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Abstract

Water is essential for our species’ survival on this planet and its behavior and
presence inside of the Earth has been a topic of interest for many years. On
the Earth’s surface water is ubiquitous and calculating its quantity is relatively
straight-forward. Determining the quantities present in the Earth’s deep interior
is much more challenging. To investigate the current water content of the Earth’s
mantle, a combined experimental and geophysical approach is required. The
solubility of water and its effect on the physical properties of mantle minerals has
to be disentangled by laboratory experiments. These results can then be compared
to geophysical observations of Earth’s mantle to assess the presence of water.

This work contributes to the understanding of the water presence in the interior
of Earth and rocky planets in general. The first part of this thesis consists of
investigating the presence of water in bridgmanite and its effect on elasticity, as
will be explained in Chapter 2. Bridgmanite is the major mantle phase in the
Earth’s lower mantle, and its water solubility has been a controversial topic for the
past 20 years. By using a combination of Fourier Transform Infrared Spectroscopy
and Atom Probe Tomography, the presence of hydrogen in the crystal lattice of
bridgmanite is confirmed in this work. The first measurements of shear wave
velocity in a hydrous bridgmanite sample containing ~1054 ppm wt HoO and
3.44 wt.% AlyOg are presented. These measurements indicate that the presence of
water in bridgmanite causes the material to stiffen, expressed as a 6% decrease
in shear modulus (Gg), and a 5% increase in the first pressure derivative of Gg
(Go’). Modeling the effect of water on the velocity profile of the lower mantle and
comparing it to known geophysical reference models like the Preliminary Reference
Earth model, shows that no significant amount of water is to be expected however.

Secondly, the phase transition from stishovite to CaCls-type SiOs is studied using
Brillouin Scattering Spectroscopy. The phase transition is found to take place at
~30 GPa, which is lower than most previous studies on this topic. The possible
reasons for this are examined in Chapter 3 of this work, and its implications on
geophysical interpretations for this phase transition are discussed. Most impor-
tantly, this result suggests that mantle scatterers at a 1000-1200 km depth range
could be explained by the phase transition.

The last part of this thesis consisted in developing a method to optimize thermody-
namic parameters used in geophysical modeling to better represent experimental
results. Thermodynamic databases used for studies of the deep interior have thus
far never included the established effect of water on mantle phases’ stability and
physical properties. Preliminary results of solving this issue are given in Chapter 4.

Résumé

L’eau est essentielle a la survie de notre espece sur cette planéte et son comportement
et sa présence a l'intérieur de la Terre sont un sujet d’intérét depuis de nombreuses
années. A la surface de la Terre, I’eau est omniprésente et le calcul de sa quantité est
relativement simple. Déterminer les quantités présentes dans les profondeurs de la
Terre est beaucoup plus difficile. Pour étudier la contenu actuel en eau du manteau
terrestre, une approche expérimentale et géophysique combinée est nécessaire. La
solubilité de I’eau et son effet sur les propriétés physiques des minéraux du manteau
doivent étre identifiés par des expériences en laboratoire. Ces résultats peuvent
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ensuite étre comparés aux observations géophysiques du manteau terrestre afin
d’évaluer la présence d’eau.

Ce travail vise a contribuer a la compréhension de la présence d’eau a l'intérieur
des planétes rocheuses. La premiére partie de cette contribution a consisté a étudier
la présence d’eau dans la bridgmanite et son effet sur son élasticité, comme sera
expliqué dans le Chapitre 2. La bridgmanite est la principale phase du manteau
inférieur de la Terre, et sa solubilité de ’eau est un sujet controversé déja depuis
20 ans. En combinant la Spectroscopie Infrarouge a Transformée de Fourier et
la Tomographie par Sonde Atomique, la présence d’hydrogéne dans la structure
cristalline de la bridgmanite est confirmée par ce travail. Les premiéres mesures
de la vitesse des ondes transversales dans un échantillon de bridgmanite hydratée
contenant containing ~1054 ppm wt de HoO et 3.44 wt.% de AlyO3 sont également
présentées ici. Ces mesures indiquent que la présence d’eau dans la bridgmanite
provoque une rigidification du minéral, exprimée par une diminution de 6% du
module de cisaillement (Gp), et une augmentation de 5% de la premiére dérivée de
pression de Gg (Go’). La modélisation de l'effet de ’eau sur le profil de vitesse du
manteau inférieur et sa comparaison avec des modeles géophysiques de référence
connus, tel que le Modele Terrestre Préliminaire de Référence, montrent qu’il ne
faut pas s’attendre a une quantité significative d’eau.

Secondement, la transition de phase entre la stishovite et la SiO2 de type CaCly est
étudiée a l’aide de spectroscopie de diffusion Brillouin. La transition est détectée a
~30 GPa, ce résultat est inférieur a ceux de la plupart des études précédentes sur ce
sujet. Les raisons possibles de ce phénomene sont examinées dans le Chapitre 3 de
ce travail, et ses implications sur les interprétations géophysiques de cette transition
de phase sont également abordées. Principalement, ces résultats suggérent que les
diffuseurs du manteau dans la gamme des 1000-1200 km de profondeur pourraient
étre expliqués par cette transition de phase.

La derniére partie de cette these a consisté a développer une méthode pour optimi-
ser les parametres thermodynamiques utilisés dans la modélisation géophysique,
afin de mieux représenter les résultats expérimentaux. Les bases de données ther-
modynamiques utilisées pour les études de 'intérieur profond n’ont jusqu’a présent
jamais inclus l'effet établi de I'eau sur la stabilité et les propriétés physiques des
phases du manteau. Les résultats préliminaires de la résolution de ce probleme
sont présentés dans le Chapitre 4.
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Chapter 1

Introduction

1.1 The presence of water in the Earth’s interior

In order to estimate how much water could be present in the Earth’s interior, it
is essential to understand how much would have been present during the planet’s
accretion. After this amount is determined, a comparison can be made between the
current water mass of the hydrosphere and water content of Earth’s building blocks in
order to estimate how much water could be left in the interior. Chondrite meteorites
for example, which are thought to have a similar overall composition to the Bulk
Silicate Earth, contain ~0.1 wt% of water (Smyth and Jacobsen, 2006). Comparing
this concentration to the hydrosphere’s water content would suggest that 75% of all
the Earth’s hydrogen should either have been lost through degassing or is still present

inside of the planet, or a combination of both (Smyth and Jacobsen, 2006).

When looking at isotopes, Pd-Ag, Mn-Cr, and Rb-Sr chronometers can be used to
trace the volatile evolution during planet formation (Schonbéchler et al., 2010). This
data suggests that a considerable amount of volatile-rich material would have to be
available in building blocks during the later stages of Earth’s accretion, a lot of which
could still be present in the interior. The possibility of degassing, and therefore loss of
hydrogen, is mostly relevant during the magma ocean stage of planet formation. In

terrestrial planets like the Earth or Mars, this magma ocean stage is thought to have
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lasted only about 5 to 10 Ma. Due to the high solubility and compatibility of water
in silicate melt (Peslier et al., 2017), it is possible to retain a significant amount of
water in the silicate mantles of all terrestrial planets (Elkins-Tanton, 2008). Only for
melt fractions below ~30% would hydrogen start degassing intently, a point at which a
surface lid has been argued to already have been formed, thereby trapping most of the

water into the planet’s interior (Bower et al., 2022).

Several attempts have been made to quantify the current water content of the mantle.
Studies thereby usually subdivide the mantle into its three parts: the upper mantle,
transition zone, and lower mantle. Peslier et al. (2017) calculate that the upper mantle
would contain 0.1 ocean masses, the transition zone 0.9-1.4 ocean masses, and the lower
mantle 0.2-4.5 ocean masses, based on water contents in natural samples. Based on
global geophysical observations, Ohtani (2020) estimate that the upper mantle would
contain ~(.4 ocean masses, the mantle transition zone ~0.2-1 ocean masses, and the

lower mantle <2 ocean masses.

To be comprehensive in regards of the total water content of Earth, the metal core
plays an important role due to potential core-mantle water partitioning. The possibility
of hydrogen incorporation into metallic melts has been a topic of much interest of the
last few years. Results from partitioning experiments and ab-initio calculations diverge
somewhat on whether hydrogen prefers to partition into a silicate or metal melt. Even
though there is evidence for hydrogen being lithophile at low pressure (Clesi et al.,
2018; Malavergne et al., 2019), increasing pressure makes it more siderophile (Li et al.,
2020; Malavergne et al., 2019). An increase in temperature has been shown to have the

opposite effect though, making hydrogen more lithophile again (Li et al., 2020).

The limiting factor in geophysical studies is usually the available experimental data
wherein there are high uncertainties on the water content values. This is caused by the
large discrepancies in the reported solubilities between works. Only through performing
even more experiments in these different systems will a better understanding of the

behavior of water in the Earth’s interior be attained. In this work, only mantle minerals
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are considered, the properties of which will be covered in detail in this introduction.

1.2 The effect of water on mineral physical properties

The hydration of silicate minerals is known to have an effect on many of its physical

properties.

Discontinuities in the mantle are generally caused by phase transitions. Since the
presence of water in a mineral has an effect on its Gibbs free energy, and thereby its
thermodynamic stability field, the pressure and temperature at which a phase transition
occurs change with varying water contents (Karato, 2006; Smyth and Frost, 2002; Wood,
1995). Liquidi and solidi of mantle minerals have been shown to decrease significantly
due to the presence of water (Gaetani and Grove, 1998; Hirth and Kohlstedt, 1996;
Mierdel et al., 2007), with important implications on the melting behavior of certain
phases in the mantle. The phase transition from olivine to wadsleyite becomes broader
when the presence of water in its crystal lattice is considered. The onset pressure of
the phase transition is dictated by the water content in olivine, and will be lower than
in a dry system. Experimental evidence has shown that water preferentially partitions
into wadsleyite (e.g., Litasov et al., 2006), meaning that as the phase transition is
taking place, the remaining olivine will slowly get depleted of its water content. As
water content in olivine decreases, the pressure at which the phase transition ends will
correspond to the ‘dry’ phase transition pressure, which is higher than in a wet system
(Karato, 2006). The phase transition will therefore be ‘dragged’ over a larger pressure
span and become broader. According to Smyth and Jacobsen (2006), the sharpness
of the velocity jump observed seismically at 410 km depth would be in line with a

hydrous wadsleyite containing 1.5 wt% after the transition.

Transport properties of materials such as electrical or thermal conductivity have also be
shown to be affected by the presence of water (Huang et al., 2005; Karato, 1990; Simpson
and Tommasi, 2005). Adding H2O in olivine increases the electrical conductivity by

a factor of 100 000 (Wang et al., 2006a). Electrical conductivity has been used as



1.

INTRODUCTION

a geophysical tool combined with electromagnetic sounding to investigate the water
content of the Earth’s mantle. Generally, the presence of hydrogen increases the
electrical conductivity of mantle minerals (Karato, 2006). With regards to thermal
conductivity, the addition of 0.7 wt% H2O in olivine for example lowers its thermal
conductivity by half (Chang et al., 2017), while the addition of 1.17 wt% H2O into
ringwoodite lowers it by 40% (Marzotto et al., 2020).

Rheological properties such as the viscosity, elasticity or anelasticity of materials have
also been established to change with the addition of water. Adding HoO into olivine
reduces its viscosity by a factor of 140 (Hirth and Kohlstedt, 1996). This effect is
often referred to as ‘hydrolytic weakening’ (Di Genova et al., 2023; Karato et al., 1986),
could have significant consequences on global convection dynamics (Muir and Brodholt,
2018). Anelastic relaxation® of a material gets enhanced when water is added to it
(Karato and Jung, 1998), therefore influencing the way seismic waves get attenuated

when traveling through the mantle (Dodd and Fraser, 1965; Liu et al., 2023).

The property most of interest for the purpose of this study is elasticity. The elasticity
of a material represents its ‘stiffness’ or compressibility, i.e., its ability to resist a
distorting force and to return to its original size and shape after that force is removed.
Elasticity has been shown to be affected by the presence of hydrogen in the crystal
lattice of many minerals, the evidence of which will be presented in Section 1.4. The
addition of a small amount of water into a mineral’s crystal lattice seems to have a much
more dramatic effect on its elastic properties, compared to the addition of a similar
amount of other elements like Fe and Al contents or a small change in temperature. For
example, at ambient pressure, the effect of adding 1 wt% of HyO has the same effect
on ringwoodite’s shear modulus as increasing the temperature from 800 to 1000°C
(Jacobsen et al., 2004; Wang et al., 2003). Elasticity is also a property that can be
examined using seismology. Seismic wave velocities in the Earth’s interior depend
on the density of the material that they travel through, which will therefore reflect

elasticity. The presence of hydrogen tends to reduce the bond-strength and density of

1. Describes the ‘softness’ of a material, i.e., how it reacts to non-elastic deformation.
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a material, and therefore cause a reduction in seismic wave velocity Karato (2006).

The growing understanding of the link between chemistry and seismic velocities of
mantle minerals challenges previous perceptions. The notion to attribute any change
in velocity to differences in temperature in tomographic models is likely not realistic
(Marquardt and Thomson, 2020). Low velocity anomalies can be caused by an increase
in temperature, but the presence of Fe, Al, H or melts has a similar effect. It is only
through a good understanding of how each of these parameters affects the elasticity of
a given mineral, and subsequent combination of geophysical tools that conclusions can
be drawn. Karato (2006) mentions that the combination of measuring seismic wave
velocities, seismic wave attenuation, seismic anisotropy, discontinuity topography and
sharpness is necessary to really understand what quantity of water could be present in

the mantle.

1.3 Incorporation of water in the crystal lattice of mantle

minerals

The phases present in the Earth’s mantle are generally thought of as ‘Nominally
Anhydrous Minerals’ (NAMs) and often referred to as such in the frame of studies
examining their water content. They are called nominally anhydrous because they do
not contain more than a few wt% HO an therefore do not explicitly have hydrogen in
the structural formula, unlike for example amphiboles, serpentine, chlorite, and clay
minerals. Hydrogen can be present in NAMs in two ways. The first possibility is that
it is present under the form of molecular HoO at the surface of the sample or along the
sample grain boundaries. If water is only present in this form, no significant conclusions
can be drawn regarding the Earth’s interior, as water molecules would have been lost
long before the material reaches significant depths. The second option is that hydrogen
is present as ‘structural’ water, i.e. inside of the sample’s crystal lattice. It would thus
be present as HT or OH ™, bonded to another atom in the crystal. The hydrogen would

thereby represent an ‘imperfection’ or so-called point-defect in the crystal. Three types
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processes are usually described to be able to create such imperfections in the literature:

e Creation of vacancies: In this case, a major atom like Si** or Mg?*t that is
supposed to be present in the crystal lattice has been missing since crystallization
or has been removed by a chemical reaction that took place (Wright, 2006).
The free site in the lattice can be taken up by one or more hydrogen atoms,
depending on the charge balance. This type of imperfection has been shown to
be an efficient way to incorporate hydrogen in olivine (Libowitzky and Beran,
1995).

e Interstitial substitutions: Here, a hydrogen atom is able to wriggle its way
through the crystal lattice and bind to another atom while remaining in between
the other atoms, i.e., not on a normal lattice site (Wright, 2006). Karato (2008)
proposes that this process would become more significant as pressure increases,
as it involves a smaller activation volume compared to water incorporation
through vacancies.

e Charge-balancing substitutions: When an atom present in the crystal lattice
gets replaced or ‘substituted’ by another and the charge of the new atom does
not correspond to what is expected for that site. This generates the need for
another atom to come in and even out the charge. For example, if an A>T

atom substitutes a Si** atom on the tetrahedral site, an extra HT would be

welcome in the lattice to restore the charge balance. In enstatite for example,
the presence of Al has been shown to have a drastic effect on its water solubility

(e.g. Rauch and Keppler (2002); Stalder (2002)). Another common substitution

that takes place in mantle minerals is the Fe** /Fe?T redox-exchange reaction,

where the difference in charge can again be balanced by addition of HT or OH~

(Ingrin and Blanchard, 2006). This process has been described experimentally

in clinopyroxene (Skogby, 1994) and olivine (Bell and Rossman, 1992).

In general, no matter on which site hydrogen is present, or whether it is interstitial,
it is considered to be bonded to one of the oxygen atoms surrounding it (which are

always present in silicates). The presence of water can therefore either be thought of
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as H' being incorporated, or OH ™, but both are equivalent. The terms ‘water’ and

‘hydrogen’ are therefore synonymous in the context of this work.

1.4 Water solubility and its effect on mineral elasticity

Since several hydrous mantle phases are discussed both in Chapter 2 and 4 of this
work, a more detailed review of previous research on hydrous mantle minerals follows
hereafter. For each phase, previously reported water contents, incorporation mecha-
nisms, partition coefficients relative to coexisting phases, and effects on elasticity are
discussed. Understanding the partitioning of hydrogen between different mantle phases
is important to be able to constrain which minerals would be the main water sinks of

the mantle, and how phase transitions could be affected by the presence of water.

An important distinction has to be made between the maximum water storage capacity
of minerals, and actual water storage in the mantle. The experimental results shown in
this chapter tend to represent an upper limit to how much water can be incorporated.
Only comparison to direct geophysical data will be able to unveil how much water

could actually be present in those phases in the mantle.

Olivine

Olivine ((Mg, Fe)2Si0y4) is the most important mineral in the Earth’s upper mantle,
making up ~60% of its total volume (Hirose, 2006). It has an orthorhombic structure
and belongs to the Pbnm space group. The Mg and Fe solid-solution endmembers
of olivine are forsterite and fayalite respectively. Natural mantle olivines are usually
found as diamond inclusions present in xenoliths inside of kimberlites. These olivines
contain water contents ranging between 1 and ~400 ppm (Bell and Rossman, 1992; Bell
et al., 2003, 2004; Koch-Miiller et al., 2006; Matsyuk and Langer, 2004; Miller et al.,
1987; Mosenfelder et al., 2006). A chronological summary of the experimental works
examining the incorporation of HyO into the olivine structure is given in Table 1.1.

Reported water contents are generally below 1 wt%, with the exception of some results
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by Chen et al. (2002). Water contents in natural samples are generally smaller than

those measured in synthetic samples from experiments.

The water solubility in olivine is affected by other elements being present in the crystal
lattice. The amount of Fe was found to positively correlate with the water solubility
in olivine (Mosenfelder et al., 2006; Zhao et al., 2004). This is probably due to the
charge-balancing incorporation of H when Fe3* reduces to Fe?™ (Bell and Rossman,

1992).

Regarding the site occupancy of HT in olivine, both the octahedral (Mg?* /Fe?*) (ichiro
Karato, 2015; Manghnani et al., 2013; Mosenfelder et al., 2006; Otsuka and ichiro
Karato, 2011) and tetrahedral Sitt (Kovécs et al., 2010; Lemaire et al., 2004; Umemoto
et al., 2011; Xue et al., 2017) sites have been proposed as options for the incorporation
of hydrogen. Based on the coupling behavior of Raman modes, Hushur et al. (2009)
finds that out of the two octahedral M1 and M2 sites, M1 is the more likely to have a
vacancy. Ab-initio computational simulations have shown that the most energetically
favorable way of having hydrogen point defects in the olivine crystal lattice is most
likely through vacancies of the Mg?* sites (Brodholt, 1997; Churakov et al., 2003;
Kudoh, 2008).

Experimentally determined partitioning coefficients ? of hydrogen between olivine and
wadsleyite range between a DV% of 4:1 and 11:1 in favor of wadsleyite (e.g., Litasov
et al., 2006). Water systematically prefers to partition into wadsleyite, no matter the
pressure and temperature. As a consequence, the stability field of wadsleyite would
grow at the expense of olivine at higher water fugacities (Chen et al., 2002; Smyth and
Frost, 2002; Smyth and Jacobsen, 2006). This means that in regions with higher water
contents, the 410 km discontinuity, related to wadsleyite formation, would become

shallower.

Mao et al. (2010) used Brillouin scattering to investigate both the shear and bulk
moduli of hydrous forsterite with 0.9 wt% H2O up to 14 GPa, and observed that

2. Represent the ratio D48

equilibrium.

of concentrations of a certain element in two coexisting minerals at
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Table 1.1 — Water contents in olivines.

