phases, we explicitly parameterize
the NRIXS results by fitting a polynomial to the shear modulus (u). A 3rd-order
polynomial, which is found to describe NRIXS-derived values of shear modulus
well (Figure S4), is used for the (Al,Fe)-phase H data:

u(P) =90.06 +2.05P — 0.013P? + (3.35 + 107°) P? (5.7)

where P is pressure in GPa. For determination of uncertainty in shear properties at
high pressure and temperature (see below), an estimate of 3% relative uncertainty
is used, commensurate with the uncertainty from NRIXS experiments (Figure S4).
Similarly, the shear modulus values (Ohira et al., 2021) of (ALLFe)OOH are fit with
the Sth-order polynomial:

w(P) = 104.659+0.248P+0.076 P> —0.0014P3 +(9.15%107%) P*— (2.144%107%) P°
(5.8)

Each polynomial is used to calculate the shear modulus at the P, T conditions of the
prescribed adiabat using the appropriate thermal parameters (discussed in Supple-
mentary Text S3 below). The associated uncertainty in shear modulus, along with

that determined for the bulk modulus and density (see below) is then propagated
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into equations (5) and (6) in order to estimate the uncertainty on wavespeeds of

(Al,Fe)-phase H at high temperature.
Supplementary Text S3. Model of uncertainties at high P-T

To determine uncertainties on seismic velocities of (Al,Fe)-phase H at high temper-
ature and when incorporated into our modeled HHMB rock, we use a monte carlo
approach which resamples the equation of state of Strozewski et al. (2023) and the
thermal parameters of Buchen et al. (in review) to determine the unit cell volume
and associated uncertainty at each P, T value along a given adiabat. That is, the total

pressure at high pressure and temperature can be written as:

P(V,T) = P3oox (V) + AP, (V,T) (5.9)

where P3pox represents the contribution from an isothermal equation of state at
300 K and AP,,(V,T) represents the thermal pressure. Calculation of the thermal
pressure requires constraints on the Gruneisen parameter vy, Debye temperature 6,
and the parameter qo. We use the thermal parameters yo = 1.26(9), 69 = 1230, and
qo =1.21(0.46), ns0 = 2yo = 2.52, constrained by adapting the crystal field modeling
and thermal equation of state described in Buchen et al. (in review) to (Al,Fe)-phase
H.

Along a given adiabat, total pressure (P) and temperature (7') are specified, along
with all other requisite equation of state parameters besides the unit cell volume
(V). For each (P,T) pair, we resample each thermal equation of state parameter 1000
times and perform a numerical solution for the unit cell volume (V). The covariance
of parameters derived from fits to unit cell volume data is not explicitly included
in this resampling but is accounted for by the constraint that P3ggx calculated
from the obtained unit cell volume using the ambient temperature equation of state
parameters must be within 5o of the constrained unit cell volume (Strozewski et
al., 2023) at the specified pressure on the adiabat. An isothermal bulk modulus
and associated uncertainty can be determined from the calculated unit cell volumes
in the usual manner: Kr = —V(j—{;). To calculate (Z—‘};), we again solve for the
unit cell volume but at a pressure perturbed from the target pressure by 0.1%,
keeping temperature constant. This calculation is performed for each resampling
of the equation of state parameters to determine the uncertainty on K7 at a given
pressure. In calculating the sound velocities of (Al,Fe)-phase H, the adiabatic bulk

modulus Ky is used. For the purpose of uncertainty estimation, we assume that
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the relative uncertainty of Kg is the same as that determined for K7. With V, Kg,
u, and associated uncertainties computed, standard error propagation formulae are
applied to determine uncertainties on the sound velocities of (Al,Fe)-phase H using