Mg# P (GPa) T (K) H20 (wt%) Method Reference

90 2.5-13 1273-1373  0.01-0.15 FTIR Kohlstedt et al. (1996)

100 1.5 1273-1373 0.18 NMR Kohn (1996)
90-100 13-15 1473 0.2-3.5 SIMS Chen et al. (2002)
83-100 ~ 0.3 1273-1573  0.01-0.16 FTIR Zhao et al. (2004)
97-100 12 1523-1873  0.10-0.89 FTIR Smyth and Jacobsen (2006)
90-100 2-12 1273-1573  0.03-0.64 FTIR Mosenfelder et al. (2006)

90 12.5-14  1473-1773 0.14-0.18 FTIR Litasov et al. (2006)

90 4 873-1273 0.01-0.08 FTIR Wang et al. (2006a)
90-95 12.5-14  1373-2273  0.02-0.62 FTIR Litasov et al. (2007b)

100 7-13 1373-1573  0.07-0.43 SIMS Withers and Hirschmann (2007)
92-95 8 1673-1873  0.03-0.15 FTIR Withers and Hirschmann (2008)

100 2.5-9 1273-1673 0.01-0.20 FTIR Bali et al. (2008)

100 12 1523 0.89 FTIR Hushur et al. (2009)
89-98 8-14 1573-2273 0.10-0.54 FTIR Litasov et al. (2009)

90 3-5 1623-1713  0.09- 0.11 SIMS Tenner et al. (2009)
50-100 3 1473-1773  0.01-0.08 FTIR Withers et al. (2011)

90 58 1673-1773  0.01-0.02 SIMS Ardia et al. (2012)

90 10-12 1623-1723 0.03-0.09 SIMS Tenner et al. (2012)
87-94 2.5-9 1448-1673  0.01-0.21 FTIR  Férot and Bolfan-Casanova (2012)

100 8 1523 0.05-0.30 FTIR Fei and Katsura (2020)

90 3-5 1373-1573  0.03-0.09 FTIR Kang and Karato (2023)

Short forms: FTIR-Fourier Transform Infrared Spectroscopy; NMR-Nuclear Magnetic Reso-
nance spectroscopy; SIMS—Secondary Ion Mass spectroscopy.

both moduli increase at a greater rate compared to their anhydrous counterparts, i.e.
the hydrous component becomes stiffer faster. An increase of 7% in Ky’ and 25% in
Go’ is reported. The acoustic velocities of hydrous forsterite start off lower compared
to dry forsterite, but a cross-over occurs around 3-4 GPa. Below this point located
at ~120 km, acoustic velocities in hydrous forsterite are faster than its anhydrous
counterpart. Jacobsen et al. (2008) determined based on their experiments that the
combined effect of adding 3 mol% Fe and 0.8 mol% H5O reduced the shear and bulk
moduli by 7.5% and 3.5% respectively. More recently, Faccincani et al. (2023) examined
the acoustic velocities of Mgy oFeg 15104 with 0.2 wt% HsO, and reported no significant
difference in the bulk and shear modulus compared to its anhydrous counterpart. The

Ky’ and Gg’ were observed to increase by ~2.5-5% due to the presence of HyO.

The experiments on the elasticity of mantle minerals and their reported water contents
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were not added to Table 1.4, because they often do not represent equilibrium conditions,
and therefore do not reflect equilibrium solubilities of these minerals at the conditions

investigated. This is also valid for all other sections in this chapter.

Pyroxene

Pyroxenes represent a large group of minerals, which can generally be subdivided into
two major groups: orthopyroxenes which are orthorhombic, and clinopyroxenes which
are monoclinic. They can by described with the general formula XYSi2Og, where X
and Y are cation sites available for elements such as Mg, Fe, Ca, and Na depending
on the pyroxene in question. Pyroxenes are a major mineral in the Earth’s crust and
some varieties are stable well into the upper mantle. Below ~400 km the mineral will

transform to garnet.

The pyroxene varieties stable at upper mantle conditions either have the composition
(Mg, Fe)2SiaOg, which represents the enstatite — ferrosilite solid solution when it is
orthorhombic (Pbca space group), and clinoenstatite — clinoferrosilite solid solution
when monoclinic (P2;/b space group), or Ca(Mg, Fe)SioOg, which represents the
monoclinic diopside — hedenbergite solid solution (B2/b space group). At lower
temperatures found in subduction zones, jadeite (Na(Al, Fe?T)SiyOq, B2/b space

group) and omphacite? would also be able to form at upper mantle pressures.

The water solubility in pyroxene at upper mantle conditions has been studied experi-
mentally. A summary of previous works is given in Table 1.2, which shows that water
concentrations are generally not exceeding 1 wt%. In enstatite, the presence of Al has
been shown to have a major effect in increasing its water solubility (Andrut et al., 2003;
Koch-Miiller et al., 2004; Mierdel and Keppler, 2004; Peslier, 2010; Rauch and Keppler,
2002; Sakurai et al., 2014; Stalder, 2002), with the solubility reaching up to 1 wt%
at 15 kbar and 800°C (Mierdel and Keppler, 2004). Withers and Hirschmann (2007)
report an increase in the water content of clinopyroxene with increasing pressures, going

from 0.08 wt% H20 at 8 GPa to 0.67 wt% at 13.4 GPa, but this effect gets diminished

2. (Na, Ca, Fe? T, Mg)(Al, Fe3t, Fe?T, Mg)SizO6
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at higher temperatures. Bromiley and Keppler (2004) however observe an opposite
effect of pressure, describing a decrease in water content with increasing pressure and
temperature. A partition coefficient D" of 0.65:1 and 0.87:1 was found in this study,
showing that water preferentially partitions into pyroxene compared to olivine. When
measuring the partitioning of water between Al-bearing enstatite and olivine, Sakurai
et al. (2014) measured even higher values with coefficients going up to 35:1 in favor of
pyroxene. Kang and Karato (2023) found a D" ranging between 1:0.88 and 1:3.20
between 3 and 5 GPa, again confirming mostly the same behavior (only 2 out of 24

measurements had a D™ helow 1).

Table 1.2 — Water contents in pyroxenes.

Endmember P (GPa) T (K) H20 (wt%)Method Reference
Clinoenstatite 15.5 1473-1573 0.6-0.8 FTIR Inoue et al. (1995)
Clinoenstatite 15 1773 0.06 FTIR  Bolfan-Casanova et al. (2000)

Enstatite 7.5 1373 0.09 FTIR Rauch and Keppler (2002)
Clinoenstatite 13-14 1673-1773 0.32-0.45 SIMS Yamada et al. (2004)
Enstatite 1.5-3.5 1073-1373 0.1-0.7 FTIR Mierdel et al. (2007)
Clinoenstatite 8-13 1373-1673 0.08-0.67 SIMS Withers and Hirschmann (2007)
Enstatite 2-5 1623-1713 0.08-0.14 SIMS Tenner et al. (2009)
Enstatite 6 1473 0.04-0.08 SIMS Withers et al. (2011)
Ortho- & Clino-En  2.5-9 1448-1673 0.01-0.13 FTIR Férot and Bolfan-Casanova (2012)
Clinoenstatite ~ 10-13 1673-1723 0.06-0.15 SIMS Tenner et al. (2012)
Enstatite 1.5-6 1573-1723 <0.01 FTIR Sakurai et al. (2014)
Al-enstatite 1.5-6 1573-1723 <0.01-0.04 FTIR Sakurai et al. (2014)
Enstatite 0.2-3 1073-1473 <0.01-0.03 FTIR Liu and Yang (2020)
Clinoenstatite 0.2-3 1073-1473 <0.01-0.02 FTIR Liu and Yang (2020)
Fe-Enstatite 3-5 1373-1573 0.04-0.13 FTIR Kang and Karato (2023)

Short forms: FTIR-Fourier Transform Infrared Spectroscopy; SIMS—Secondary Ion Mass
spectroscopy.

Natural pyroxenes like jadeite and diopside have commonly been found to contain 0.01-
0.13 wt% H20 (Skogby et al., 1990). In diopside, the fact that two sites can commonly
have substitutions leading to charge imbalances (Al instead of Si, and Na instead of
Ca), has been thought be the an important facilitating factor to the incorporation
of hydrogen. The highest water contents found in natural mantle xenoliths, have

come from pyroxenes (mostly omphacites; Bell and Rossman, 1992; Bell et al., 2004;
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Bolfan-Casanova, 2005; Skogby, 2006), which strongly supports the idea that pyroxene
would be the NAM with the highest water content in the upper mantle. However, their
lower modal abundance compared to olivine could still result in most of the upper
mantle’s water being stored in olivine (Keppler and Bolfan-Casanova, 2006). Pyroxenes
have a larger modal abundance in subduction slabs though, increasing their relevancy

in such settings.

A few studies have examined the effect of hydrogen on the elasticity of pyroxenes.
Gavrilenko et al. (2010) investigated the effect of the incorporation of Al and H on the
bulk modulus and its first derivative in Diopside using X-ray diffraction up to 10 GPa.
They observed increases in both Kg and Ky’ in diopside upon the addition of Al. The
addition of water seemed to have a similar, but lesser effect compared to Al. Jacobsen
et al. (2010) showed that the incorporation of 1300 ppm H2O in pyroxene lowers the
phase transition from low-pressure clinoenstatite to high-pressure clinoenstatite by
2 GPa, which could explain certain seismic reflectors in the upper mantle. Mans et al.
(2019) measured the elasticity of natural omphacite containing ~710 ppm HO at
ambient conditions and found that it does not have an effect on its elastic moduli. Hou
et al. (2022) also found that only the C;3 & Cag elastic moduli are affected significantly
when adding 842-900 ppm H0 and 1.64 wt% Al;O3 into enstatite, but not Gg and
Kp.

Garnet

Garnets are a large mineral group that can be represented with the formula X3Y2(SiO4)s.
In the frame of high-pressure studies, two endmembers are mostly relevant: py-
rope (Mg3Aly(SiOy4)s3, Ia3d space group in the cubic crystal system) and majorite
(Mgsz(MgSi)(SiO4)s3, I41/a space group in the tetragonal crystal system). Mantle
garnets are often thought to lie somewhere between those two endmembers. Garnet
makes up ~15 vol% of the upper mantle right below the Moho, but gradually becomes
more abundant as pyroxene decomposes to garnet, and reaches 40 vol% in the transition

zone (Hirose, 2006), before completely decomposing to bridgmanite in the shallow lower
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mantle at ~750 km.

Experiments on the solubility of water in high-pressure garnets are quite scarce, but
the few that exist are represented in Table 1.3. This data shows that garnet is not able
to take up that much water compared to previously discussed phases (< 0.13 wt%),
probably making it the driest phase in the upper mantle and transition zone. Partition
coefficients D97 between garnet and olivine reported in these studies vary between
0.14:1 and 2.5:1, mostly in favor of olivine. Partition coefficients D9"*P* between garnet
and pyroxene determined by Tenner et al. (2009) at 5 GPa and 1713 K are 5.6:1 and

14:1 in favor of pyroxene.

Table 1.3 — Water contents in garnets.

Endmember P (GPa) T (K) Hy0 (wt%) Method Reference
Pyrope 2-5 1073-1273  0.02-0.07 FTIR Geiger et al. (1991)
Pyrope 1.5-10  1073-1273 <0.01-0.02 FTIR Lu and Keppler (1997)
Pyrope 2-13 1273 0.00-0.10 FTIR Withers et al. (1998)
Majorite 17.5 1773 0.07 FTIR  Bolfan-Casanova et al. (2000)
Majorite 20 1673-1773  0.11-0.13 SIMS Katayama et al. (2003)
Pyrope 5 1713 0.01-0.03 SIMS Tenner et al. (2009)

Pyrope-rich 5-9 1373-1473 <0.01-0.06 ~FTIR  Mookherjee and Karato (2010)
Pyrope 1-3 1073-1273 <0.01 FTIR Zhang et al. (2022b)

Short forms: FTIR-Fourier Transform Infrared Spectroscopy; SIMS—Secondary Ion Mass
spectroscopy.

Crustal garnets like grossular and spessartine are known to be able to incorporate up a
few wt% of water due to the so-called hydrogarnet substitution mechanism where four
H* replace a Si*t (Cohen-Addad et al., 1967; Kobayashi and Shoji, 1983; Sheng et al.,
2007; Xia et al., 2005). Natural pyrope samples however have very low contents, with
the famous Dora Maira pyrope containing only 58 ppm for example (Rossman et al.,
1989). This observation, combined with the very low water contents found in garnet
experimentally led to the idea that the hydrogarnet mechanism would only be relevant
for Ca-bearing garnets, and not be sustainable at higher pressures (Bolfan-Casanova
et al., 2000). Calculations by Pigott et al. (2015) however suggest that even if water

contents in majorite at high pressures are very low, the most favorable substitution
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mechanism remains the hydrogarnet substitution. Smyth et al. (2005) also suggested

that H would prefer to fill the tetrahedral Si site.

Fan et al. (2017) studied the elasticity of pyrope containing 900 ppm HyO using X-ray
diffraction and found that the bulk modulus Ky decreases by 7%, paired with a slight
increase in Ky When measuring a pyrope sample with the same water content using
Brillouin scattering up to 18 GPa and 700 K, Fan et al. (2019) found that Ky, G and
Go’ do not change significantly compared to anhydrous pyrope. Only Ky’ was found to

increase by ~2%.

Wadsleyite

Wadsleyite ((Mg, Fe)2SiOg) is a high pressure polymorph of olivine and marks the
beginning of the transition zone by forming at a depth of 410 km. It has an orthorhombic
crystal structure, like olivine, but is part of space group: Imma (Price et al., 1983).
The incorporation of water into wadsleyite has been established to change its crystal

symmetry to monoclinic, transforming to the space group 12/m (Smyth et al., 1997).

Table 1.4 shows a summary of the water solubility studies on wadsleyite throughout
the years. The water contents from these studies are often above 1 wt% and go up
to 2-3 wt%. These contents are large in comparison to the results for e.g. olivine in
Table 1.1. Indeed, wadsleyite is believed to be the mantle phase that is capable of
incorporating the largest quantity of H. The reason for this is thought to be related to
the fact that the wadsleyite structure contains an ‘underbonded’, non-silicate oxygen
atom (O1), with which H could more easily form a bond (Smyth et al., 1997). Ab-
initio studies have confirmed that hydrogen is indeed most likely to bind to the O1
atom (Haiber et al., 1997), and that vacancies of the Mg?* site are energetically most
favorable as a position for hydrogen (Walker et al., 2006). Out of the octahedral Mg+
sites, M3 is the best candidate for water to be present, as it is the closest to the O1
atom. Hydrogen partition coefficients of wadsleyite in equilibrium with other mantle

phases are reported in the sections pertaining to the latter.
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Experiments have shown that the water content in wadsleyite decreases with increasing
temperature (Bolfan-Casanova, 2005; Demouchy et al., 2005; Hirschmann et al., 2005;
Litasov and Ohtani, 2007). Reports on the effect of pressure vary however, with
Demouchy et al. (2005) reporting no effect, and Litasov and Ohtani (2007) reporting a
decrease in water concentration with increasing pressures. These results suggest that

the transition zone is likely to be more hydrated towards the top.

The presence of water in the crystal structure of wadsleyite has been proven to have
an important effect on its elasticity. The bulk modulus of wadsleyite has been found
to decrease by almost 10% and the density by 3% with the addition of 2.5 wt% HyO
(Yusa and Inoue, 1998). Mao et al. (2008) measured Mg-wadsleyites with different
water contents and reported a linear decrease of its elastic moduli. The addition 1 wt%
H50 led to a decrease of 7% and 7.6% in the shear and bulk moduli respectively.
Later, Mao et al. (2011) measured the effect of water on the elasticity of Fe-bearing
wadsleyite and observed a decrease of 9.3% and 8.1% for G and Ky respectively when
adding 1.93 wt% H2O. The decrease in shear wave velocities was not linear this time,
with a reported increase in Gg’ of 20%. Buchen et al. (2018) reports a decrease of
10% and 1.5% for Gg and Kq using a wadsleyite sample with similar Fe content and
0.24 wt% H0. They report an increase of 17% in Gy’ and decrease of 4% in K’
Finally, Zhou et al. (2021) measured an Fe-bearing sample containing 0.14 wt% H2O
and describes a decrease of 10% and 2% for Gy and Kj respectively compared to the

dry Mg-endmember. An increase of 35% and 20% in G¢’ and Ky’ is reported.

Ringwoodite

Ringwoodite ((Mg, Fe)2SiO3) is another polymorph of olivine. It was first found in
nature in the Tenham meteorite by Binns et al. (1969) and described to be part of the
cubic crystal system, more specifically the F'd3m space group. If forms from wadsleyite
at ~520 km depth, and makes up ~60% of the deeper half of the transition zone Hirose
(2006). A summary of previous experimental studies measuring the solubility of water

in ringwoodite is given in Table 1.5. Similar to wadsleyite, water contents are commonly
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Table 1.4 — Measured water contents in wadsleyite.
Mg# P (GPa) T (K) H20 (wt.%)  Method Reference
90 14-15 1373 2.13-2.41 FTIR Kohlstedt et al. (1996)
83 13.5-16.5  1573-1773 1.52-2.89 SIMS Kawamoto et al. (1996)
90 17.5 1673 2.24 FTIR Smyth et al. (1997)
100 15 1573 0.22 FTIR Bolfan-Casanova et al. (2000)
91 13-14.4 1473 1.90-3.40 SIMS Chen et al. (2002)
100 16-18 1673-2373 0.01-1.06 FTIR Jacobsen et al. (2005)
100 15 1173-1673 0.93-2.6 SIMS Demouchy et al. (2005)
90 12.5-14 1473-1773 0.67-1.77 FTIR Litasov et al. (2006)
89 12-20 14732273 0.07-2.12 FTIR Litasov and Ohtani (2008)
100 14-20 1473-2173 0.22-2.07 FTIR Litasov et al. (2011)
83-100 15-19 1473-1923 0.16-3.11 ERDA  Bolfan-Casanova et al. (2018)
90 16 1923 0.95 FTIR Sun et al. (2018)
100 17 1673 0.61-1.25 FTIR Druzhbin et al. (2021)
75-100 17.5-20 1500-2100 0.58-2.42 FTIR Fei and Katsura (2021)
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Short forms: FTIR-Fourier Transform Infrared Spectroscopy; SIMS—Secondary Ion Mass
spectroscopy. ERDA-Elastic Recoil Detection Analysis.

higher than 1 wt% (Tab. 1.4), and clearly higher than olivine (Tab. 1.1). Also like
in wadsleyite, Mg site vacancies seem to be the most common way to incorporate
water in ringwoodite (Kudoh et al., 2000), but substitutions on the Si** have also been

argued to be possible (Ye et al., 2012).

Higher Fe contents in ringwoodite increase the amount of water that can be incorporated
(Bodnar et al., 2013). Experiments on the partitioning of water between wadsleyite and
ringwoodite consistently show that wadsleyite is able to take up more water compared
to ringwoodite, with Inoue et al. (2010) reporting partition coefficients D*¥4/™ ranging
between 1.63:1 and 2.2:1. These values decrease somewhat towards higher temperatures
though, as the solubility of water in ringwoodite decreases more slowly compared to
wadsleyite with increasing temperatures (Demouchy et al., 2005; Ohtani et al., 2000).
This would have implications for the exact depth of the 520 km discontinuity, that

could thus become shallower in hotter areas of the mantle.

Aside from the meteoritic sample, a natural ringwoodite sample was first found as a
diamond inclusion in a kimberlite from Juina, Brazil (Pearson et al., 2014), containing

1 wt% H0O. This water content aligns with experimental observations and suggests
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Table 1.5 — Measured water contents in ringwoodite.

Mg# P (GPa) T (K) H20 (wt.%)  Method Reference

100 15.5 1473-1573 1.10-3.10 SIMS Inoue et al. (1995)

90 14-15 1373 2.13-2.41 FTIR Kohlstedt et al. (1996)

100 19 1200-1300 0.06-0.78 FTIR Bolfan-Casanova et al. (2000)

100 20-23 1573-1723 0.20-2.60 SIMS Ohtani et al. (2000)
88-100 18-22 1673-1773 0.20-1.07 FTIR Smyth et al. (2003)

90 24 1673 0.14 FTIR Bolfan-Casanova et al. (2003)
6-100 19-22 1573-1973 0.02-1.83 ERDA  Bolfan-Casanova et al. (2018)
75-100 23 1600-2000 0.25-2.03 FTIR Fei and Katsura (2020)

Short forms: FTIR-Fourier Transform Infrared Spectroscopy; SIMS—Secondary Ion Mass
spectroscopy. ERDA-Elastic Recoil Detection Analysis.

that the transition zone might indeed at least locally contain a considerable amount of
water, as this sample would be coming directly from it. Pearson et al. (2014) proposes
two scenarios for the formation of this ringwoodite. Either it formed syngenetically
with the diamond from a hydrous fluid at transition zone depth, or it is protogenetic

and representative of the actual water content of ringwoodite in the transition zone.

As for olivine and wadsleyite, Brillouin measurements on ringwoodite show a consistent
drop in the shear and bulk moduli when water is present. Inoue et al. (1998) observed
a drop of 10% and 16% in shear and bulk moduli respectively upon hydration of
2.3 wt%. Wang et al. (2003) also examined a sample containing 2.3 wt% at ambient
conditions, but found ess pronounced drops of 3.6% and 10% for the shear and bulk
modulus respectively. When measuring an iron-bearing ringwoodite sample with 1 wt%
of HyO, Jacobsen et al. (2004) observed a drop of 6% and 13% in shear and bulk
moduli respectively. Wang et al. (2006b) also studied the behavior of Mg-ringwoodite
containing 2.3 wt% at higher pressure and described an increase of 7% for the Ky’
and 30% for Gy’ Jacobsen and Smyth (2006) confirms an increase of Ky’ and Gy’
by 30% and 53% respectively when investigating ringwoodite containing 1 wt% HyO
and 10 mol% FeO, which would cause the velocities of hydrous ringwoodite to cross
the anhydrous trend around 12 GPa. Mao et al. (2012) studied an Fe-bearing sample
with 1.1 wt% HsO and report that the elastic moduli of ringwoodite get reduced by

5-9% at ambient conditions, but no effect was found on the pressure derivatives of
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these moduli. An effect of increasing temperature is observed though, causing an
even stronger decrease of the moduli (1.3-2.4% for every 100 K). Schulze et al. (2018)
measured different samples with water contents ranging between 0.21 wt% and 1.71 wt%
and Mg# between 89 and 100. According to these results, a sample containing 9 mol%
and 1.5 wt% H20 would cause a reduction of 8.5% in Gg, 8% in Ky, and an increase of

19% in Gg’ and 11% in Kq".

Bridgmanite

Bridgmanite ((Mg, Fe)SiO3) is be part of the Pnma space group in the orthorhombic
crystal system and was first found in nature in a shocked meteorite (Tschauner et al.,
2014). It is thought to make up 80-90% of the lower mantle, along with ferropericlase
and davemaoite. Bridgmanite transforms into post-perovskite at the very bottom of
the lower mantle at ~120 GPa or 2600 km depth. The presence of water in these
minerals is understudied when compared to the upper mantle or transition phases. For
a full review of previous works studying the incorporation of water into bridgmanite,
see Chapter 2. ? investigated the partitioning of water between bridgmanite and
other possible coexisting mantle phases computationally. The partition coefficient
Dringbrd hetween ringwoodite and bridgmanite was reported to be 10-13:1 in favor
of ringwoodite, which is quite close to the experimental result of 15:1 by Inoue et al.

(2010).

How the presence of water influences the partitioning of Fe and Al between bridgmanite
and a coexisting melt phase has been investigated by a few studies performing high
pressure melting experiments. When comparing the results of Al-bearing and Al-barren
bridgmanite experiments, performed under dry (Boujibar et al., 2016; Corgne et al.,
2005; Ito et al., 2004) and wet (Amulele et al., 2021; Kawamoto, 2004; Nakajima et al.,
2019) conditions, results show that when no Al is present, the partitioning is not
significantly affected by the presence of water (Amulele et al., 2021). In Al-bearing

brg:melt and Dbrg:melt

systems though, a clear increase in the partition coefficients D’ /Mg Si/ Mg

is reported at wet conditions, making the bridgmanite enriched in Fe and Si and the
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melt enriched in Mg compared to dry conditions. Thus, the presence of both Al and H

seems to be necessary to affect the chemistry of bridgmanite.

When considering that the addition of Fe, Al or H have an effect on physical properties
of bridgmanite, it is not unreasonable to consider it would also have an influence on the
phase boundary between ringwoodite and bridgmanite. Different elements seem to have
varying effects, with Fe causing a shift of the phase boundary to lower pressures (Ito
and Takahashi, 1989), while the addition of Al and H causes a shift to higher pressures
(Bolfan-Casanova, 2005; Ghosh et al., 2013; Weidner and Wang, 1998). Ghosh et al.
(2013) specifically report a shift at 1800 K from 22 GPa in dry MgSiO3 to 23.4 GPa in
a MgSiO3 sample where 2 wt.% HO was added to the starting material. The water

concentration of the resulting bridgmanite is not reported.

Ferropericlase

Ferropericlase ((Mg,Fe)O), is part of the FFm3m space group of the cubic crystal
system. Around 10 vol% of this phase is thought to be present in lower mantle (Hirose,
2006), but the exact amount depends on how much bridgmanite is present. Reported

solubilities of water in ferropericlase are wide-ranging. Murakami et al. (2002) found

that 1900 ppm of HoO would be present in periclase (MgO) at 25.5 GPa and 1600°C.

To the contrary, Bolfan-Casanova et al. (2000) reports only ~2 ppm wt of H in periclase
at 24 GPa and 1500°C and Bolfan-Casanova et al. (2002) reported 20 ppm H2O in
ferropericlase at 25 GPa and 2000°C.

Litasov et al. (2003) reported a maximum water content of 180 ppm in Al-bearing
ferropericlase at 25 GPa and 1800°C . When performing experiments at 25 GPa and
1400-2000°C, Litasov (2010) found that periclase containing 0.9-1.2 wt% Al,O3 could
incorporate 11-25 ppm H50O, and ferropericlase containing 0.9-2.9 wt% AlyO3 could
take up 14-79 ppm Hs0O. Presence of Al thus seems to have an effect on the water
content, even though it remains very low. Yang et al. (2023) recently suggested that
the reaction of water with ferropericlase would create periclase (MgO) + xFeOOH

(‘Pyrite-phase’) + Hy based on Laser Heated Diamond Anvil Cell (LHDAC) experiments
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performed at 95-121 GPa and 20002250 K. The partition coefficient D?"9'fP between
bridgmanite and ferropericlase was found to be 90:1 in favor of bridgmanite in that
study. Ab-initio experiments confirm that water would indeed preferentially partition

into bridgmanite (?).

Davemaoite

Davemaoite is part of the Pm3m space group of the cubic crystal system, and has
the chemical composition CaSiOs. It could make up a few vol.% of the lower mantle
(Hirose, 2006). Davemaoite was originally suggested to be able to contain 4000 ppm wt
H50 in experiments by Murakami et al. (2002). Keppler and Bolfan-Casanova (2006)
and Hirschmann (2006) suggested that the phase would be dry however. Németh
et al. (2017) suggested their samples could contain 0.58-3.05 wt% H2O based on
Electron Probe Micro-Analyzer (EPMA) measurements, but were not able to measure
FTIR due to the amorphization of the sample upon quenching. Chen et al. (2020)
performed in-situ FTIR measurements on a LHDAC at 19-120 GPa and 1400-2200 K,
and detected a significant amount of water ranging 0.5-1 wt%. These high water
contents prompted the undertaking of a Density Functional Theory study by Shim et al.
(2022) to understand the water incorporation mechanisms into the crystal lattice of
davemaoite. The conclusion of this study was that H would be incorporated directly
through substitution of 2H' on the Ca?* site or 4HT on the Si** site, rather than

through charge-balancing substitution.

Stishovite

Stishovite has the composition SiO2 and is part of the P4s/mnm space group of the
tetragonal crystal system. No significant amount of stishovite is thought to be present
in the Earth’s mantle, except for subduction slabs where it could make up to 20 vol.%
of the mineral assemblage (Hirose, 2006). SiOy goes through two phase transitions,
to CaCla-type SiO2 and later a-PbOs-type SiO9 at lower mantle conditions. This is
described in more detail in Chapter 3. Pawley et al. (2019) established quite early that
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even though pure SiOj is not able to contain a lot of water (~500 ppm), the addition
of Al in stishovite increases its water solubility significantly (1.5 wt%). This would
again be due to charge-balanced substitution of Si** by A>T and H. Experiments by
Chung and Kagi (2002) and Litasov et al. (2007a) found 844 ppm H»O at 15 GPa and
1700 K, and 3010 ppm at 20 GPa and 1700 K respectively in Al-bearing samples. Based
on these results, stishovite could be an important water carrier in subduction slabs.
The presence of HyO in SiOy has also been found to have an effect on the transition
pressure of stishovite to CaCla-type SiOg (Criniti et al., 2023; Lakshtanov et al., 2007;
Nisr et al., 2017; Zhang et al., 2022¢), which is further discussed in Chapter 3. Zhang
et al. (2022c) recently measured that the presence of Al and H in stishovite causes the

shear wave velocity to drop by 29%.

Post-perovskite

Post-perovskite has the composition MgSiO3 and is part of the C'mem space group
of the orthorhombic crystal system. The effect of water on the elasticity of post-
perovskite has not been investigated experimentally, and only a first-principle study
exists by Townsend et al. (2016). This study investigated hydrogen partitioning between
bridgmanite and post-perovskite, and found that in a Al-free system bridgmanite is
favored 5:1 compared to post-perovskite, but in a Al-bearing system post-perovskite is
favored 3:1 (and 8:1 in colder stabs). The water content of post-perovskite thus strongly
depends on how much water could be present in bridgmanite, any water still present in
bridgmanite at the bottom of the lower mantle would partition into post-perovskite
based on these results. The effect of Al and Fe on the elasticity of post-perovskite
has also been studied using first-principles, concluding that these elements would have
an even greater effect on its elasticity when compared to bridgmanite (Tsuchiya and

Tsuchiya, 2006).
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1.5 Dense Hydrous Mantle Silicates

Instead of NAMs, it is possible that water in the mantle would be present in so-
called ‘Dense Hydrous Magnesium Silicates’ (DHMSs). These would be minor phases
somewhere in the MgO — HyO — SiOg system, that take up a high quantity of hydrogen
into their structure. Hydrogen would get incorporated into these phases through
dehydration of other phases in the upper mantle like serpentine for example (Irifune

et al., 1998).

Many phases with slightly different stoichiometry of these three components exist,
and the pressures and temperatures at which they can exist vary. Ringwood and
Major (1967) were the first to describe the existence of three such phases, which
were named Phase A (Mg;SioOg(OH)g), Phase B (Mg125i4019(OH)2) & Phase C
(Mg100Si3014(OH)4). Phase A contains ~12 wt% HyO and is stable between 3 and
18 GPa. Phase B contains ~2.4 wt% HsO and is stable between 11 and 17 GPa and
up to ~1200°C. Phase A & B would thus not be stable in the lower mantle.

Pacalo and Parise (2000) described the existence of another phase, which they called
Superhydrous Phase B, and was later found to be equivalent to the aforementioned
Phase C (Kanzaki, 1993). The name superhydrous phase B nevertheless persisted over
Phase C from that point on. This phase is stable between 14 and 30 GPa and up to
1400°C (Ohtani et al., 2000, 2003) and contains ~6 wt% HoO (Kakizawa et al., 2018).
Pressure-wise it would be stable down to the shallowest part of the lower mantle, but
1400°C is well below the mantle geotherm, making colder subduction slabs the only
viable option for its existence. A recent study by Li et al. (2022) has found that the
incorporation of 11.7 wt% Aly03 expands the stability field of superhydrous phase B
by 400-800°C, which could make it stable at mantle geotherm temperatures. This
study suggests that Al prefers to partition into superhydrous phase B, compared to

bridgmanite.

Phase D (MgSiaO4(OH)2) was discovered by Liu (1987). This phase is thought to be
stable up to ~50 GPa and 1300°C (Frost and Fei, 1998; Shieh et al., 1998), well into
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the lower mantle but at temperatures below the geotherm, again restricting it to colder
subduction slabs. Kanzaki (1991) reported the existence of two more DHMS phases,
which were named Phase E (Mgs,08Si1.1602.08(OH)32) & Phase F. Phase F was later
found to be identical to Phase D (Ohtani et al., 1998). Ohtani et al. (1997), Kudoh
et al. (1997) and Hexiong Yang et al. (1997) all describe the same Phase G, which was
later found to also be equivalent to Phase D. Ghosh and Schmidt (2014) established
that the stability of Phase D is extended by 200°C by adding 1 wt% AlyOs, but that
the addition of FeO would have the opposite effect. It is still somewhat unclear whether
the presence of Al would increase its water solubility (Xu and Inoue, 2019) or decrease
it (Nakatsuka et al., 2022). It has also been suggested that Phase D could form from
superhydrous phase B (Li et al., 2022), and that the dehydration of Phase D might be
responsible for the presence of free water at the very top of the lower mantle (Xu and

Inoue, 2019).

Phase Egg (Al5Si5O17(OH)) is technically not a DHMS because it does not contain
any Mg, but is worth a mention since it contains 7.5 wt% HoO (Fukuyama et al., 2017)
and is stable up to 17 GPa and ~1500°C (Fukuyama et al., 2017; Sano et al., 2004).
This phase has also been found as inclusions in a diamond from Brazil (Wirth et al.,

2007).

The last noteworthy DHMS phase is called Phase H (MgSiO2(OH)2) (Bindi et al., 2014;
Nishi et al., 2014; Tsuchiya, 2013), which forms a solid solution with a phase called
0-AlOOH (A. Suzuki, E. Ohtani, 2000; Sano et al., 2008; Sano-Furukawa et al., 2009).
This solid solution is remarkable because it represents the only phases that could clearly
be stable at high enough temperatures to be present outside of subduction slabs, with
its stability field extending from 33 to 134 GPa, and up to ~2000°C (Sano et al., 2008),
thus spanning the entire lower mantle. This has caused it to get much attention and

studies looking at its physical properties in more detail have thus been conducted.

Tsuchiya and Tsuchiya (2009) initially performed ab-initio calculations to determine

what the shear and pressure wave velocities of -AIOOH would be at lower mantle
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conditions. Resulting sound wave velocities were similar to Mg-bridgmanite, which
would make this phase difficult to detect with seismology (Ohtani, 2015). Mashino
et al. (2016) carefully performed experiments up to 40 GPa at room temperature,
finding body wave velocities lower than the ones reported by Tsuchiya and Tsuchiya
(2009). They determined that the Vg of polycrystalline 6-AIOOH is 20-30% higher
than transition zone minerals, and ~7% lower than Mg-bridgmanite, which would be
reflected in seismic data by means of positive Vg anomalies in the transition zone and
negative anomalies in the lower mantle. These lower velocities have therefore been
proposed as a possible explanation for the Ultra-Low Velocity Zones at the bottom
of the lower mantle (Duan et al., 2018; Ohtani, 2020). Wang et al. (2022) did the
same type of measurements for 6-AIOOH on a single crystal and determined a Vg 8.8%
higher and Vp 5.2% higher compared to the results from Mashino et al. (2016), but
still lower than bridgmanite. A few studies have investigated the effect of Fe on the
elasticity of §-AlIOOH, which seem to show a trend of decreasing body wave velocities
as more Fe gets added (Ohira et al., 2021; Satta et al., 2021; Su et al., 2023, 2021).
Conductivity measurements on 6-AIOOH have suggested that it could be responsible

for high-conductivity regions in subduction slabs (Su et al., 2023).

The creation of §-AIOOH has been suggested to be possible from the decomposition
of Phase D into §-AlIOOH and stishovite (Sano et al., 2004). A study by Ohira et al.
(2014) suggested that Al-bearing bridgmanite and water could react with each other at
lower mantle depths the create MgSiO2(OH)2 — §-AIOOH. The water could come from
other previously discussed DHMS phases which dehydrate at similar conditions, or it
could have survived in between mineral grains in subduction slabs all the way down
to the shallow lower mantle (Ono et al., 2002). Song et al. (2022) however, suggested
based on density functional theory calculations, that Phase H would dehydrate into
bridgmanite between ~1300-1700 km depth in the lower mantle and thereby cause a

positive velocity jump at those depths.

To conclude, the presence of the DHMS phases in the lower mantle is unlikely anywhere

other than in subduction slabs, due to their inability to remain stable at higher
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temperatures. The only exception is the Phase H — 6-AIOOH solid solution, although
it is also more likely to exist close to subduction zones, where Al and H are more

abundant. Further potential geophysical implications are discussed in Section 1.6.

1.6 Low velocity zones in the shallow lower mantle

The manuscripts in Chapters 2 & 3 carry potential geophysical implications about
low-velocity zones in the shallow lower mantle. This section will introduce previous

works on low velocity zones relevant to this thesis.

The presence of low-velocity zones below the 660 km discontinuity is well-established
based on geophysical measurements of seismic velocities and attenuation at those
depths (Deuss et al., 2013; Fukao and Obayashi, 2013; Kaneshima and Helffrich, 1998;
Lawrence and Wysession, 2006; Liu et al., 2016, 2018; Niu and Kawakatsu, 1996; Niu
et al., 2003; Omori et al., 2004; Schmandt et al., 2012; Simmons and Gurrola, 2000;
Tauzin et al., 2013). So far, physical explanations for these lower seismic velocities have
mostly involved the presence of melts. As shown in Section 1.4, the transition zone
minerals wadsleyite and ringwoodite have the highest water solubilities when compared
to the other NAMs in the mantle. This has led to the belief that the transition zone
would be much wetter than the upper and lower mantle surrounding it. This idea
has been supported by geophysical observations of high-attenuation anomalies close
to subduction slabs at transition zone depths (Zhu et al., 2013), viscosity profiles (Fei
et al., 2017), measurements of high electrical conductivit (Karato, 2011; Kelbert et al.,
2009), body wave velocity anomalies (Li et al., 2013; Suetsugu et al., 2006; Wang et al.,
2019), and geomagnetic diurnal observations (Zhang et al., 2022a). A recent finding
of hydrous peridotite inclusions in diamonds from Botswana—containing ringwoodite,
ferropericlase, enstatite (likely as a polymorphic inversion from bridgmanite), a hydrated
DHMS phase, and probably coming from a depth of ~660 km—also suggests that this
region would be at least locally hydrated (Gu et al., 2022).

The seemingly large differences between possible water contents of the upper mantle,
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transition zone, and lower mantle have led to the question of what happens to all the
water in the transition zone, and what happens to this water at the boundaries between
these different parts of the mantle. This is where the potential presence of melts in
those regions arises. Melts have been proposed to be responsible for the reduction
in seismic velocities in those regions (Sakamaki et al., 2006; Schmandt et al., 2014),
and the possible alignment of melt inclusions could be responsible for observations of
seismic anisotropy (Wookey et al., 2002). Two possibilities have been put forward to

explain the presence of melts at this depth.

e Water is known to lower the liquidus temperature of minerals, and the argument
has been made that if enough water is present around the boundaries of the
transition zone, the liquidi of mantle phases might drop below the geotherm,
which would cause partial melting (Hirth and Kohlstedt, 1996; Kawamoto, 2004;
Ohtani, 2021). According to Karato et al. (2020) and Ohtani (2021), low-velocity
regions observed at the top of the lower mantle could possibly be explained by
this phenomenon. Whether these phases will start melting also depends on water
solubility of lower mantle minerals, which as explained in Section 1.4 above
remains quite unconstrained. To investigate this idea, Schmandt et al. (2014)
performed laser-heated diamond anvil cell experiments on hydrous ringwoodite,
in order to attempt to transform it into hydrous bridgmanite. Based on TEM
analyses of the recovered sample, they concluded that ringwoodite dehydrates
across the transition, forming intergranular partial melts.

e The second possibility is that melts get created around 660 km due to the
dehydration of DHMS. Many of these phases are not stable beyond those depths
(Sec. 1.5) and could thus decompose and create melts (Ohtani, 2015; Schmandt
et al., 2014).

If melt were to exist at 660 km depth, whether it be through the dehydration of DHMS,
the breakdown of hydrous ringwoodite, or partial melting of the mantle under wet
conditions in the shallow lower mantle, it would have to coexist and be in chemical

equilibrium with bridgmanite. As mentioned in Section 1.4, melting experiments at
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high pressure and temperature have looked at the partitioning of Fe, Mg & Si between
melt and bridgmanite under wet conditions. The results indicated that the melt
would be depleted in the Fe & Si, and enriched in Mg compared to dry conditions
(Amulele et al., 2021; Kawamoto, 2004; Nakajima et al., 2019). The absence of Fe and
higher concentration of H would make this melt less dense compared a melt created
in anhydrous conditions, making it more likely to remain buoyant at the top of the
shallow mantle (Karki et al., 2021; Nakajima et al., 2019). An alternative hypothesis
has been proposed, arguing that the melting of the mantle would be delayed to a depth
~750 km where transition of water-bearing garnet to bridgmanite would induce partial
melting (Karato et al., 2020; Panero et al., 2020) and explain seismic scatterers in that
depth range (Jenkins et al., 2017; Kind et al., 2002; Maguire et al., 2018; Waszek et al.,
2018).

Some push-back exists on the presence of melts in the shallow lower mantle being
responsible for the observed negative velocity anomalies. This is based on the estimation
that a large amount (a few vol.%) of it would be needed to actually provoke a detectable
difference in the seismic signals (Takei, 2002), with a thickness comparable to the
wavelength of the waves themselves (Karato et al., 2020). Moreover, for the reduction of
seismic velocities to be efficient, melt has to be present over a large area, i.e., completely
wetting (i.e. surrounding) all grain boundaries (Stocker and Gordon, 1975), which seems
unlikely based on experimental data (Karato et al., 2020; Panero et al., 2014). The
possibility of having hydrous melts right above and below the mantle transition zone
has also been investigated in ab initio molecular dynamics simulations and was found
to be unlikely due to buoyancy issues (Drewitt et al., 2022). This opens the potential
to other explanations for the low-velocity zones in the shallow mantle. Chapter 2 will
explore the possibility for hydrous Al-bearing bridgmanite to reduce seismic velocities
at shallow lower mantle depths depending on its water content. Chapter 3 will show

that the phase transition from stishovite to CaCls-type SiO2 could take place at lower

pressures than previously thought, especially when the effect of Al and H is considered.