equations (5) and (6).
Supplementary Text S4. Modeling of lower mantle rocks

To determine the influence of Fe-bearing hydrous phases on the bulk properties of
rock assemblages stable at Earth’s lower mantle conditions, we build on the mineral
physics modeling framework delineated in Buchen et al. (2021). That is, the post-
stishovite phase transition and spin transitions are modeled using a Landau theory
approach and a crystal field model, respectively, and Voigt-Reuss-Hill averaging is
used to compute the elastic properties and wavespeeds of a given rock. In addition
to the mineral phases of the lower mantle described in Table 3.1 of Buchen et al.
(2021), we have incorporated the hydrous phases (Al,Fe)-phase H and (Al,Fe)OOH.
We use the bulk compositions of the depleted MORB mantle (DMM) and N-MORB
from Workman and Hart (2005) for pyrolite and metabasalt, respectively, which
are the same compositions discussed in Buchen et al. (2021). Volume fractions of

constituent minerals in each rock are shown in Supplementary Table S3.

In this way, we have adopted a reasonable model for pyrolite that agrees with
geochemical constraints on total oxide percentages. However, we note that this
approach differs fundamentally from that implemented in the HeFESTo software
(Stixrude and Lithgow-Bertelloni, 2005), which self-consistently computes phase
equilibria for a prescribed P, T profile and bulk composition. The motivation for the
modeling pursued in this study was to enable the exchange of (Al,Fe)-phase H in
specific proportions corresponding to those discerned in previous studies (e.g. (Liu
etal., 2019)), which cannot be done with HeFESTo as the underlying thermodynamic
database does not include hydrous phases. We apply the same modeling framework
to pyrolite and metabasalt, to maintain consistency within our own models. Although
a thermodynamic framework which incorporates the requisite physics and chemistry
for phase equilibria is extremely useful, it does necessitate precise constraints on
thermodynamic properties which are not always available. For this reason, it is
not the goal of this study to assert a specific composition for pyrolite but rather to
highlight the effects of oxyhydroxide phases on wavespeeds in the lower mantle via
reference to specific benchmarks (i.e. PREM and the DMM pyrolite of (Workman
and Hart, 2005) as modeled by (Buchen et al., 2021). Different models of pyrolitic

mantle can be compared to the hydrous metabasalt and pyrolite presented here with
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reference to their deviations from PREM.

The Fe-bearing delta phase (Algg7Fep.1300H) is modeled using bulk properties
from Buchen et al. (in review). Shear properties are from Ohira et al. (2021), with
shear modulus parameterized as a function of pressure with a polynomial function
as described above in Supplementary Text S2. (Al Fe)-phase H is modeled using the
bulk properties presented in Strozewski et al. (2023) and shear properties constrained
in this paper. For thermal properties of both the hydrous phases, we use the properties
of Buchen et al. (in review), refitted for the modeling framework of Buchen et al.
(2021). The temperature dependence of the spin transition implemented in the
models is explained in Buchen (2021). Uncertainties on the wavespeeds of the
modeled HHMB rock are assumed to be the same relative uncertainty as those
determined for the included hydrous phase. That is, we do not assume that the
wavespeeds of the other components in the aggregate can be determined exactly,
which would artificially deflate this uncertainty. The resultant uncertainties for the
HHMB aggregate are comparable to other calculations of the elastic properties of
metabasalt (Tsuchiya, 2011).
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Pressure (GPa) MFC (N/m) MKE (meV/atom) fim
2.32(5) 262 (21) 14.8 (3) 0.808 (5)
6.9 (2) 476 (57) 15.8 (5) 0.825 (6)

15 (2) 293 (74) 14.9 (7) 0.830 (7)
26 (1) 375 (82) 15.3 (7) 0.851 (7)
35 (2) 298 (53) 14.8 (4) 0.833 (5)
44 (2) 543 (25) 16.4 (3) 0.887 (4)
50 (3) 575 (44) 16.7 (4) 0.886 (3)
64 (3) 684 (35) 16.8 (3) 0.903(3)
78 (3) 662 (74) 17.2 (4) 0.906 (3)
91 (2) 772 (45) 17.9 (4) 0.910 (3)
100 (3) 745 (38) 17.2 (3) 0911 (3)

Supplementary Table S1: Parameters obtained from the NRIXS spectra of (Al,Fe)-
phase H after data refinement. MFC = mean force constant, MKE = mean kinetic
energy, and f7 ) = Lamb-M0ssbauer factor. In all cases, parameters are determined
using an energy cutoff of 150 meV, which is the maximum energy for the majority
of the measured NRIXS spectra.