Low-velocities zones at depths of 800-1200 km could be explained by this phenomenon.
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Chapter 2

Investigating the Effect of Water on the

Elasticity of Bridgmanite

This chapter represents most of the work performed during the course of this doctorate.

For the first ~2.5 years, a pure MgSiO3 bridgmanite sample, containing ~2000 ppm
H30, was measured. Initially, this sample was loaded into a Diamond Anvil Cell
together with a dry sample with equivalent composition, to make direct comparison

of sound velocities more robust. On a technical level, measuring this sample proved

to be quite challenging, and this setup cannot be recommended for future studies.

Acquired velocities were very different from what is expected for bridgmanite which led
to confusion as to what exactly was being measured, considering that a KCI pressure
medium was below and above both samples. After loading the hydrous sample by itself
again and performing extra measurements on KCI, it became clear that the supposed
‘bridgmanite’ peaks were actually caused by KCl. Only when hydrous bridgmanite was
measured without any pressure medium, a bridgmanite signal from this sample was
detected. This result was not significantly different from dry MgSiOs. This observation,
combined with SEM findings of larger grains in the sample with a very different Mg/Si
ratio and the high broadness of the peak measured with FTIR, led to the conclusion
that water was most likely not structurally present in this sample. Measurements were

therefore halted in September 2022.

29



2. INVESTIGATING THE EFFECT OF WATER ON THE ELASTICITY OF BRIDGMANITE

Measurements were resumed on a Al-bearing hydrous bridgmanite sample in October
2022, the results of which are presented in this Chapter. Initially the interpretation
of the Brillouin spectra from this sample was not straightforward, because multiple
peaks were sometimes found as shown later in this Chapter. However, thanks to the
previous measurements on KCIl and literature data on superhydrous phase B, the
bridgmanite peaks could be identified and fitted. At first, the goal of this study was to
only characterize pressures corresponding to the shallow lower mantle regime, which is
why more data points are present in between 25 and 45 GPa and why large 300 pm
culets were used. When it became clear that the main effect of water is actually on
the steepness of the velocity trend, the decision was made to measure two more points
at higher pressures, to better constrain the finite strain fitting of the data. The last
measurement at 85 GPa was finished on 08.12.2023. The DAC is still intact, and more
measurements at higher pressures could be attempted, although the diamonds are

expected to break at any moment due to their high culet size.
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The Earth’s transition zone is thought to be a major water reservoir in the
Earth’s interior. Whether the lower mantle would also be able to incorporate a
significant amount of water is thus an important question to address. Varying
accounts concerning the water solubility of lower mantle phases and the gen-
eral paucity of experimental data addressing this issue motivated this work,
in which the presence of water in the main lower mantle phase, bridgmanite,
was investigated. For this, the effect of water on the mineral’s elasticity is
determined. An Al-bearing polycristalline bridgmanite sample was measured,
containing ~1054 ppm H5O. The sample’s water content was examined using
Fourier Transform Infrared spectroscopy (FTIR) and Atom Probe Tomogra-

phy (APT). The elasticity of the sample was studied using Brillouin scattering
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spectroscopy between 25 and 85 GPa. Compared to the Mg-bridgmanite end-
member, a drop of ~6% in the shear modulus, and an increase of 5% in the
first derivative of the shear modulus is observed. The shear wave velocities of
hydrous bridgmanite are lower compared to the dry endmember a lower pres-
sures, but a cross-over happens around 55 GPa, after which hydrous bridg-
manite becomes faster compared to its dry counterpart. These results have
important geophysical implications. Firstly, by modeling the effect of water
on a lower mantle bridgmanite—ferropericlase assemblage, and comparing it to
PREM, no significant amount of water is expected to be present in the lower
mantle. Secondly, the reduction of shear wave velocities in bridgmanite due
to the presence of water could help explain low-velocity anomalies observed

around subduction zones at those depths.

1 Introduction

Bridgmanite makes up 80-90% of the lower mantle (Hirose, 2006), and is therefore the
most important mineral to research when trying to understand what the effect of mi-
nor elements are on the lower mantle. Bridgmanite has an orthorhombic crystal lattice
and was classified as part of the Pnma space group when it was found naturally in a
shocked meteorite (Tschauner et al., 2014). It is also sometimes described using the
Pbnm space group, but both descriptions are equivalent. Experimentally, the phase was
first observed in a laser-heated Diamond Anvil Cell (DAC) by Liu (1974) at 27 GPa and
about 1400-1800 °C, where it transformed from garnet. Horiuchi et al. (1987) described
the orthorhombic structure as a deviation from the cubic idealized form due to rotation
and tilting of the cation octahedra. Distortions relative to the idealized structure in-

crease with pressure (Fiquet et al., 2000) and increasing Al content (Walter et al., 2004;
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Kojitani et al., 2007). The addition of Fe?* on the other hand, lowers the distortion of
the structure (Kudoh et al., 1990). Bridgmanite has so far never been found in natural
diamond inclusions, as it seems to consistently transform to retrograde enstatite. The
occurrence in coexistence with ferropericlase and the abnormally high Al concentrations
in such enstatites are evidence that they were originally bridgmanite (Kaminsky, 2018).
This retrograde phase has been observed in numerous diamond inclusions in placer de-
posits and kimberlites from Brazil (e.g. Wilding et al. (1991); Zedgenizov et al. (2015)),
Guinea (e.g. Stachel et al. (2000)), Australia (e.g. Tappert et al. (2009)) and Canada
(e.g. Scott Smith et al. (1984); Davies et al. (2004)).

Much like the olivine polymorphs, bridgmanite is a solid solution between the MgSiO3
and FeSiO3 endmember. The Mg# of retrograde enstatite diamond inclusions usually
lies between 0.84 and 0.96, which corresponds to the range that is thought to be realistic
for the lower mantle (Kaminsky, 2018). Inclusions commonly contain 1-3 wt% Al, with
some samples even reaching around 10 wt% (Kaminsky, 2018). Realistic lower mantle
bridgmanites are expected to contain 4-5 wt% Al,O3 Huang et al. (2021). The reason
that bridgmanite contains so much Al can be traced back to the transition from garnet
to bridgmanite around 750 km, which is the main Al sink at shallower depths (Wood,
2000). Experiments show that the Al concentration in bridgmanite tends to increase with
pressure (Irifune et al., 1996; Wood, 2000; Liu et al., 2016). Liu et al. (2016) found that
the Al;O3 content in bridgmanite doubles from 27 to 52 GPa. Also, Fe concentrations
seem to positively correlate with the amount of Al present (Kaminsky, 2018).

Both the presence of Fe and Al have been described to have an important influence on
the physical properties of bridgmanite. Their presence has an effect on phase equilibria
(Wood and Rubie, 1996; Frost and Langenhorst, 2002; Nakajima et al., 2012), electrical

conductivity (Xu et al., 1998), and rheology (Holzapfel et al., 2005). Their effect on the
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compressibility and equation of state of bridgmanite has also been intensively investigated
(Ono et al., 2004; Walter et al., 2004, 2006; Vanpeteghem et al., 2006; Andrault et al., 2007;
Lundin et al., 2008; Nishio-Hamane et al., 2008; Saikia et al., 2009; Tange et al., 2009;
Ballaran et al., 2010; Catalli et al., 2010, 2011; Ballaran et al., 2012; Glazyrin et al., 2014;
Mao et al., 2017; Mashino et al., 2020; Fu et al., 2023). Experiments looking at the lattice
occupation of Fe and Al in bridgmanite were performed in the work by Vanpeteghem
et al. (2006), which shows that Fe*" prefers to exclusively be on the octahedral Mg®* site,
and the AI*" on the Si*" site. Two main mechanisms have been proposed to explain the
substitution of Al into the bridgmanite lattice. The first explains the presence of AI*T
through a charge-coupled substitution with both Si*" and Mg*", entering both sites and
thus balancing the overall charge imbalance (Shannon and Prewitt, 1969). The second
involves the replacement of only Si**t by AI**, with the creation of oxygen vacancies to
balance the charge. There is evidence that both the first (Andrault et al., 1998; Stebbins
and Kroeker, 2001) and second mechanism (Brodholt, 2000; Daniel et al., 2004) can take

place.

1.1 Hydrogen solubility in bridgmanite

Varying reports on water solubility in the crystal lattice of bridgmanite from multi-anvil
studies have made it difficult to determine whether this mineral could be an important
H carrier in the lower mantle. An early study by Meade et al. (1994) suggested quite
significant H contents in MgSiO3 bridgmanite (~700 H atoms per 10° Si atoms), similar
what would be expected for olivine or stishovite for example. They observed two clear H
stretching bands by FTIR at 3483 and 3423 cm™!. Bolfan-Casanova et al. (2000) however
did not find any significant amount of water in MgSiO3 bridgmanite. This might be due

to the much shorter heating times in this study during synthesis, not allowing for enough
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time to anneal the sample and create cation vacancies in the crystal lattice, which would
be needed for the incorporation of water (Libowitzky and Beran, 2006). A study soon
after by Higo et al. (2001) reported ~500 ppm of H,O in MgSiO3 bridgmanite based on
Secondary Ion Mass Spectrometry (SIMS) analyses.

As previously discussed, realistic lower mantle bridgmanite would contain a few wt%
Al, which is relevant for the solubility of H in bridgmanite. The presence of Al has been
suggested to increase the capacity for bridgmanite to take up water in its lattice, through
oxygen defect substitution (Navrotsky, 1999). The oxygen vacancy created through one
of the previously discussed substitution mechanisms for the incorporation of Al in bridg-
manite, could be filled by an H' ion. Moreover, having Fe present in bridgmanite has
also been shown to influence how much water could be incorporated (Jiang and Zhang,
2019), because the presence of Fe*T in the A or B sites could easily be charge balanced
with HT. Therefore, it makes a lot of sense to study bridgmanite containing Al and Fe
when trying to understand its water solubility.

Indeed, more studies exist that consider the solubility of water in an Al-ro Fe-bearing
bridgmanite sample. Murakami et al. (2002) were the first to report a water content of
~2000 ppm H-O in a few bridgmanite samples containing realistic amounts of Al and
Fe, based on the observation of a broad band around 3400 cm~! in the FTIR spectra.
When measuring a pure MgSiO3 sample, Murakami et al. (2002) could only find <60 ppm
H,0, stressing the importance of Fe and Al being present. Litasov and Ohtani (2003)
followed suit, performing 8 experiments with varying amounts of Al and Fe and report-
ing water contents in the examined bridgmanites between 47 and 1780 ppm based on
FTIR bands around 3400 cm~!. Another study shortly after by Bolfan-Casanova et al.
(2003), also on Al- and Fe-bearing bridgmanite, observed FTIR bands around 3400 cm ™,

but attributed them to the presence of superhydrous phase B detected with Raman spec-
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troscopy, therefore concluding that no considerable amount of water could be incorporated
into bridgmanite, even if Al and Fe are present. Panero et al. (2003) came to a similar
conclusion when doing experiments with coexisting stishovite and bridgmanite, report-
ing that most of the water partitions into stishovite, and only <50 ppm H,O remains in
Fe-Al-bridgmanite. Stishovite is however not expected to be present in any significant
amount in the lower mantle, except in subduction slabs. Inoue et al. (2010) was able to
measure water contents of 300, 600 and 700 ppm in Al-Fe-bearing bridgmanite coexisting
with ringwoodite, based on SIMS analyses. While investigating the solubility of F in
bridgmanite, Yoshino and Jaseem (2018) observed a concentration of ~2000 ppm H2O
in Mg-bridgmanite, and reports even higher concentrations going up to ~6000 ppm H,O
in Al-bearing bridgmanite when adding F to the starting composition. Bridgmanite is
thought to be the Earth’s main host of F, and its ability to form a complex with H would
facilitate their coupled substitution into Si vacancies. Fu et al. (2019a) confirmed the
presence of water in Al-Fe-bridgmanite again, reporting a water content of ~ 1000 ppm
based on FTIR and SIMS. FTIR spectra showed no OH-stretching bands at ~3230 and
~3460 cm~!. TEM analyses was also performed on the samples, confirming that the H is
indeed in the bridgmanite and not in hydrous inclusions. Amulele et al. (2021) performed
high pressure and temperature melting experiments on bridgmanite to investigate the par-
titioning of elements between bridgmanite and coexisting melt under wet conditions, and
reported a maximum water solubility of ~1000-1500 ppm in bridgmanite based on FTIR
measurements. They argue that the phase would be unquenchable though, with some
of the water going into superhydrous phase B upon cooling. The two latest multi-anvil
studies on the solubility of water in bridgmanite however, have again gone back to the
idea that very little water would be present. Liu et al. (2021) suggested that the water

concentration in Al-Fe-bridgmanite should not exceed ~30 ppm, based on the absence
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of significant OH-stretching bands in FTIR analyses of their samples. Ishii et al. (2022)
reaches a similar conclusion, reportedly that the water content of their Al-bearing (but
Fe-barren) bridgmanite sample would be below the detection limit of FTIR spectroscopy.
This recent change in the balance towards experiments not observing any water in bridg-
manite has added to the confusion regarding the ability of bridgmanite to incorporate
water and refueled a debate on the question.

The mentioned works investigating the solubility of water in bridgmanite have all
been based on multi-anvil experiments. There have been three studies however utilizing
Laser Heated Diamond Anvil Cells (LHDAC) instead, in order to synthesize water-bearing
bridgmanite in-situ. Schmandt et al. (2014) used hydrous ringwoodite as starting mate-
rial to synthesize bridgmanite in the LHDAC, and measured OH-stretching bands at 3400
and 3680 cm ™! using synchrotron FTIR. However the presence of melt and brucite along-
side bridgmanite in the sample chamber made it difficult to really assign to bands to
bridgmanite. Panero et al. (2014) used enstatite as a starting material, and also observed
several OH-stretching bands in the FTIR spectra, but concluded that most of the signal
should be caused by melt present inbetween the bridgmanite grains, concluding that not
more than 10 ppm of water is present in the sample. Recently, Yang et al. (2023) was
able to solve this issue of having interstitial melts by melting silicate glass at 33 GPa
and 3690 K and allowing bridgmanite to crystallizing from this melt, which remained
completely separated from it. NanoSIMS analysis of this bridgmanite revealed that it
contained ~1100 ppm water, while being in equilibrium with the coexisting melt contain-
ing ~4.4 wt% HyO. This last study again provides evidence that bridgmanite crystallized
at lower mantle conditions is physically capable of incorporating water.

The presence of Fe and Al are likely to increase the capacity for H to be structurally

bound in the mineral lattice, but increasing temperature is thought to make its incorpo-
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ration more difficult (Bolfan-Casanova, 2005). Increasing pressure however counteracts
this effect as experimental evidence shows that the solubility of water increases with in-
creasing pressures (Karato, 2008). Both these trends are confirmed by experiments on

ceramic perovskites as analogues for bridgmanite (Navrotsky, 1999).

1.2 The elasticity of bridgmanite

The influence of water on the elasticity of bridgmanite is a topic that has not been studied
experimentally before, and is therefore the topic of this work. Only ab-initio calculations
by Jiang and Zhang (2019) exist, that predict a lowering of the shear and bulk moduli
of bridgmanite and an increase of their first derivatives upon incorporation of water. A
summary of the elasticity studies performed on dry bridgmanite is given hereafter to
provide context for this work.

The earliest studies investigating the elasticity of bridgmanite were restricted to ambi-
ent pressures (Yeganeh-Haeri, 1994; Sinogeikin et al., 2004) or low pressures not relevant
for the lower mantle (Sinelnikov et al., 1998; Li and Zhang, 2005). Brillouin scattering ex-
periments measuring the shear wave velocity of the sample at multiple pressure points on
pure MgSiO3 were first performed by Murakami et al. (2007) on a polycrystalline sample.
These results were close to previous computational ab-initio results from Wentzcovitch
et al. (2004). A later study by Chantel et al. (2012) used ultrasonic measurements instead
of Brillouin spectroscopy to investigate the acoustic velocities of polycrystalline MgSiOs.
This method allows for the measurement of both shear (Vgs) and pressure (Vp) wave ve-
locities. The shear wave velocities seem to be about 5% higher compared to previous
results from Murakami et al. (2007), but it is difficult to directly compare the results as
the measured pressure range does not overlap. The results from Chantel et al. (2012) are

in good agreement with a different ab initio study by Oganov et al. (2001). The latest
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Brillouin scattering study on pure MgSiO3 was performed by Criniti et al. (2021), on a
single crystal sample. Their bulk velocity trend for shear and pressure wave velocity is
comparable to the results from Chantel et al. (2012).

The effect of Al and Fe on the elasticity of bridgmanite was studied by Li et al. (2005)
using Density Functional Theory calculations. They predict a decrease in sound velocity
due to the addition of Fe in the bridgmanite crystal lattice, with it having a stronger
effect on shear modulus than the bulk modulus. The difference between the effect of
Al alone, and the combined effect of Al and Fe was calculated to decrease with increas-
ing pressure. The addition of these elements on sound velocities would therefore have
a similar effect as increasing temperature, but an opposite effect on density, as density
decreases at high temperatures and increases with higher Fe contents (Li et al., 2005).
The spin character of Fe was expected to have a negligible effect on the elasticity of
bridgmanite in this study. The first experimental work looking at Al-bearing bridgmanite
at higher pressures using Brillouin scattering, was performed by Jackson et al. (2005).
They used a polycristalline sample containing 5.1+0.2 wt% AlyO3. When investigating a
polycrystalline MgSiOs+4 wt% Al,O3 sample, Murakami et al. (2012) observed slightly
lower shear wave velocities compared to the pure endmember previously measured in Mu-
rakami et al. (2007), thereby also making the shear modulus Gy somewhat reduced. The
difference between the Al-barren and bearing samples becomes clearer at lower pressures
through a distinctive trend of the slope, expressed in an increase of the first derivative
of the shear modulus Gj,. The shear wave velocities in Jackson et al. (2005) seem a bit
higher than those from Murakami et al. (2012), even though a clear comparison is difficult
as their pressure ranges barely overlap. The data only overlaps at ~45 GPa, where the
shear wave velocity of Murakami et al. (2012) is ~2% lower than that from Jackson et al.

(2005).
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The first study comparing the elasticity of MgSiOs bridgmanite to Fe-bearing bridg-
manite, was done by Chantel et al. (2012) on a Mgy esFejt,Fept SiOs polycrystalline
sample. They concluded that the presence of iron has no significant influence on the
shear wave velocities, but causes a decrease in the pressure wave velocities. Then, based
on ab-initio calculations, Shukla et al. (2016) argued that the coupled substitution of Al
and Fe into bridgmanite would not have a significant effect on either Vg or Vp. Kurnosov
et al. (2017) was the next to experimentally investigate the effect of Fe, combined with
Al, this time using a single crystal (Mg oFeg 1)(SigeAlg1)O3 bridgmanite sample. They
did observe a clear drop in velocities for both the shear and pressure waves due to the
presence of Fe & Al. In both cases, the velocities were lower than those observed by
Chantel et al. (2012), but the presence of both Al and Fe in this study makes it hard to
discriminate what exactly the effect of Fe or Al would be by itself. Next, Fu et al. (2018)
investigated the elasticity of polycrystalline Mgy gsFep hasFep 45100003 using a combina-
tion of Brillouin scattering and impulsive simulated light scattering. They observe a clear
softening in pressure wave velocities at ~50 GPa in this sample, corresponding to the
Fe spin transition. The exact onset pressure of the spin transition is still under debate
and is most likely strongly dependent on the exact composition of bridgmanite (Okuda
et al., 2020). The shear wave velocity data however did not show this softening. The
Vp data seems to be closest to the measurements from Kurnosov et al. (2017), while
the Vg data lies in between the measurements by Chantel et al. (2012) and Kurnosov
et al. (2017). The measurements extend to ~70 GPa, and the trend is clearly steeper
compared to the data from Murakami et al. (2007) and Murakami et al. (2012) at sim-
ilar pressures. Fu et al. (2019b) confirmed this decrease of both Vg and Vp when using
a single crystal instead of polycrystalline bridgmanite sample that also contained small

amounts of Al. Only two pressures were investigated though, making a velocity trend
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comparison with other studies difficult. By measuring two bridgmanite samples with the
different amounts of iron, corresponding to the compositions (Mg gsFeq ) (Fegh,Sio.08) O3
and (Mgo,ggFeg})(Feg_*53Sio‘g7)Og, Mashino et al. (2020) was a able to observe a linear
reduction in shear wave velocities with increasing Fe content. Only shear wave velocities
were measured in this study, making it impossible to confirm the softening in Vp data
observed by Fu et al. (2018). A recent study by Fu et al. (2023) investigated single crystal
Mg ssFeg.1Alp14519.9003 using the combination of Brillouin scattering and impulsive light
simulated light scattering. They observed a decreases of ~3% in Vg and ~4% in Vp rela-
tive to the Mg endmember data from Criniti et al. (2021). The softening in pressure wave
velocities due to the spin transition that was previously observed in Fu et al. (2018) was
however not reproduced in this study, which was attributed to the presence of Al which
preferentially goes into the Si site, forcing Fe into the Mg site. Irrespective of the slight
discrepancies between the experimental datasets, it has become clear that the presence
of Al and Fe in bridgmanite influences its elasticity due to a consistent observation of a

lowering in the body wave velocities.
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Methods
1.3 Sample preparation

The sample (1K3385) used in this study was prepared using a multianvil pressure with a
10/4 cell assembly and a Au70Pd30 capsule at conditions specified in Table 1. This sample
was broken up into pieces of adequate size to load in a DAC. The Diamond Anvil Cell
was prepared using 2 diamonds with 300 nm-sized culets and a Re gasket. The Re gasket
was precompressed to a thickness of 70 pm, and a sample chamber hole with an initial
diameter of 150 pm was drilled in its center with a 8-15 ps pulsed green laser (532 nm)
to create the sample chamber. Two thin compressed layers of fine-grained KCI pressure
medium were added below and above the bridgmanite sample in the sample chamber. A
ruby was placed in the sample chamber to allow for pressure measurements (explained
in Sec. 1.7), slightly off-centered to avoid any interference with Brillouin measurements.

Figure 1 shows the sample after it was loaded into the DAC.

Figure 1: Reflected light image of the sample chamber after loading of the hydrous bridg-
manite sample into the Diamond Anvil Cell.
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The major element composition of the sample measured by Field emission Scanning
Electron Microscopy (FESEM) is reported in Table 1. Based on the SEM imaging shown
in Fig. 2, the grain size of the sample was determined to vary between ~1-10 pm. To
examine the distribution of the elements throughout the sample, major element maps
were obtained by Energy Dispersive Spectroscopy (EDX) on the FESEM (Mg and Si
shown in Fig. 3). Small spots with different Mg/Si ratio are detected in between grains,
pointing to the possibility of a minor other phase present there. This phase is likely to
be superhydrous phase B based on other observations highlighted in Sec. 1.5 and 1.8. We
can conclude however that there are no major phases present other than bridgmanite.

Table 1: Multi-anvil synthesis conditions, and FESEM compositional results for hydrous
bridgmanite sample 1K3385.

Synthesis conditions
Pressure (GPa) 27
Temperature (°C) | 1600

Run Time (min) 20

Major element composition
MgO (wt% ) 47.83
SiOs (Wt%) 48.73

1.4 Fourier Transform Infrared Spectroscopy

The water content of the starting material was determined using Fourier Transform In-
frared Spectroscopy (FTIR) measurements on a Bruker Tensor II spectrometer at the
University of Bern. Unpolarized Transmission measurements through a 244 pm thick,
double-polished slice of starting material were performed on ten random spots. Every
spot had a size of 50 pm and consisted of 64 scans, with a spectral resolution of 4 cm™*.

The beam of polychromatic infrared (IR) radiation that is directed to travel through the

prepared sample will generate excitations in the material, which will vibrate at char-
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Figure 2: SEM image of 1K3385 showing the grain size distribution in the sample starting
material. Larger grains with a diameter of ~10 pm are distributed throughout the sample
and surrounded by smaller pm-sized grains.

Figure 3: Energy dispersive X-ray maps taken in FESEM with the distribution of Mg (A)
and Si (B) in the starting material. Small areas that appear darker or lighter relative to
the surrounding material indicate a different Si/Mg ratio.

acteristic frequencies depending on the bonds present in its lattice. Depending on the
frequency of these vibrations, the energy of light going through the sample will get ab-

sorbed at certain wavelengths, which can be detected by the IR detector. The detected

interferogram is then Fourier-transformed into the IR spectrum (Libowitzky and Beran,
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Figure 4: Measured FTIR spectrum of 1000-3600 cm~!. The peaks below 1500 cm™!
result from absorption by the metal-oxygen bonds in bridgmanite. The absorption in the
3200-3600 cm ™! region is caused by structurally bound OH -groups. The broad peaks
between 1500 and 3200 cm ™! could be caused by more strongly bonded OH™ -groups or
structural defects.
2006).

All baseline corrected spectra over a wavelength range of 1000 to 4000 cm™! are rep-
resented in Figure 4. OH™ stretching bands caused by the presence of structural water

in silicate minerals are typically observed between 3000 and 3750 cm™*

, with their exact
position depending on the length of the H bond in that particular crystal (Libowitzky
and Beran, 2006). The region of interest identified to quantify the water content in this
sample lies between ~3200 and 3600 cm ™. Two sharp peaks at 3347 and 3410 cm™! can
be observed in this region. To determine the water content, the adjusted Beer-Lambert
law using the calibration represented in Eq. 1 was used (Paterson, 1982).

D A(v)
150y ) 3780 —v

COH dV, (1)

with the water concentration Cpy, the density coefficient D the absorption coefficient A,

the extinction coefficient €, and the orientation factor ~.
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For every spectrum, an absorption coefficient at every wavelength is calculated by
dividing the absorbance intensity by the thickness of the sample. Then, an integration of
the absorption coefficient over the entire wavelength range of interest is performed (Eq. 1).
The wavelength range of 3220-3600 cm™! was selected for the calculations presented here.
Based on a calculated sample density of 4.08 g/cm?® and molar mass of 100.33 g/mol, a
density factor D of 2244.26 ppm wt H,O was calculated based on the relation D = 10° x
(18/2p) (Bolfan-Casanova et al., 2000). The orientation factor was chosen to be v = 3,
which is valid under the assumption that the unpolarized measurements represent enough
orientations to not be anisotropic (Kovacs et al., 2008). An additional linear baseline
correction in the wavelength range of interest was performed before integrating the area,
to remain conservative with reported water content. Sambridge et al. (2008) determined
that for unpolarized measurements, the total absorbance of a crystalline material can be
calculated by taking the average of a representative set of randomly oriented crystals.
The average of all acquired spectra shown in Figure 4 was therefore taken to calculate
the final water concentration. Because these spectra are unlikely to represent a perfect
Gaussian distribution, the error on the concentration is determined by calculating the
median absolute deviation of all spectra. The resulting water concentration and error are
1054.34+45.25 ppm wt H5O.

Based on other analytical methods described in Sections 1.5 and 1.8, the presence
of a small amount of superhydrous phase B was confirmed. Both hydrous bridgmanite
and superhydrous phase B are expected to show OH-stretching bands around 3400 cm ™!,
and the calculated water content can therefore not be ascertained to be coming from
one or the other based on the FTIR spectrum alone. Previous studies usually show
sharper OH-bands for superhydrous phase B (e.g., Cynn et al., 1996), when compared

to the bands found in bridgmanite around the same wavelength (Murakami et al., 2002;
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Litasov and Ohtani, 2003; Schmandt et al., 2014). Bolfan-Casanova et al. (2003) for
example reports very low water contents in bridgmanite despite finding OH-stretching
bands around 3400 cm™', by arguing they are caused by superhydrous phase B that
was confirmed to be present in their sample. The spectrum measured in this work shows
comparatively sharp peaks, but it cannot be excluded that they are caused by bridgmanite
since the sharpness of the peaks is rather a reflection of how strongly the H atom is
bonded to oxygen in the crystal lattice (the bond length) and not necessarily typical for
one mineral or another. Ca-perovskite (CaSiO3) for example, which has a very similar
structure to bridgmanite, commonly shows two sharp peaks at 3394 and 3326 cm ™! when
hydrated (Libowitzky and Beran, 2006).

The broader bands between 2000 and 3200 cm ™! are interpreted to result from stronger
H-O bonds (Libowitzky, 2016) than the ones previously discussed between 3200 and
3600 cm~!. Bonds in this wavelength have also been previously described in enstatite
(Mierdel and Keppler, 2004), wadsleyite (Jacobsen et al., 2005) and ringwoodite (Smyth
et al., 2003). There is a chance however that these bands could be caused by structural
disorder in the lattice (Libowitzky and Beran, 2006), and they were therefore not included
in the water calculations.

FTIR spectra have been used in the past to get information about site occupancy in
the measured mineral. In olivine and wadsleyite, the bands in OH-vibrational spectra

1 and

have been reported to be caused by Mg®" defects when around 3000-3300 cm™
caused by Si*" vacancies when around 3500-3800 cm™' (Matveev et al., 2001; Walker
et al., 2006). Lemaire et al. (2004) also reports that OH bands in forsterite at 3612, 3580,
3566, 3555, and 3480 cm ™! can be assigned to Si vacancies, whereas bands at 3600, 3220

and 3160 cm™! are only seen in samples with increased silica activity, meaning that they

would be related to the Mg®" sites. Based on this information, it is difficult to make a
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conclusion about what type of vacancy the H in bridgmanite would be related to. The
3400 cm~! wavelength falls right between previous limits of Mg*™ or Si** vacancy ranges
discussed above, and a more in depth IR study on bridgmanite would be needed to be

more conclusive on the matter.

1.5 X-ray diffraction

Two X-ray diffraction spectra were acquired during this work. The first was measured
on the starting material at ambient conditions, using a Cu K-« source lab-scale instru-
ment. The result of this measurement is shown in Fig. 5. Moreover, an in-situ X-ray
diffraction (XRD) spectrum of the sample at ~25 GPa was acquired at the ID27 high
pressure beamline of the European Synchrotron facility (ESRF), which is equipped with
a EIGER2 X CdTe 9M detector. This measurement is shown in Fig. 6. The data was
refined and background corrected using the Dioptas software (Prescher and Prakapenka,
2015), and fitted using the PDIndexer software (Seto et al., 2010). The bridgmanite peaks
were fitted to the equation of state by Horiuchi et al. (1987), and the resulting derived
lattice parameters are reported in Table 2. The presence of the KCIl pressure medium
was also confirmed, with its most prominent peak being 110. Peaks of KCI were fitted
according to the equation of state by Chidester et al. (2021). Both in Fig. 5 and Fig. 6, a
few peaks could not be explained by bridgmanite or KCI, and were found to fit previous
reports of superhydrous phase B X-ray diffraction bands (Pacalo and Parise, 2000). The
presence of superhydrous phase B in the sample material can thus be confirmed based on
these XRD measurements. The very low intensity of its peaks compared to bridgmanite
means that superhydrous phase B would volumetrically only be a minor phase.

A high background was originally present, which could have been caused by partial

amorphization. It is also possible that it was caused by an insufficiently high X-ray flux
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Figure 5: Background corrected X-ray diffraction spectrum of the sample material at
ambient conditions.

Figure 6: Background corrected X-ray diffraction spectrum of the sample material at
~25 GPa.

49



Table 2: Fitted lattice parameters (a, b & ¢), unit cell volume, density and molar volume
of the studied sample at ambient conditions and ~25 GPa, based on the X-ray diffraction
spectrum shown in Figs. 5 & 6.

Ambient conditions ~25 GPa
a 4.7810 + 0.0036 A 4.6822 + 0.0036 A
b 4.9368 + 0.0040 A 4.8618 + 0.0040 A
c 6.9173 + 0.0063 A 6.7570 £ 0.0063 A
Unit Cell V | 163.2710 £ 0.4272 A3 | 153.8159 + 0.4272 A3
Density 4.0840 g/cm™3 4.3410 g/cm ™3
Molar V 24.5811 cm?®/mol 23.1256 cm?®/mol

during measurement, considering the small sample size. A decrease in amount of peaks
compared to an XRD spectrum of the starting material (not shown here) is not observed,

indicating that the sample is unlikely to have significantly amorphized.

1.6 Atom Probe Tomography

In order to investigate the presence of H in the studied sample on an atomic level, Atom
Probe Tomography (APT) measurements were performed on a 4000 X-HR Cameca Local
Electrode Atom Probe (LEAP) at the ScopeM facilities of ETH. APT was first developed
by Miiller et al. (1968), that allows for three-dimensional mapping of atoms present in a
sample at the nanoscale. For these measurements, a Focused Ion Beam had to firstly be
used to prepare nm-scale tips out of the sample material (Fig. 7). For this, a TFS Helios
600i by Thermo Fisher Scientific with a Gallium source was utilized. APT is a destructive
method, meaning that each atom gets evaporated from the tip illustrated in Fig. 7 due a
strong electric field, in order to then arrive on the detector. The high electric field causes
the surface atoms to become ionized and move away from the surface in order to achieve
a lower energy state (Reddy et al., 2020). The identification of atoms being detected is
based on time-of-flight mass spectrometry. After the entire material has evaporated and

its atoms been detected, the result is a 3D atomic point cloud representing the sample
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Figure 7: A. Scanning Electron Microscope images of a prepared sample tip for APT. B.
Higher magnification image of the apex of the tip, showing that it was ultimately polished
down to ~145 nm in diameter before the APT measurement. This is however a rough
estimate and usually an overestimation of its actual diameter.

tip.

The H atom point cloud distribution in hydrous bridgmanite is shown in Figure 8. The
length of the entire tip is ~120 nm. There are two surfaces with higher H concentrations
going through the sample (Fig. 8). One goes through the sample laterally, creating what
seems like a ‘cap’ The second is slanting diagonally through the remaining part of the
sample. The surfaces could be interpreted either as dislocations within a crystal or grain
boundaries. The former would be more likely considering the previously observed pm-
scale grain size of the sample using SEM imaging is much bigger than the scale of Fig. 8.

A recent study looking at hydrous fayalite with APT observed similar nm-scale channels
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Figure 8: 3D point cloud of hydrogen atoms in evaporated sample tip, which has a length
of ~120 nm and a diameter of ~60 nm.
in their sample, which were more hydrated than the surrounding matrix (Liu et al., 2022).
These were associated with Na that sample, and interpreted as ‘hydrated defects’, which
is a broad description that could include dislocations.

Based on the illustrated sample volume in Figure 8, an ionic H concentration of
0.62 at.% was determined. This value was converted to wt% H,O to compare it to

the FTIR results with

2><at%H><MH+at%H><MO

wtk HzO - E(at%i X Mz) ’

(2)

where M is the atomic mass of a certain atom, and ¢ represents every atom or molecule
measured.

From 0.62 at% H, a H,O concentration of 0.26 wt% or 2605 ppm wt H,O is calculated.
This is ~2.5 times larger than the concentration measured by FTIR. A more detailed anal-
ysis of the ‘enriched’ surfaces revealed that they can contain anywhere between ~0.9 at%
and ~2.0 at% H, corresponding to ~0.38 wt% and ~0.84 wt% H,O respectively. The ar-

eas in between show concentrations in the range ~0.3 at%-~0.5 at% H, corresponding to
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~0.13-0.25 wt% (1261-2101 ppm) HyO. With a spot size of 50 pm and sample thickness
of 244 ym, FTIR samples a much larger region which is more representative of the bulk
sample. It might thus be that the area measured here with APT is not representative of
the whole sample.

The advantage of the APT method is that it is counting H atoms to determine the
at% and is therefore not dependent on any calibration, unlike the FTIR water content
calculation (Sec. 1.4). It is possible that the peaks in the range 1600-3200 cm™! of the
FTIR spectrum should also be considered for the water content calculations, and that the
concentration is therefore underestimated. These results open up the discussion about
the possibility that FTIR measurements could consistently be underestimating the water

content in NAMs, which is an issue that should further be investigated.

1.7 Raman spectroscopy

Raman spectroscopy is used to determine the pressure in the sample chamber, and as
a result, the depths in the mantle that the acquired data points correspond to. Two
calibrations exist to characterize the pressure in the sample chamber of a DAC, (1) the
ruby pressure calibration method (Shen et al., 2020) and (2) the high-frequency diamond
edge calibration method (Akahama and Kawamura, 2004). A combination of both was
used in this work. The ruby calibration is considered to be a more robust calibration
compared to the diamond calibration at shallow lower mantle pressures, because it does
not depend on previous knowledge of an equation of state (Shen et al., 2020). But, as
mentioned in Section 1.3, the ruby was placed off-centered in the sample chamber to not
affect the Brillouin measurements. In order to infer the ‘ruby pressure’ in the center of

the sample, based on the measured off-centered value, the following equation was used:
Pruby “at” center — Pdiamond center — (Pdiamond at ruby — Pruby)~ (3)
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Thus, the difference between the diamond pressure at the ruby (Piiamond at ruby) and
off-centered ruby pressure (Puby) was utilized to estimate what the equivalent ruby pres-
sure would be at the center of the sample (Pruby “at” center)- The Piamond center 1S all average
taken by making 3 to 4 measurements at slightly different locations in the center of the
sample chamber, where the laser for Brillouin measurements would be focused. Diamond
pressures were usually about 1-2 GPa higher than ruby pressures between 25 and 50 GPa.
An exception on this method was made for the measurements at 65 and 80 GPa, because
the ruby pressure showed unreasonable pressures ~10 GPa higher than the diamond pres-
sures. The ruby method is known to have higher uncertainties with increasing pressure,
because of its fluorescence becoming weaker and it starting to become metastable around
~80 GPa (Shen et al., 2020).

Raman spectroscopy can be sensitive to the presence of structurally bound OH-groups,
usually through broad stretching bands in the 2900-3700 cm~! range (Kleppe and Jeph-
coat, 2006). The starting material did not show any significant bands in this wavelength
range though, most likely because ~0.1 wt% HyO does not suffice to form sufficient
detectable OH bonds. Previous reports observing these bands usually used samples con-
taining at least a few wt% H,O.

Bolfan-Casanova et al. (2003) discarded the idea that water could be present in bridg-
manite based on the interpretation that the FTIR peaks observed around 3400 cm ™! were
caused by superhydrous phase B. This conclusion was made based on the observation
of superhydrous phase B in measured Raman spectra. To investigate this issue, Raman

! were measured at every pressure point. This corre-

spectra between 300 and 1000 cm™
sponds to the wavelength range in which the most intense peaks should be present for both
materials. Three Raman bands were consistently observed during these measurements,

which are represented as a function of pressure in Fig 10. The comparison to previous
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Figure 9: Raw Raman spectrum measured at ~28 GPa, showing the three major bands
of bridgmanite.

studies by Hemley et al. (1989) and Hofmeister et al. (1999), measuring the Raman bands
of bridgmanite and superhydrous phase B respectively, clearly shows that the observed
bands for the sample presented here are more in accordance with the former of those two
works. All three bands correspond to A, (symmetry maintaining) Raman active modes
for bridgmanite. The slight deviation, especially at higher pressures, compared to Hemley
et al. (1989) is most likely caused by the fact that the linear regression represented here
is based on measurements below 25 GPa by Hemley et al. (1989). The presence of Al and
H in bridgmanite can not be excluded to also have an influence on optic modes since they
cause small changes to the lattice structure and bonding environment. No evidence was
found in the literature supporting the idea that the presence of Al or H would influence

the location of Raman bands in bridgmanite.

1.8 Brillouin spectroscopy

Brillouin scattering spectroscopy was used to determine the acoustic wave velocities of

the sample, which are equivalent to seismic wave speeds, at every pressure point. A
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Figure 10: Raman bands measured at every pressure point compared to previous works
by Hemley et al. (1989) on MgSiO; bridgmanite (blue) and Hofmeister et al. (1999) on
superhydrous phase B (black). Dotted lines represent linear regressions on the data.

532 nm green laser which travels through the diamonds and sample material, was used
to provoke elastic (‘Rayleigh’) and inelastic scattering by exciting the material on its way
through. The frequency shift between the inelastically scattered wave and the laser itself
getss detected by a Fabry-Pérot interferometer and is directly proportional to how fast

the sample’s atoms are vibrating, i.e. its acoustic velocity, according to Eq. 4.

AwA
= 2sin(7)’ (4)
In Eq. 4, V stands for the acoustic velocity, Aw for the frequency shift, A for the
laser wavelength, and 6 for the scattering angle (fixed to 50° in the setup used for these
measurements). Examples of raw data, and an overview of the Brillouin scattering results
are given in section 2.1. The average measurement time for each measurement of this

sample was two days. Due to the characterization of angular dispersion, multiple mea-

surements were taken at every pressure point, making the average measurement time for
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one pressure point about three weeks. Reason for this is also the relatively high number

of measurements that were discarded due to the lack of detectable peaks.
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2 Results

2.1 Brillouin scattering spectroscopy

Brillouin spectra were measured between 25 and 85 GPa. Example spectra of raw Brillouin
scattering measurements are given in Figure 11. Depending on the exact location of the
measurement on the sample and possibly the orientation of the DAC, one (Fig. 11A) or
multiple peaks (Fig. 11B) were detected. The other peaks could be attributed to either
KCI (the pressure medium), or superhydrous phase B. The extra peak at lower frequency
in Figure 11B for example, corresponds to a velocity of 5.75 km/s at 33 GPa, which agrees
quite well with the predicted shear wave velocity of superhydrous phase B at that pressure
(Mookherjee and Tsuchiya, 2015; Rosa et al., 2015; Xu et al., 2022). The superhydrous
phase B and bridgmanite peaks are clearly defined and distinguishable from each other,
making it possible to fit their position separately in order to determine the corresponding
frequency shift and acoustic velocity using Equation 4. Thus, even when other peaks
are present in some spectra, the determination of the elasticity of hydrous bridgmanite
sample is not affected. The compressional wave velocity of the sample overlaps with the
more intense transverse acoustic modes of diamond and could therefore not be measured.