Pressure (GPa) Epin (meV) Epax (meV) Avg. Vp (km/s) RMS of Vp (km/s) Skewness Kurtosis Fitted vp (km/s)
2.32(5) 3.0 15.0 5.617 0.085 -0.427 5.843 5.60 (9)
6.9 (2) 1.1 17.0 5.972 0.020 0.799 4.831 5.98 (2)
15 (2) 1.7 20.0 6.005 0.028 1.467 7.058 6.01 (8)
26 (1) 8.9 21.6 6.438 0.129 0.158 4.309 6.45 (9)
35(2) 9.0 20.6 6.437 0.034 -0.290 3.686 6.43 (3)
44 (2) 12.6 22.4 6.998 0.210 -0.619 4.522 7.03 (18)
50 (3) 9.3 21.8 6.852 0.106 0.071 2.882 6.8 (3)
64 (3) 10.9 29.6 6.957 0.119 0.279 5.934 6.96 (6)
78 (3) 10.0 33.0 7.046 0.18 -0.352 4.893 7.05 (10)
91 (2) 12.2 332 7.250 0.106 0.014 3.264 7.24 (15)
99 (3) 13.1 32.6 7.229 0.148 0.796 4.327 7.18 (15)

Supplementary Table S2: Parameters and fits to the debye velocity function, used
to determine the Debye Velocity (Vp). Enin and Epax represent the energy bounds
of the debye velocity function, between which many fits are performed to determine
the debye velocity PDF, parameterized by the average Vp, skewness, and kurtosis.
An asymmetric function is fit to the Vp values determined from the collection of
fits to the debye velocity function, yielding the reported fitted Vp given in Table 1
of the main text.
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Supplementary Figure S1: Raw NRIXS spectra collected at each pressure with total
collection times in hours (hr.). Pressure was determined using a combination of
ruby fluorescence and diamond edge Raman as described in the main text. Longer
collection times at high pressure result from lower count rates due to sample thinning
as well as the effects of the spin crossover.
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Supplementary Figure S2: Fits to debye velocity functions at each pressure. A
collection of fits are used to better determine the debye velocity at low energies as
described in Supplemental Text S1 above.
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Supplementary Figure S3: Probability density functions resulting from the collec-
tion of fits at each pressure presented in Figure S2. The x-axis of each figure is
scaled to the same range of Debye velocities to demonstrate the increase in Debye
velocity with pressure.
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Supplementary Figure S4: Shear moduli (u) of (Al Fe)-phase H (this study) and
0-(ALFe)OOH (Ohira et al., 2021) determined from NRIXS experiments. The
gray line and shaded area delineate a fit of a 3rd order polynomial to the shear
moduli of (Al,Fe)-phase H and the estimated uncertainty of 3%, respectively. The
light blue line and shaded area show the fit and uncertainty for 6-(Al,Fe)OOH. In
constructing models of lower mantle rocks, we only analyze wavespeeds above 25
GPa and therefore fit each polynomial only to data above 20 GPa. Description of
the parametrization of the shear modulus is given in Supplementary Text S2.
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Supplementary Figure S5: Cold slab (S900C) and ambient mantle adiabats
(S1900K), used to model hydrous metabasalt and pyrolitic mantle, respectively.
The colder geotherm for slabs in the lower mantle, (900°C at 25 GPa), is based
on results of a seismic-geodynamic study of the Tonga subduction zone (Liu et al.,
2021). This slab temperature is also consistent with previous geodynamic models
(Bower et al., 2013). The mantle adiabatic path ( 1900+/-200K at 25 GPa) spans
the range described in Katsura (2022)
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Supplementary Figure S6: Absolute values of density and seismic wavespeeds of
pyrolitic mantle and (Al,Fe)-phase H (AlFeH) computed along the adiabatic profiles
shown in Figure S5 and compared to PREM. Deviations of pyrolite and HHMB
from PREM are plotted in Figure 4 of the main text.
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Supplementary Figure S7: Absolute values of density and seismic wavespeeds
of pyrolitic mantle and (Al Fe)-phase H containing hydrous metabasalt (HHMB)
computed along the adibatic profiles shown in Figure S5 and compared to PREM.
Deviations of pyrolite and AlFeH from PREM are plotted in Figure 5 of the main