All the results from the Brillouin scattering measurements performed on the sample
are shown in Figure 12. To make sure that the reported data is reproducible, several
measurements were made at every pressure point to characterize the angular dispersion,
by changing the orientation of the DAC by means of rotation. The errors on the the
shear velocity (Vg) thus represent the standard deviation between these measurements
and represent the angular dispersion of the polycrystalline sample. The errors in pres-
sure represent the standard deviation of measured pressure before and after the Brillouin

measurements.
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Figure 11: Raw, representative Brillouin scattering spectra of brigdmanite (BRG) and
superhydrous phase B (Shy B) at pressures of ~25 GPa (A) and ~33 GPa (B). The
Transverse Acoustic (TA) mode corresponds to the shear wave velocity of the material,
and the Longitudinal Acoustic (LA) mode corresponds to its compressional wave velocity.

Figure 12: Shear wave velocities of the hydrous bridgmanite sample measured in this study
as a function of pressure. All measurements were performed at ambient temperature.
Multiple measurements were made at every pressure step, and averaged. The error bars
are one standard deviation of these measurements.
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3 Discussion

3.1 The effect of water on the elasticity of bridgmanite

To assess the effect of H on the elasticity of bridgmanite, the obtained shear wave velocity
results for the measured bridgmanite sample in this study are compared to results by
Murakami et al. (2007) and Murakami et al. (2012) in Figure 13. These studies were
chosen because they also made measurements on polycrystalline bridgmanite samples and
thus comparable to the sample studied here. Where Murakami et al. (2007) considered
the pure Mg-endmember of bridgmanite, Murakami et al. (2012) investigated Al-bearing
Mg-bridgmanite. From Fig. 13 it is seen that the measured H-bearing bridgmanite sample
shows a somewhat different trend compared to the two other studies. At lower pressure,
the measured S-wave velocities lie below the measurements of Murakami et al. (2007),
while being similar to Murakami et al. (2012). With increasing pressure the S-wave
velocity of the measured sample increases more rapidly than previously observed. An
increase in S-wave velocity gradient, which indicates an increase in Gj, relative to pure
MgSiO3 (Murakami et al., 2007), was already observed in the Al-bearing bridgmanite
sample of Murakami et al. (2012), with a cross-over in S-wave velocity occurring around
90-100 GPa. The sample measured here shows an increase in Gj and thus an increase
in S-wave velocity gradient, with a cross-over with pure MgSiO3; at ~55 GPa. Since
this sample contains less Al than the sample measured by Murakami et al. (2012), this
increase in S-wave velocity gradient cannot be explained simply by the presence of Al
alone (although it likely contributes to some of it). The presence of hydrogen in the
sample is the only feasible explanation for the increase in Gj,. The effect on the elasticity
of bridgmanite (Fig. 13) due to the presence of H, is direct evidence that H is structurally

incorporated into the crystal lattice. Intergranular or molecular water would not change
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the elasticity of bridgmanite, and show up as separate peaks in the Brillouin spectra. The
ubiquitous presence of H throughout the bridgmanite crystal observed in the APT images

supports the presence of structurally incorporated water in the crystal.

Figure 13: Brillouin scattering results from this study compared the data from Murakami
et al. (2007) on pure MgSiO3 and Murakami et al. (2012) on Al-MgSiO3. Data points are
fitted to a third-order Birch-Murnaghan Equation of State.

In order to quantify the steepness, the third-order Birch-Muranaghan equation of state

represented was fit to all data in Figure 13.

9
G = (14 21)°?[Gy + (3KGl) — 5Go) f + (6K,GY) — 24K, — 14G + §KOK6)f2]7 (5)

In Eq. 5, G is the shear modulus, G’ the first pressure derivative of the shear modulus,
K the bulk modulus, K’ the first pressure derivative of the bulk modulus, and f the
negative finite strain, which can further be expanded as a function of volume (V) as

shown in Eq. 6.

1 Vs
f:§[(VO ) —1], (6)
,0G
G = 3P (7)
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The ‘0’ subscript in Eq. 6 refers to the variable at ambient conditions. Equation 5 was
chosen in order to make the effect of H or Al on its parameters comparable to previously
reported third-order parameters (e.g. Stixrude and Lithgow-Bertelloni (2011)). For this,
it is important that the same equation of state is used (Myhill et al., 2023).

Fitting the EoS to the measurements on hydrous bridgmanite allows to solve for G|
and G, which correspond to the y-axis intercept and slope of the fitted curve, respec-
tively. As for the values of V;, Ky, and K|, these are known for pure bridgmanite,
but as in the case of the Gy, and Gf, the presence of H and Al will affect V4, Ky, and
K{. Two X-ray diffraction spectra were measured for the sample studied here (see sec-
tion 1.5), of which the first was taken at ambient conditions, resulting in a molar volume
Vo=24.5811 cm?3/mol. Fu et al. (2023) experimentally investigated the effect of Al on the
Ky and K| of bridgmanite, considering a sample containing 3.44% Al,O3. To quantify
the effect of H on the bulk modulus, we employ values reported in the first-principles cal-
culation of Jiang and Zhang (2019) because of lack of experimental data. Based on these
calculations, a Ky = 247.395 GPa and K{) = 3.887 is obtained for the sample measured in
this study. A summary of the thermodynamic parameters calculated using the third-order
Birch-Murnaghan EoS (Eq. 5) and the resulting Gy and Gj, are given in Table 3.

The results from finite strain fitting the measurements in Fig. 13 confirm the afore-
mentioned increase in Gf,. Even though the presence of hydrogen does not seem to have a
huge effect on Gy of bridgmanite, a clear gradual increase in Gf, from pure Mg-bridgmanite
over Al-bearing bridgmanite to Al-H-bearing bridgmanite is observed, although it should
be noted that the Al contents of the sample studied here and those of Murakami et al.
(2012) are different. There is 0.5 wt% less AlyO3 in the sample studied here, meaning
that its effect on Gy and G, should be less pronounced than in Murakami et al. (2012).

As indicated in Fig. 13, the Gy and G calculated for hydrous bridgmanite deviate more
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Table 3: Summary of the thermodynamic parameters used in the finite strain fitting of
experimental data, including Gy and Gj resulting from Equation 5. MUR2007 stands for
Murakami et al. (2007) and MUR2012 stands for Murakami et al. (2012).

Composition Gy (GPa) Go’
This study + 3.44 wt.% Al,O3  164.724+4.71  1.78+0.09
Murakami et al. (2012) MgSiO; 165.01+1.59 1.73£0.02
+ 4.00 wt.% Al,O4
Murakami et al. (2007) MgSiO3 172.50£0.42 1.6740.01

strongly from the pure bridgmanite values reported by Murakami et al. (2007) compared
to those of Murakami et al. (2012), providing evidence in support for the strong effect of
H on the elasticity of bridgmanite.

As mentioned in Section 1.2, Jackson et al. (2005) has also measured a polycrystalline
Al-bearing bridgmanite sample using Brillouin scattering spectroscopy. The comparison
of the studies depicted in Fig. 13 and the data measured by Jackson et al. (2005) is shown
in Fig. 14. Jackson et al. (2005) reports a Gy of 165 + 2 GPa and a Gy’ of 1.7 + 0.2.
These are similar values to the reported data by Murakami et al. (2012), but plotting
and fitting all measurements in Fig. 14 shows that the measurements from Jackson et al.
(2005) have generally higher velocities, with a G closer to 168 GPa according to the fit
shown here. The slope of the finite strain curve remains quite close to what was observed
by Murakami et al. (2012) though (1.74 according to this fit), meaning that the effect of
water on elasticity remains valid. The finite strain fit on water-bearing bridgmanite is
steeper than any of the previously observed data on polycrystalline bridgmanite.

A clear decrease in shear wave velocities compared to the dry bridgmanite endmember
is not clearly observed in Fig. 13. This is unlike olivine, wadsleyite and ringwoodite,
where the addition of water was often reported to make the material softer (Holl et al.,

2008; Yusa et al., 2000; Smyth et al., 2004; Inoue et al., 1998; Wang et al., 2003, 2006;
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Figure 14: Brillouin scattering results from this study compared the data from Murakami
et al. (2007), Murakami et al. (2012) and Jackson et al. (2005). Data points are fitted to
a third-order Birch-Murnaghan Equation of State.

Jacobsen et al., 2004; Jacobsen, 2018; Ye et al., 2012). Most of these studies also report
an increase in Gy’ or Ky’ with increasing H content, i.e. steeper compression slopes. This
increase in steepness was also observed the measurements on hydrous bridgmanite, and
thus seems to go hand in hand with the incorporation of water. Physically, a steeper trend
means that the sample becomes less compressible or stiffer, compared to its anhydrous
counterpart. Holl et al. (2008) propose that this could be a caused by strong repulsive
0O-0 forces in the vicinity of vacancies, which would result in more rapid stiffening of the
material. An alternative explanation could be that materials devoid of H would contain
more empty vacancies in their crystal lattice and therefore be more compressible. Studies
on metal structures have clearly shown that H tends to occupy otherwise vacant sites
(Sakamaki et al., 2009; Abeykoon et al., 2023). The filling of these vacancies would reduce

the mineral’s compressibility. The observation of this phenomenon in metal structures
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does not automatically mean it also happens in silicates. The introduction of Al into
bridgmanite is likely to provoke the creation of defects in the crystal lattice though,
which could allow for the presence of unoccupied sites.

Finally, based on peaks in some Brillouin spectra, and the XRD results, superhy-
drous phase B is concluded to likely present in between the grains. Its presence does
however not affect the elasticity of bridgmanite. As discussed, whether the peaks around
3400 cm~! in the FTIR spectrum are caused by superhydrous phase B or bridgmanite it-
self is difficult to determine, because OH stretching bands have been reported around this
wavelength for both superhydrous phase B and bridgmanite. The absence of any super-
hydrous phase B bands in the measured Raman spectra (Fig. 10), combined with its very
weak signal in the XRD spectrum, support that very little superhydrous phase B would
be present volumetrically and it is therefore unlikely that the FTIR bands are caused by it
alone. Moreover, Amulele et al. (2021) argue that the hydrous bridgmanite phase would
be difficult to quench, with some of the water going into superhydrous phase B upon
cooling. The water in superhydrous phase B would thus most likely actually be present
in bridgmanite at lower mantle conditions. The calculated water content of ~0.1 wt.%
from FTIR is therefore likely to at least represent the water content of bridgmanite when
it was synthesized, and its effect on the elasticity of bridgmanite measured here would
therefore represent a lower limit if any water did indeed go into superhydrous phase B

upon quenching.
3.2 Geophysical implications

To estimate the impact of H on lower mantle elasticity with a view to establishing bounds
on the potential lower-mantle water content, lower-mantle shear-wave velocity (Vg) pro-

files were constructed and compared to the Preliminary Reference Earth Model (PREM)
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by Dziewonski and Anderson (1981). For this, a lower mantle made up principally of
bridgmanite and ferropericlase was assumed and the modelling package Burnman (Myhill
et al., 2023) was used to construct S-wave velocity profiles for a range of bridgmanite/fer-
ropericlase ratios with and without H, i.e., “wet” and “dry”. In order to quantify the effect
of H on the Gy and Gy, of bridgmanite, the effect of Al and Fe alone had to be isolated
first. For this, the equations reported in Murakami et al. (2024) were adopted as shown in
Eqgs. 8-9, where the coefficients for of Al;O3 and Fe/(Fe+Mg) are expressed in wt.% and
mole respectively. The difference between the G and Gy, of pure Mg-bridgmanite and the
Al-corrected Gy and Gj, from the sample studied here could then be quantified through
linear interpolation in order to assess the effect of H, adding the last term in Egs. 8-9.
From these equations, the large coefficients for HoO show that it has a bigger influence on
the shear modulus and its first pressure derivative, compared to aluminum or iron. This
is not surprising, as H is known to have disproportionately large effects on the physical
properties of minerals even at low concentrations. In a lower mantle setting, very small
amounts of H could thus have a comparably large effect on the elasticity of bridgmanite,

comparable to much larger concentrations of Al and Fe.

Fe
Go=172.83 - 1.71 GP Al,O3 — 27.83 x ————— —16.2373 x Hy,O 8
0 & X Alals % Fe + Mg e (8)

Fe
Gy =179+ 8.11 x 107° GPa x Al,O3 — 0.33 x Fo s +0.9973 x H,O  (9)

For the purpose of comparing the so-constructed lower-mantle seismic profiles with
a radial seismic reference model, the laboratory-based peridotite geotherm of Katsura
(2022) is used, in combination with the PREM. PREM satisfies a large set of normal-
mode, body wave, stronomic-geodetic constraints and inversion of normal-mode centre

frequencies, and therefore represents the most efficient means of determining the average
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radial seismic structure of the Earth (Dziewonski and Anderson, 1981). For the “dry”
mantle, a bridgmanite containing 4 mol% Al,O3 and 8 mol% FeO was considered, mixed
with ferropericlase containing 21 mol% FeO after Wood (2000). For a “wet” mantle,
0.1 wt% H,O is added to the bridgmanite component, according to the effect of H on Gy
and G established in Eqgs. 8 & 9. The choice of adding 0.1 wt% H>O into bridgmanite
is arbitrary, and was made because the sample used in this study had this concentration.
This HyO content has also been reported to be close to the saturation limit of bridgman-
ite (Amulele et al., 2021). In order to determine the seismic velocity of an assemblage
consisting of more than one mineral, the correct averaging scheme has to be applied.
This is quite straightforward for most thermodynamic parameters, except for the bulk
and shear moduli, which are dependent on mineral orientation and distribution (Cottaar
et al., 2014). To resolve this issue, several averaging schemes can be used to calculate the
shear and bulk moduli of an assemblage, with the Voigt-Reuss-Hill and Hashin-Shtrikman
averaging schemes deemed best practice (Cottaar et al., 2014).

Figure 15 shows the dry and wet mixtures of bridgmanite and ferropericlase compared
to PREM. Mixtures of 100% bridgmanite-0% ferropericlase, and 90% bridgmanite-10%
ferropericlase are depicted. The width of the profiles is the result of considering the errors
on temperatures reported by Katsura (2022) and adding variation to the Gg, Go’, K¢ and
Ky parameters. As visible in this figure, the slope of these mixtures does not correspond
exactly to PREM. PREM is faster (positive dVg) than a certain mixture of brigmanite
and ferropericlase at lower pressures, becoming slower (negative dVg) or similar at higher
pressures. Two main possibilities exist to explain this difference in slope. Either the
ratio of bridgmanite and ferropericlase changes throughout the lower mantle, with the
amount of ferropericlase increasing towards higher depths, or increased concentrations of

certain elements at different depths affect the seismic velocities in either bridgmanite or
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ferropericlase (Gaetani and Grove, 1998). The depth-dependent ferropericlase abundance
would be somewhat difficult to explain, and would also have important geodynamical
implications, since the viscosity of ferropericlase is lower than that of bridgmanite and the
lower mantle would thus have to become more viscous with depth. How the abundance of
Fe, Al & H affect the wave velocities of lower mantle minerals has to therefore thoroughly
be investigated. Previously, the pyrolite model was thought to be representative of the
lower mantle (Irifune et al., 2010). More recent studies have shown that this is unlikely
the case, with a much larger percentage of bridgmanite needed to fit PREM due to the
effect Fe and Al have on decreasing its body wave velocities (e.g., Murakami et al., 2012;
Mashino et al., 2020).

The effect of water on the seismic velocity of bridgmanite explored in this work cannot
help to explain the discrepancy though, as presented in Figure 15. At the top of the lower
mantle, its seismic velocities are similar to dry bridgmanite, after which is starts to show
a much steeper trend. After crossing over PREM, the gap between the two increases
again as it becomes faster. Based on this observation, it seems unlikely that the lower
mantle would contain a significant amount of water. The most important variable in a
qualitative comparison like this one is the slope of the trends, and the slope for the dry
assemblages is clearly closer to PREM compared to the dry assemblages.

It is important to note that PREM is a 1D model, representing an average for the
entire mantle (Marquardt and Thomson, 2020). Seismic tomography studies have shown
that the mantle shows important lateral variations in velocity profiles. Thus, even though
the addition of H does not seem to fit the PREM profile for the lower mantle, it cannot be
excluded that H does not play a role in certain regions of the lower mantle where positive

sound velocity anomalies are observed.
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Figure 15: Dry and hydrous bridgmanite mixtures with ferropericlase, compared to
PREM. (A) Velocity profiles of 90% BRG-10% FP dry and wet mixtures relative to PREM.
(B) Velocity profiles of 100% BRG-0% FP dry and wet mixtures relative to PREM. All
velocities are calculated along the geotherm by Katsura (2022). Vs = Shear wave velocity.
BRG = bridgmanite containing 8 mol% FeO and 4 mol% Al,O3. HBRG = bridgmanite
containing 8 mol% FeO, 4 mol% Al,O3 and 0.1 wt% H,O. FP = ferropericlase containing
21 mol% FeO.
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Conclusion

This study on bridgmanite showed that water can indeed be incorporated structurally into
its crystal lattice, by observing its effect on elasticity. A clear decrease in Gy and increase
in Gj (Eq. 5) caused by the presence of water was observed. The exact quantification of
water by FTIR in the bridgmanite sample is difficult due to the presence of a small amount
of superhydrous phase B alongside the sample. The use of Atom Probe Tomography to
characterize the water distribution in the sample is promising, despite the small sample
size, and the authors recommend its usage in future studies.

Based on the analysis of the shear wave velocity data in this study, the potential effect
of water in the lower mantle was modeled and compared to PREM. This comparison
showed that the Earth’s lower mantle is unlikely to contain a significant amount of water.
Unlike the transition zone, the lower mantle would thus not be a major water reservoir

for the Earth.
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Chapter 3

The Stishovite to CaCl;-type SiO; Phase
Transition Revisited by in-situ
High-Pressure Brillouin Scattering

Spectroscopy

This chapter represents work that was started during my master thesis at ETH Ziirich,
and was continued as a side project throughout the doctorate. During the master
thesis, a first sample was prepared and measured using Brillouin spectroscopy. This
sample was measured over a much wider range of pressures than what is shown in this
chapter. However, at the end of the master thesis, it became clear that the observed
elastic softening at the phase transition from stishovite to CaCla-type SiO2 was the

most interesting observation from these measurements.

When trying to write a manuscript about these observations at the beginning of this
doctorate, the evidence to support the idea that differential stresses in the sample
chamber were low seemed insufficient. It was therefore decided that a new cell with a
similar sample would be loaded with a different pressure medium to confirm the repro-
ducibility of the measurements and the method used for differential stress calculations.
The sample preparation for this included learning how to use a Focused Ion Beam to

meticulously cut the sample into pieces, and learning to use a gas loading system in
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order to load the Ne pressure medium. Gas loading a DAC is challenging and several
attempts had to be made before being successful. A manual about the procedure was
written to help future users of this system. Thereafter, Brillouin spectroscopy was
performed on the sample, but due to the high sensitivity of the BX90 DAC used for gas
loading, it was not possible to increase the pressure in small enough steps to observe
and constrain the softening at the phase transition. Despite this, a good XRD spectrum

of the gas-loaded sample was measured in February 2023 and the stress calculation

method could thereby be verified.

Preliminary stress calculations were already attempted in the master thesis, but these
results were revised and recalculated during the doctorate. The presented manuscript
and the figures within it were prepared within the last four years and due to the
significant amount of work performed during the doctorate on this manuscript, it was

included as a chapter in this thesis. This work was also presented at the AGU 2023

Fall Meeting in the form of a poster.



The Stishovite to CaCly-type SiO9 Phase Transition
revisitited by in-situ high-pressure Brillouin Scattering
Spectroscopy

Thomas de Selva-Dewint!, Motohiko Murakami'
Department of Earth Sciences, ETH Ziirich, Sonneggstrasse 5, 8092 Zurich, Switzerland

SiOy is an important phase in the Earth’s subduction slabs, and its phase
transitions therefore play a significant role when trying to understand seismic
anomalies in Earth’s mantle. Acoustic velocities of SiOy were measured using
Brillouin scattering spectroscopy between 20 and 55 GPa at ambient temper-
ature to investigate the stishovite to CaCls-type SiOy phase transition. A
significant drop in shear wave velocities caused by the phase transition was
observed at 30 GPa, suggesting a transition depth of 1000-1200 km. Addition-
ally, different pressure media, and synchrotron X-ray diffraction measurements
were used to discuss the possible influence of differential stress on the phase

transition.

1 Introduction

Seismic stations have been measuring numerous unexplained seismic scatterers in the
lower mantle, especially around subduction zones. The identification of these scatterers
is generally based on the detection of short-period (~1 s) seismic waves, mostly S-to-
P-wave conversions, which provide the best depth resolution due to the sharp velocity

contrast between the S and P waves (Kaneshima, 2016). These body waves generally
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have a wavelength of 10 km or less, which allows for small-scale scatterers of a similar size
to be resolved. An overview of scatterers observed around subduction zones in the lower
mantle by seismological studies can be found in Fig. 1. The scatterers represented in Fig. 1
were observed around known subduction zones below western South America (Kaneshima
and Helffrich, 2009; Kaneshima et al., 2010; Korenaga, 2014; Kaneshima, 2019), Alaska
(Kaneshima, 2019), Japan (Kawakatsu and Niu, 1994; Bagley et al., 2013; A. Deuss, J.
Andrews, 2013; Li and Yuen, 2014; Kaneshima, 2019), the Solomon islands (Kaneshima,
2019; Yang and He, 2015), Indonesia (Kawakatsu and Niu, 1994; Vinnik et al., 1998, 2001;
Vanacore et al., 2006; Yang and He, 2015; Kaneshima, 2019), the Philippines (Yang and
Wu, 2014), Izu-Bonin-Mariana (Kaneshima and Helffrich, 1998, 1999, 2003; Kaneshima
et al., 2010; Kaneshima, 2019; Castle and Creager, 1999; Vinnik et al., 1998; Niu et al.,
2003; Bentham and Rost, 2014), Kuril-Ochotsk (Peterson et al., 1993; Kaneshima et al.,
2010; Kaneshima, 2019), Tonga-Fiji (Kawakatsu and Niu, 1994; Courtier and Revenaugh,
2008; Kaneshima et al., 2010; Kaneshima, 2013; A. Deuss, J. Andrews, 2013; Yang and
He, 2015; Kaneshima, 2018; Yuan et al., 2023) and the Himalaya—Southeast Asia (where
the Thetys ocean closed Rochira et al., 2022)). As visible from Fig. 1, the abundance of
scatterers lowers towards higher depths. About half of the scatterers in the lower mantle
are observed at depths shallower than 1000 km. Many scatterers are still found in the
depth range 1000-1200 km, but their abundance considerably drops after that, with the
exception of a slight increase in abundance around 1500 km.

It is important to try to find an explanation for the scatterers observed at varying
depths in the lower mantle and represented in Fig. 1. Fluctuations in temperature in the
mantle are known to affect seismic wave velocities, but the scatterers represented in here
are too small-scale and sharp to be caused by temperature changes. Tomography, which

can map >1000-km scale heterogeneities through the combined detection of long-period
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Figure 1: Cumulative histogram showing the depth distribution of seismic scatterers found
in the lower mantle around subduction zones.

normal modes, surface waves and short-period body waves, is a more suited method for
detecting temperature changes (Kaminsky, 2017). Thus, other explanations have to be
investigated. One likely candidate to explain some of these scatterers is a phase transition
known to take place in SiOs, from stishovite to CaCly-type SiOq, which has been shown
to cause a drastic drop in sound wave velocity. SiOs is also thought be make up 10-25
wt% of subducting slabs and has the biggest density contrast relative to the rest of the
mantle, therefore playing an important role. However, varying accounts of the pressure
at which the transition takes place have made it difficult to agree on the exact phase
transition depth. This study aims to further resolve this problem.

The stishovite to CaCls-type SiOy phase transition is a pseudo-proper ferroelastic or
second order phase transition (Malcherek, 2015). Such transitions generally occur at a
critical point of hysteresis by increasing the temperature or pressure in a system. The
phase transition discussed here is pressure-induced. At the point of hysteresis, the crystal
changes its orientation mechanically due to the external stress applied (Salje, 2012). For

the stishovite to CaCly-type SiOy phase transition, the atoms rearrange themselves from
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Figure 2: A: The tetragonal rutile-type stishovite crystal structure (Yamanaka et al.,
2002). B: The orthorhombic CaCly-type SiOs crystal structure (Howard et al., 2005).
The individual Si-octahedra are oriented along the c-axis, in order to show how the there
is slight difference in orientation between the two structures, corresponding to a rotation
around the c-axis that happens at the phase transition. Structures are represented using
the VESTA software (?7)
tetragonal (P4s/mnm space group) to orthorhombic (Pnnm space group) symmetry by
rotating slightly around the crystallographic c-axis (Togo et al., 2008), as visible in Fig. 2.
Leading up to the point of hysteresis, the phonon frequency (indicating how fast the
atoms in the crystal lattice vibrate) decreases, until it ultimately reaches zero at the
transition, as if the atoms momentarily freeze for the lattice orientation to be changed
(Dove, 1993). After the phase transition, the phonon frequency will increase again. The
phonon frequency of a material is directly proportional to its phonon velocity or acoustic
velocity, which is equivalent to the seismic wave velocity obtained from seismometers.
This means that the acoustic velocities will also go to zero at the phase transition. This
phenomenon is called “elastic softening” and is expressed as a drop in seismic velocities,
which could explain observed scatterers in the lower mantle mentioned earlier.

The stishovite to CaCly-type SiOy phase transition was first discovered in 1989, using
X-ray diffraction (XRD) measurements (Tsuchida and Yagi, 1989). X-ray diffraction has

since remained the most common method to measure the phase transition, and reported
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transition pressures vary between 40-60 GPa when using this method, as shown in Fig. 3.
(Kingma et al., 1996; Dubrovinsky et al., 1997; Andrault et al., 1998; Hemley et al., 2000;
Ono et al., 2002; Andrault et al., 2003; Nomura et al., 2010; Yamazaki et al., 2014; Fischer
et al., 2018; Buchen et al., 2018; Wang et al., 2023). Studies measuring XRD on Al- or H-
bearing SiO, however, have reported lower phase transition pressures. Bolfan-Casanova
et al. (2009) measured a sample containing ~4 wt.% Al,O3 and reported a transition
pressure of 23 GPa and ambient temperature. Nisr et al. (2017a) investigated an Al-free
sample with 2.3 wt.% H,O and determined that the transition takes place at ~28 GPa.
The identification of the phase transition with XRD relies on the splitting of both the 101
and 211 peaks into two 011 and 101, and 121 and 211 peaks respectively (Buchen et al.,
2018).

Three theoretical ab-intitio studies (Karki et al., 1997; Carpenter et al., 2000; Yang
and Wu, 2014) predicted an acoustic velocity drop due to this phase transition somewhere
between 40 and 50 GPa. An ab-initio study by Umemoto et al. (2016) suggested that Al
alone could not be responsible for a decrease in the phase transition pressure, and that the
presence of H is needed. This however, seems to go somewhat against the experimental
results of Bolfan-Casanova et al. (2009).

Vibrational spectroscopy methods, i.e. Raman and Brillouin scattering spectroscopy,
can also be used to determine the phase transition pressure, due to its ability to measure
the change in elasticity that happens at the transition. Kingma et al. (1995) was the first
to use the shift in the optic modes measured with Raman spectroscopy and caused by the
phase transition to determine the pressure at which it takes place. A transition pressure
of 50 GPa was reported. A few more studies have used Raman spectroscopy to detect the
phase transition since. Lakshtanov et al. (2007) used a SiO, sample with 6 wt% Al,Os

and 0.24 wt% H,0 and observed the phase transition at ~24 GPa. Nisr et al. (2017b)
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measured an Al-free sample containing 3.2 wt.% H,O and found the phase transition at
~23 GPa. Zhang et al. (2022) reported to a phase transition at 21.1 GPa in a sample
containing 1.34 mol% Al and 0.55 mol% H, and at 16.1 GPa in a sample containing 2.1
mol% Al and 0.59 mol% H. Criniti et al. (2023) recently reported the phase transition at
16 GPa in a sample containing 1.73 mol% Al and 0.60 mol% H.

Four studies have used Brillouin scattering spectroscopy to measure the phase transi-
tion between stishovite and CaCly-type SiOy. The phase transition is expressed as a drop
in experimentally measured body wave velocities. Lakshtanov et al. (2007) measured the
same sample as for their Raman measurements with Brillouin, and reports much lower
absolute velocity values compared to the theoretical predictions (Karki et al., 1997; Car-
penter et al., 2000). This observation led to the idea that adding Al;O3 or HoO causes
an overall velocity decrease. A velocity drop of ~13% at the phase transition was mea-
sured, at ~23 GPa. Asahara et al. (2013) used a pure SiO; sample and observed a shear
wave velocity drop of ~3% slightly above 20 GPa. The drop at lower pressures compared
to the previous theoretical studies was attributed to non-hydrostatic stress conditions
in the sample chamber. Jiang et al. (2009) performed Brillouin measurements from 1
bar to 22 GPa along the approximate direction of the [1 1 0] plane of a single-crystal
stishovite sample. The phase transition itself was not observed in that pressure range,
but a gradual decrease of 11% in the shear wave velocity from 1 bar to 22 GPa is reported.
Lastly, a single-crystal study by Zhang et al. (2021) observed the phase transition at 55
GPa by using a combination of Brillouin spectroscopy and Impulsive Stimulated Light
Spectroscopy.

Despite the slight discrepancies between the results from measurements on Al- or
H-bearing SiO,, it becomes clear when looking at Fig. 3 that the presence of HoO and

Al,O3 lowers the transition pressure between stishovite and CaCl,-type SiOy (Lakshtanov
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Figure 3: Representation of the pressure reported by previous studies for the stishovite
to CaCly—type SiOy phase transition at ambient temperature. Studies are categorized by
method. Short forms are the following: KIN1995 for Kingma et al. (1995), KIN1996 for
Kingma et al. (1996), DUB1997 for Dubrovinsky et al. (1997), AND1998 for Andrault
et al. (1998), HEM2000 for Hemley et al. (2000), ONO2002 for Ono et al. (2002), AND2003
for Andrault et al. (2003), LAK2007 for Lakshtanov et al. (2007), BOL2009 for Bolfan-
Casanova et al. (2009), NOM2010 for Nomura et al. (2010), ASA213 for Asahara et al.
(2013), YAM2014 for Yamazaki et al. (2014), NIS for Nisr et al. (2017a), NIS2017R for
Nisr et al. (2017b), FIS2018 for Fischer et al. (2018), BUC2018 for Buchen et al. (2018),
ZHA2021 for Zhang et al. (2021), ZHA2022 for Zhang et al. (2022), WAN2023 for Wang
et al. (2023) and CRI2023 for Criniti et al. (2023).

et al., 2007; Bolfan-Casanova et al., 2009; Nisr et al., 2017a,b; Zhang et al., 2022; Criniti
et al., 2023). However, the large discrepancy in Brillouin spectroscopy results on pure
Si0,, between the results from Asahara et al. (2013) and Zhang et al. (2021), motivated
the undertaking of this study, in which SiOy was measured using Brillouin spectroscopy

between 20 GPa and 55 GPa.
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2 Methods

In order to experimentally achieve the pressure conditions necessary for the phase transi-
tion, a Diamond Anvil Cell experimental setup (henceforth DAC) was used, in which two
oppositely positioned diamonds are screwed closer to each other to pressurize the sample
uniaxially. Two cells were loaded for the purpose of this study. The first one contained a
stishovite powder, synthesized using a large volume press at 11 GPa and 1200°C, together
with a KCI pressure medium. The second was loaded with a polycrystalline SiO5 sample,
along with a Ne pressure medium. Both samples were surrounded by a rhenium gasket,
making up the sample chamber.

The aim of this study is to measure the acoustic velocities in SiOs as pressure gets
slowly increases at ambient temperature, using Brillouin scattering spectroscopy. The
transparency of diamonds and very small thickness of the sample (~30 pm) makes it
possible to shoot a monochromatic green laser beam (532 nm) through the sample material
and determine how the two interfere by measuring the laser beam with interferometer after
exit (Calas and Hawthorne, 1988). When the laser light passes through the sample, they
will thermally excite its atoms, making them vibrate at a certain frequency as ‘phonons’,
meaning that they can be described as waves (Speziale et al., 2014). Some of this laser
light gets scattered inelastically when it interacts with the sample material, entailing
either a loss or gain of energy, forming two sets of ‘inelastically’ scattered laser light
beams called Stokes and anti-Stokes scattering. These two have a frequency of (w + wp)
and (w — wp) respectively, where w is the frequency of the incoming laser light and wy
the eigenfrequency of the the sample’s phonons. These eigenfrequencies are detected by
the interferometer and represented as a shift compared to the laser frequency, ranging

between 10°% and 10'° Hz.
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These observed frequency shifts can be directly related to the phonon velocity of the
sample at the conditions of the experiment through equation 1. Here, V stands for the
phonon velocity, Aw for the frequency shift, A for the laser wavelength, and 8 for the
scattering angle. The scattering angle is fixed to ~50° in the spectroscopic setup used
for this study. The phonon velocity corresponds to the acoustic velocity of the material

measured at the same pressure and temperature in the mantle.

AwA
= m (1)

In order to estimate the pressure of the sample while doing experiments, another
vibrational spectroscopic method was used, Raman spectroscopy. In Raman spectroscopy,
the observed Stokes and anti-Stokes frequency shift are characteristic for the measured
material at specific conditions, and range between 10'? to 10 Hz (Calas and Hawthorne,
1988). For pressure determination, the method developed by Akahama and Kawamura

(2006, 2010), in which the high frequency edge of the first-order Raman mode of diamond

has been calibrated with pressure, was used.

3  Results

Two examples of the raw Brillouin scattering data can be found in Fig. 4. Brillouin
measurements on the DAC loaded wiith Ne failed, which is why only the measurements
on the cell containing KCI are shown here. As visible in Fig. 4 B, peaks representing
the KCI pressure medium were also sometimes observed in the spectrum. This is most
likely due to the pressure medium being slightly thicker in some places of the sample
chamber. The results of measuring acoustic velocities in this cell are illustrated in Fig. 6.
The data shows a clear drop of ~6% in shear velocity at ~30 GPa, which corresponds

to the elastic softening expected for this phase transition. Previous Brillouin scattering
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Figure 4: Examples of the raw Brillouin spectra, at 26.88 GPa (A) and 30.32 GPa (B). TA
stands for transverse acoustic modes (Vg), and LA for longitudinal acoustic wave (Vp).

measurements on pure SiOy are also represented in Fig. 6. All measurements are at
ambient temperature. As the main purpose of this study was to investigate the trend
of the acoustic wave velocities in SiOy, and not their precise absolute values, angular
dispersion measurements at every pressure were not performed. The angular dispersion
was only investigated at ~35 GPa and determined to be ~5,5%, as visible in Fig. 5. Based
on Fig. 5, in which the average shear velocity is 3% higher than the velocity at 90° used
throughout this study, it can be assumed that the entire trend of measurements at 90°
represented in Fig. 6 is lower than what the average would be. This does not affect the
phase transition pressure or magnitude though.

Besides Brillouin scattering, two X-ray diffraction spectra were measured. The first
was collected at the Swiss Light Source of the Paul Scherrer Insitute, at the ADDAMS
beamline equipped with a solid-state silicon microstrip detector (Willmott et al., 2013),
at ~30 GPa in the DAC loaded with KCl and is represented in Fig. 7. The second
was measured on the DAC loaded with a Ne pressure medium at ~39 GPa, at the ID27
high pressure beamline of the European Synchrotron facility (ESRF), equipped with a

EIGER2 X CdTe 9M detector. A CeOs standard was used to calibrate the detector
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Figure 5: Angular dispersion of the measured sample at ~35 GPa. The average V based
on these measurements is 7.09 + 0.40 km/s, which is ~3% higher than the velocity at the
90° angle used throughout this study.

Figure 6: Brillouin spectroscopy results at ambient temperatures of SiOy loaded with a
KCI pressure medium. Previous Brillouin spectroscopy measurements on pure SiOy by
Asahara et al. (2013) and Zhang et al. (2021) are also represented.
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Figure 7: XRD spectrum at 30GPa of SiO,, loaded with a KCI pressure medium.

distance, centering and tilting. The X-ray source at the Swiss Light Source had a larger
beam size (130.0 x 40.0 pm, versus 2.0 x 2.0 pm for the ID27 beamline), which explains why
some rhenium peaks are observed in this spectrum from the surrounding gasket. The 2D
diffraction pattern was converted to a 1D profile, refined and background corrected using
the Dioptas software (Prescher and Prakapenka, 2015). For peak fitting and indexing,

the PDIndexer software was used (Seto et al., 2010).

4 Discussion

4.1 The phase transition pressure

The Brillouin scattering measurements clearly show a drop in the shear wave velocity at
~30 GPa, as shown in Fig. 6. This pressure is lower than the 40-60 GPa range usually
reported in previous studies on pure SiOs, in which the phase transition is observed using

peak splitting in the XRD spectra (see Fig. 3. When looking at the XRD spectra in
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Figure 8: XRD spectrum at 39GPa of SiO,, loaded with a Ne pressure medium.

Figs. 7 & 8, no peak splitting of the 101 and 211 peaks is discernible. This can be
explained by the fact that the ability observe the peak splitting with XRD is actually
delayed with respect to the pressure at which the phase transition takes place. This is
most likely due to the fact that the atomic displacements and volume change in crystal
lattice at the phase transition are so small. The transition pressure therefore has to be
extrapolated back when using XRD measurements. This problem is not present with
Brillouin measurements, where the minimum in the observed velocity drop corresponds
exactly to the transition pressure and can thus be determined directly, thereby making it
a more suitable to detect the transition.

Compared to the previous Brillouin studies on SiO,, the phase transition pressure
measured here s higher than the one measured by Lakshtanov et al. (2007) and Asahara
et al. (2013), and lower than the one measured by Zhang et al. (2021). The lower phase
transition pressures measured in Lakshtanov et al. (2007) and Asahara et al. (2013) can

be attributed to the difference in composition and strong differential stresses in the sample
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chamber respectively. The most recent Brillouin study by Zhang et al. (2021), in which a
single crystal sample was measured with a Ne pressure medium, observed the transition
at 55 GPa. The stress conditions in the sample chamber were not determined in this
study. The discrepancy between the results presented here and the study by Zhang et al.
(2021) is difficult to explain, but could possibly be caused by a difference in mechanical
behavior between single crystal and polycrystalline materials. It also has to be noted that
the bulk shear wave velocities reported by Zhang et al. (2021) are calculated by combining
measurements at different orientations on Vg with Brillouin spectroscopy and Vp with
Impulsive Stimulated Light Scattering. The combination of these factors could possibly

lead to the observed difference.

4.2  Calculating the differential stress

Previous authors studying this phase transition have suggested that the pressure at which
it takes place might decrease with increasing differential stress in the sample chamber
(Asahara et al., 2013; Wang et al., 2023). The differential stress in a DAC can be calculated
by estimating how much the sample peak locations in the XRD spectrum deviate from
what their theoretically calculated positions should be at hydrostatic conditions at the
same pressure and temperature. This method is based on lattice strain theory (Singh
et al., 1998), in which all independent elastic constants of the material and their pressure
derivatives need to be known in order to calculate the stress. Usually the peaks caused
by the pressure medium are utilized, i.e. KCI or Ne in this study, because these materials
are cubic and therefore only have three independent elastic constants: Cy, Cho and Clyy.
Once the elastic constants are calculated at the right pressure, they can by converted to
elastic stiffnesses Siy, S12 and Sy (Nye, 1957). These can then be used to calculate a

bulk elastic stiffness by using the formula S = Sj; — S12 — Sis/2. This parameter can
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then be related to the differential stress in the sample chamber through the linear Eq. 2
from Singh and Kenichi (2001). In this equation, a,,(hkl) represents the actual measured
peak position for every hkl plane, a is the peak position after fitting the entire spectrum
to the theoretically predicted positions, € half of the angle between the incident and the
diffracted beam, and t the differential stress. My and M; are the intercept and slope of
the equation respectively. According to Singh and Kenichi (2001), My ~ a and weight
factor @ &~ 1, meaning that St ~ —3M;/Mj. Thus, in order to calculate the differential
stress t, My and M7 have to be calculated. For this, the equation is plotted in a so-called

gamma plot, illustrated in Fig. 9 for the two cells measured in this study.

am(hkl) = My + M;[3(1 — 3cos*0)T(hkl))] (2)
with My = a{l + (%t)(l —3c0s%0)[(S11 — S12) — (1 —a™H)(2G,) ']}
My = o)

D(hkl) = (R*K* + 1> + I*R?) /(B? + k* + [%)?
(2Gy) ™ = 5(S11 — S12)S44/2[3(S11 — S12) + Sud]

The XRD peaks of KCl and Ne were fitted in PDIndexer to determine their positions
(Seto et al., 2010). The 26 position of each peak, corresponding to an hkl plane, was
converted to a d-spacing by using Bragg’s equation d = A\/2sinf, in which A is the
wavelength of the X-ray source used for the measurement in angstrom (A) The d-spacings
were then converted to the lattice parameter a for every respective hkl plane, by using
the relation a? = d2,,(h* + k* + [?). The a lattice parameter is calculated for both the
observed peak position in the spectrum, a,,, and the fitted position, a. With these values,
the y-axis of the gamma plot in Fig. 9 can be created, where the x-axis corresponds to

3(1— sin?0)T'(hkl). Once all hkl planes have been plotted in Fig. 9, a linear trendline can
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be drawn through them. From the slope M; and the intercept My of this trendline, the St-
value for the sample can be calculated. Lastly, the differential stress t can be calculated by
dividing St with the elastic stiffness S of the material. The resulting differential stresses
calculated fromm this method are 0.455 GPa for the stishovite cell loaded with KCI, and
5.327 GPa for the stishovite cell loaded with Ne, as visible in Fig. 9.