text.
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Deviations from PREM: Fe-bearing hydrous phases and bridgmanite along S900C adiabat
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Supplementary Figure S8: Deviations of seismic wavespeeds and density of
selected compositions from PREM: (Al Fe)-phase H, Fe-bearing delta phase
(Alp.g7Feo.1300H; (Ohira et al., 2021), and MgSiO3 bridgmanite. Each phase
is plotted along the cold adiabat shown in Figure S4 and compared to PREM.
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Supplementary Figure S9: Absolute values of seismic wavespeeds and density
of selected compositions from PREM: (Al Fe)-phase H, Fe-bearing delta phase
(Alg.g7Fep.1300H; (Ohira et al., 2021), and MgSiO3 bridgmanite. Each phase is
plotted along the cold adiabat shown in Figure S4 and compared to PREM.



128

Phase End member Mole fraction of end member in pyrolite | phase vol. % in pyrolite | Mole fraction of end member in HHMB | phase vol. % in HHMB
bm MgSiOs3 0.89 0.62
bm FeSiO3 0.04 0.13
bm ALO; 0.03 7% 0.12 37%
bm FeAlO3 0.04 0.13
fp MgO 0.85
fp FeO 0.15 16%
cp CaSiO3 1.0 7% 1.0 26%
cf MgAlL Oy 0.17
cf MgFe;04 - - 0.05 14%
cf NaAlSiO4 0.78
st SiO - - 1.0 15 %
AlFeH | Alg, g.,Febtj Mgo.02Si0.06O0H - - 1.0 8%

Supplementary Table S3: Mineralogies of modeled lower mantle rocks whose seis-
mic velocities are presented in the main text of this paper (bm = bridgmanite, fp
= ferropericlase, cp = calcium silicate perovskite, cf = calcium ferrite phase, st =
stishovite, and AlFeH = (Al,Fe)-phase H). The bulk composition of pyrolite and
hydrous metabasalt are based on the depleted MORB mantle (DMM) and N-MORB
(Workman and Hart, 2005) + approximately 1 wt.% H;O for hydrous metabasalt.
Hydrous metabasalt (HHMB) incorporates (Al,Fe)-phase H and represents a portion
of the subducted slab. Pyrolite represents the composition of ambient mantle. In
both rocks, Fe3*/ZFe = 0.5 for bridgmanite. Mg/(Mg + Fe) = 0.683 in HHMB, result-
ing in a total ferric iron proportion of Fe3*/ZFe = 0.6. In pyrolite, the partitioning of

Fe between bridgmanite and ferropericlase is Kf;m/ P - 0.5, resulting in a total ferric
e/Mg

iron content of the rock of Fe’*/SFe = 0.25. The chemical compositions of solid
solutions are described by the mole fraction of the phase end-members compiled in
this table. The elastic properties for the rock assemblages are then calculated using
the workflow described in Buchen et al. (2021). In addition to the hydrous phases
discussed in this paper, experimentally, theoretically, and computationally derived
finite strain parameters of various lower mantle mineral phases used in the modeling
are listed and referenced in Buchen (2021).
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