In order to determine the elastic stiffness S of both pressure media, the elastic con-
stants for KCl and Ne at ambient conditions were taken from Every and McCurdy (1992).
To extrapolate those values to the pressures at which the XRD spectra were measured,
pressure derivatives of the elastic constants from Sirdeshmukh et al. (2001) and Shimizu
et al. (2005) were used for KCl and Ne respectively. The elastic constants for KCI are
not entirely accurate, as these were measured at ambient conditions where the Bl—phase
of KCl is stable. At a pressure of ~30 GPa, KCI would be present in the form of the
B2-phase, for which no data on the elastic constants exists. Based on NaCl data however,
where the same phase transition takes place and elastic constants are known for both,
using the Bl elastic constants can be assumed to overestimate the differential stress. Ac-
cording to Liu et al. (2010), Cy; of B2 NaCl decreases compared to Bl NaCl, whereas both
C12 and Cyy increase across the phase transition. This would mean that Si; increases,
while Sio and Sy decrease, so S has to increase. Since St remains a constant, ¢ would
therefore have to decrease.

A differential stress of 0.455 GPa in the cell loaded with KCl are low enough to consider
the condition in the DAC to be near-hydrostatic. The St slopes in Fig 9 also appear to
be similar to the ones reported by Tateno et al. (2019), where the same calculations
were performed on KCl. Using the same method on the cell loaded with Ne returns a
higher differential stress, even though this pressure medium is generally thought to cause

more hydrostatic conditions within the sample chamber. It is important to remark that
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Figure 9: Gamma plots of the measured DACs with a KCI pressure medium (A), and Ne
pressure medium (B).

the outcome of these gamma plot slopes strongly depends on the 200 peak being more
affected by uniaxial stress compared to the other hkl peaks. This seems to be a common
observation in cubic crystals (Tateno et al., 2019), even though it was not observed for Ne
here, where the 111 peak was the most affected by differential stress. The conclusions from
Wang et al. (2023), where the phase transition pressure is argued to be greatly affected
by the differential stress in the sample chamber cannot be confirmed, based on the very
low differential stress measured at the phase transition at 30 GPa, which is therefore
considered to be valid.

Another possibility to calculate the differential stress in the sample chamber, is to use
the SiO9 peaks directly. This has been done in the past by Singh et al. (2012). When this
method is applied to the spectra represented in Figs. 7 & 8, differential stresses of 25.65
GPa and 37.81 GPa are obtained for the KCl-loaded and Ne-loaded cells respectively.
This is much higher than the stresses calculated based on the pressure media, most likely
because SiO, is a much stiffer material that cannot accommodate differential stress as
well as the softer KCI or Ne. Again, the stress conditions are lower in the KCl-loaded
cell though, when compared to the Ne-loaded cell. Singh et al. (2012) observed that the

differential stress in the sample chamber should reach a minimum at the phase transition
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pressure, because the elastic softening relaxes the stress conditions. Not enough data
points were measured with XRD in this study to confirm this result, but if it is true, it
would make the entire discussion of differences in stress conditions leading to a shifting

transition pressure void.

4.3 Geophysical implications

The phase transition in pure SiOs occurring at 30 GPa has important consequences on
geophysical interpretations of the lower mantle. In order to extrapolate results to mantle
temperatures, a Clapeyron slope for the phase transition has to be assumed. Clapey-
ron slopes reported for this phase transition vary between 0.004 GPa/K (Kingma et al.,
1995) and 0.015 GPa/K (Bolfan-Casanova et al., 2009). Most of these estimates come
from laser-heated DAC experiments, in which temperature measurements come with huge
uncertainties. Yamazaki et al. (2014) used a multi-anvil press to determine a Clapeyron
slope 0.008 GPa/K for this transition, where temperature determination is much more
precise, which is why this is the slope that will also be adopted here. The representation
of this extrapolation in P-T-space can be found in Fig. 10. The same Clapeyron slope was
also applied to extrapolate previous Brillouin results from Lakshtanov et al. (2007), Asa-
hara et al. (2013) and Zhang et al. (2021) to lower mantle conditions, the result of which
is also shown in Fig. 10. Corresponding depths for the transition along the geotherm from
Katsura (2022), cold and hot slabs Hirose (2006) can be inferred. As visible in Fig. 10,
extrapolating the phase transition pressure of 30 GPa using the Clapeyron slope, brings
it to ~40 GPa at cold slab temperatures, or ~48 GPa at mantle geotherm temperature.
This corresponds to a depth range of ~1000-1200 km, which is much lower than the previ-
ously reported depth range of ~1400-1700 km based on previous results (e.g. Kaneshima,

2019)). As visible from the seismic cumulative scatterer histogram in Fig. 1, which is also
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represented on the right side of Fig. 10, many more scatterers have been found in the
range ~1000-1200 km, compared to ~1400-1700 km. The few scatterers that do exist
in the ~1400-1700 km depth range have been argued to be too strong to be caused by
the stishovite to CaCly—type SiOs phase transition alone (Wang et al., 2020). The phase
transition pressure found in this study thus seems to fit geophysical observations better.

All previous studies on SiO4 containing Al or H are also represented in Fig. 10 through
extrapolation with the Clapeyron slope from Yamazaki et al. (2014). As mentioned earlier,
the presence of Al and H in SiO, has been shown to decrease the transition pressure
between stishovite and CaCly—type SiOq significantly (Lakshtanov et al., 2007; Bolfan-
Casanova et al., 2009; Nisr et al., 2017a,b; Zhang et al., 2022; Criniti et al., 2023). This
causes the results from these studies to plot within the depth range ~700-1000 km, i.e.
right below the results on pure SiO, presented here. It is thus possible that the many
scatterers observed around ~700-1000 km depth could also be explained by the phase
transition in Al-H-bearing SiO,. Variation in the exact scatterer depths might be caused

by regional differences in the exact subduction slab composition.
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Figure 10: Representation of the stishovite to CaCly—type SiO, phase transition pres-
sures and corresponding depths, based on the measurements performed in this work and
previous studies. All phase transition pressures measured at ambient conditions were
extrapolated using a Clapeyron slope of 0.008 GPa/K determined by Yamazaki et al.
(2014). The mantle geotherm was taken from Katsura (2022), and the cold and hot slab
profiles from Hirose (2006). The depth range at which the phase transition could take
place based on the measurements presented in this work, combined with temperatures
varying between a cold stab and mantle geotherm, are represented as a gray shaded area.
The pink shaded area shows the depth range at which the transition could take place if
the presence of Al and H is also considered. References corresponding to the short forms
are the same as in Fig. 3.
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5 Conclusion

A clear drop in shear wave velocity of ~6% was observed at 30 GPa and ambient tem-
perature in a pure SiO5 sample, corresponding to the phase transition from stishovite to
CaCly-type SiO,. The differential stress in the sample chamber calculated based on the
positions of the pressure medium in an X-ray diffraction spectrum at the phase transi-
tion is very low, and the observed transition pressure should therefore not be affected
by it. Brillouin spectroscopy has been shown to be a very robust method to observe a
ferroelastic phase transition, as it can be directly detected through a drop in shear wave
velocities. This result has important geophysical implications, as it suggests that the
phase transition can explain scatterers at shallower pressures than previously thought,
anywhere between 1000 and 1200 km, or possibly even lower if the sample would contain

A1205 or HQO
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Chapter 4

Optimizing Hydrous Mantle Endmembers

for Gibbs Free Energy Minimizations

This chapter represents a side-project that was worked on during the two last years of
this doctorate. Unfortunately, due to the many challenges faced in the work shown
in Chapter 2 and preparation of Chapter 3, very little time was left to work on this
project over the last year. Most of the time spent on this project involved figuring out
how to make the optimizations work that are detailed in this Chapter. The code that
was used for this was relatively recently developed by Dean Khan, and understanding
how it works and how it could be adjusted for my needs took a lot of time. Only a
few weeks ago was a final version of the code achieved that seems to be doing all the

optimizations correctly. For this reason it is still a work in progress.
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The presence of water in mantle phases is a topic that has thoroughly been in-
vestigated experimentally. Geophysical inversion models using Gibbs Free En-
ergy Minimizations to calculate phase assemblages do not include the effect of
water on phase stability fields and their physical properties however. Enough
experimental results on the solubility of water in mantle phases and its effect
on the elasticity of these phases is available to make an attempt at including
this data in future geophysical models. In order to achieve that, this work sug-
gests to establish hydrous endmembers in the Stixrude and Lithgow-Bertelloni
(2011) database that could be used in future models making use of the PerpleX
program (Connolly, 2005). Thermodynamic parameters for hydrous endmem-
bers of olivine (H4SiO4), pyroxene (HySiO3), garnet (Hi25i3012), wadsleyite
(H4Si04) and ringwoodite (H4SiO4) are calculated by using an optimization
algorithm developed by Khan et al. (2021), by using results from previous

experimental studies.
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1 Introduction

The rocky planets of our solar system are all thought to have incorporated a certain
amount of water into their interior during planet formation (Peslier et al., 2017). The
exact quantity present in planetary interiors has been the topic of many studies. In order
to determine it, two types of experiments are necessary. On the one hand, solubility
experiments have to be made on minerals thought to be present in planetary interiors at
relevant temperature and pressure conditions. On the other hand, experiments have to be
conducted that quantify the effect of water on the physical properties of these minerals.
Properties like the elasticity, anelasticity, and electrical conductivity of a mineral can
be measured and compared to direct geophysical observations of the planetary body of
interest.

The comparison of experimental and geophysical data is typically done through setting
up a geophysical model. Experimental results can be modeled forward in order to include
them in a more general model, and geophysical results have to be inverted in order to
come up with a planetary model (Khan, 2016). During such geophysical modeling proce-
dures, a Gibbs Free Energy Optimization program like PerpleX (Connolly, 2005) is often
utilized to determine a stable mineral assemblage and its corresponding thermodynamic
parameters at a given pressure, temperature and composition. The current thermody-
namic databases used within PerpleX (Stixrude and Lithgow-Bertelloni, 2011, 2022) do
not consider hydrogen and thus neglect the effect of hydrogen on mineral phases. It is
possible to model the effect of water on certain geophysical properties while using these
databases, but comes with the erroneous assumption that hydrogen would have no effect
on the stability fields of these minerals. To solve this problem, we propose to add hydrous

endmembers to the relevant mantle phases for Mars based on literature data.
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The presence of the InSight lander on Mars (Banerdt et al., 2013), which was equipped
with a seismometer, has allowed for the detection of numerous marsquakes (Clinton et al.,
2021). The investigation of body waves traveling through the Martian interior has opened
up the possibility to constrain its internal structure and composition (Durédn et al., 2022).
For example, based on S-wave reflections, the core-mantle boundary was found to be
located at a depth of 1520-1600 km (with the core having a radius of 1770-1890 km,
Stéhler et al., 2021). As a consequence, phases present in the Martian mantle essentially
represent the ones present in the Earth’s upper mantle and transition zone. These phases
are crystallographically equivalent to the ones present in the Earth’s mantle, but can have
a different composition. For example, a more iron-rich composition has to be considered
for Mars (McSween and Huss, 2010), due to the slightly higher iron content of the Martian
mantle (~13.7 wt% according to Khan et al., 2022). Also, the overall volatile content of
the Martian interior is thought to be higher than that of the Earth, although it might not
all be present in the mantle, with the core having been proposed to contain a relatively
large amount of volatiles due to its low density (Khan et al., 2022). Recently, the existence
of a ~150 km thick liquid silicate layer at the bottom of the Martian mantle has also been
proposed to exist (Khan et al., 2023), changing the core radius to ~1675 km.

Comparison of the measured seismic velocities in the Martian mantle with previous
experimental results on hydrous upper mantle and transition zone minerals would allow
for an estimation of the water content of the Martian mantle, which motivated the un-
dertaking of this work. Previous work by Dong et al. (2022) has also tried to calculate
Mars’ water content. They found that the Martian mantle’s water storage capacity is
quite high, but concluded that the lack of an efficient recycling mechanism of deep-water
most likely means that its actual water content would be much lower. This work instead

intends to make use of geophysical data to estimate the current water content of Mars’

116



mantle.

Methodology

Every endmember phase in the Stixrude and Lithgow-Bertelloni (2011) (hereafter STX11)
database is described by the thermodynamic parameters given in Table 1. These are the
parameters that are required to be optimized for hydrous phases. Further details on the

parameters can be found in Stixrude and Lithgow-Bertelloni (2005, 2010, 2011).

Table 1: Thermodynamic parameters for each endmember in
the database by Stixrude and Lithgow-Bertelloni (2011).

Parameter Unit Meaning
GO J/mol Helmholtz free energy
SO unitless Number of cations
VO  cm?®/mol Volume at ambient conditions
cl bar Isothermal bulk modulus
c2 unitless First derivative of isothermal bulk modulus
c3 K Debye temperature at ambient conditions.
c4 unitless o or V(OP/OU)y.
ch unitless qo or Olny/0lnV with v = c4
c6 unitless Shear strain derivative of v or c4
m0 bar  Shear modulus at ambient conditions, Gg
ml unitless First pressure derivative of Gg, Gg’

Short forms: V—volume, P—pressure, and U—internal energy.

1.1 Initial guess for hydrous endmembers

In order to make an initial guess as to what the parameters in Table 1 could be for hydrous
mantle phases, the database by Holland and Powell (2011) (hereafter HP11) was used.
That database is generally used for Gibbs Free Energy minimizations in the Earth’s crust,
and therefore contains some hydrous phases. These were used to make an initial guess of
what the thermodynamic parameters for hydrous clinoenstatite (hycen), hydrous garnet

(hgrt), hydrous olivine (hfo), hydrous wadsleyite (hwd) and hydrous ringwoodite (hrw)
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would be. This was done through the following chemical reactions:

H4Si04(hfo) = MgsSiOy4(fo) + 2Mg(OH),(br) — 4MgO(per)

H4Si04(hwd) = Mg»SiO,(wd) + 2Mg(OH),(br) — 4MgO(per)

H4Si04(hrw) = MgsSiOq (rw) + 2Mg(OH)a(br) — 4MgO(per)
H,Si,06(hycen) = MgySisOg(cen) + 2Mg(OH)o(br) — AMgO(per)

H;2Si3015(hgrt) = Mgs(Mg, Si)SizO12(myj) + Mg(OH)s(br) — 10MgO(per) — SiOq(st)

Thermodynamic parameters for clinoenstatite (cen), majorite (mj), forsterite (fo), Mg-
wadsleyite (wd), ringwoodite (rw), brucite (br, Mg(OH),), periclase (per, MgO), and
stishovite (st, SiO;) endmembers are all available in Holland and Powell (2011). Param-
eters defined for the same endmembers in the Holland and Powell (2011) database are
distinct from the ones used in the STX11 database represented in Table 1. To translate
parameters between databases, the optimization algorithm by Khan et al. (2021) was
applied.

The Khan et al. (2021) algorithm was made to optimize thermodynamic parameters
based on experimental data through Bayesian inference. A Maximum Likelihood Esti-
mate is calculated for every parameter by performing Least Squares Minimizations on the
experimental data and its uncertainties. Firstly, Simulated Annealing is performed to find
a global minimum in the dataset. Then, a Nelder-Mead Algorithm is applied to further
explore local minima around that global minimum and come up with the best solutions.
The algorithm could therefore be used to optimize the thermodynamic parameters for the
relevant endmembers in the STX11 database, according to how much the according dry
and newly created hydrous endmembers in the HP11 database differ. The result of this
first optimization represents the ‘first guess’ of the thermodynamic parameters of hydrous

olivine, wadsleyite, ringwoodite, enstatite and garnet in the adjusted STX11 database.
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Without having to go too much into detail, a practical example to better understand
the optimization process would be the following: An algorithm asks PerpleX to calculate
the heat capacity of dry and hydrous wadsleyite at 13 GPa and 1200 K, based on the
already existing dry endmember and newly created hydrous endmember parameters in
HP11. The difference between these two is then used in the algorithm to ‘optimize’
the dry thermodynamic parameters of wadsleyite in the STX11 database and thereby

transform them to create a hydrous endmember.

1.2 Optimizing the hydrous endmembers according to experimental data

Now that an initial guess for the thermodynamic parameters in Table 1 exists for all rel-
evant hydrous endmembers in the STX11 database, these can further be optimized based
on experimental data of these phases. This is done by optimizing all the thermodynamic
parameters based on equilibrium experiments on the water solubility in mantle phases.
Then, cl1, ¢2, m0 & ml are further optimized based on previous work studying the effect

of water on the elasticity of these phases.
1.2.1 Optimizations based on equilibrium experiments

A thorough investigation of the literature was made to find all possible studies reporting
measured water contents in mantle phases. This study focuses on the mantle of Mars,
so only minerals that occur in the Earth’s upper mantle and transition zone are consid-
ered. These are: olivine, pyroxene, garnet, wadsleyite and ringwoodite. A summary of
the literature studies utilized for this purpose is given in Table 2. Most of the studies
summarized in the table performed multiple experiments within the given pressure and
temperature ranges, resulting in a range of water contents.

After all the literature data had been compiled, the algorithm from Khan et al. (2021)

optimizes all thermodynamic parameters by comparing the water content calculated in
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PerpleX at the same pressure and temperature conditions based on the already existing
hydrous endmember, to the reported experimental result. Initially the existing hydrous
endmember corresponds to the ‘first guess’ calculated in Section 1.1, but this changes as
optimizations proceed.

A big assumption about all the experiments listed in Table 2, is that their measured
water contents are representative of equilibrium conditions. A sample is in equilibrium
when it has the time to chemically and thermally equilibrate with the coexisting mineral
phases or melt during the experiment. Researchers aim to achieve such conditions, but
it is impossible to verify whether or not equilibrium was always reached. It is therefore
important to combine data from as many sources as possible to even out any outliers that
could be caused by non-equilibrium conditions.

Table 2: Equilibrium studies examining the solubility of
water in mantle minerals

Reference Pressure(GPa) Temperature (K) H,0O wt.%
Experiments on hydrous olivine

Kohlstedt et al. (1996) 2.13 1273-1373 0.01-0.15
Chen et al. (2002) 13-15 1473 0.20-3.5

Litasov and Ohtani (2003) 10-24 1173-1673 0.29-0.80
Zhao et al. (2004) 0.3 1273-1573 0.01-0.16
Mosenfelder et al. (2006) 2-12 1273-1573 0.03-0.64
Smyth et al. (2006) 12 1523-1873 0.10-0.89
Withers and Hirschmann (2007) 713 1373-1573 0.07-0.43
Litasov et al. (2007) 12.5 -14 1373-2273 0.02-0.62
Withers and Hirschmann (2008) 8 1673-1873 0.03-0.15
Bali et al. (2008) 2.5-9 1273-1673 0.01-0.20
Litasov et al. (2009) 8-14 15732273 0.10-0.54
Tenner et al. (2009) 3-5 1623-1713 0.09-0.11
Withers et al. (2011) 3 1473-1773 0.01-0.08
Tenner et al. (2012) 10-12 1623-1723 0.03-0.09
Ardia et al. (2012) 5-8 16731773 0.01-0.02

continued
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Table 2: Equilibrium studies examining the solubility of

water in mantle minerals

Reference Pressure(GPa) Temperature (K) H,0 wt.%
Fei and Katsura (2020) 8 1523 0.05-0.30
Partitioning experiments between olivine and pyroxene
Withers and Hirschmann (2007) 7-13 1473 - 1673 0.08 - 1.87 (ol)
0.09 - 0.67 (px)
Withers and Hirschmann (2008) 8 1673 0.07 - 0.08 (ol)
0.09 - 0.12 (px)
Withers et al. (2011) 5-9 1473 0.05 - 0.13 (ol)
0.04 - 0.08 (px)
Férot and Bolfan-Casanova (2012) 25-9 1448 - 1673 0.01 - 0.47 (ol)
0.01 - 0.79 (px)
Tenner et al. (2012) 10 - 13 1623 - 1723 0.00 - 0.12 (ol)
0.01 - 0.79 (px)
Sakurai et al. (2014) 1.5-6 15731723 <0.01 (ol)
<0.01-0.03 (px)
Kang and Karato (2023) 3-5 1373-1573 0.03-0.09 (ol)
0.04-0.13 (px)
Experiments on hydrous pyroxene
Rauch and Keppler (2002) 7.5 1373 0.09
Mierdel et al. (2007) 1.5-3.5 1073-1373 0.1-0.7
Liu and Yang (2020) 0.2-3 1073-1473 <0.01-0.03
Partitioning experiments between olivine and wadsleyite
Kohlstedt et al. (1996) 14 - 15 1373 2.13-241
Chen et al. (2002) 13-14.4 1473 0.37 - 0.64 (ol)
1.90 - 3.40 (wd)
Litasov et al. (2006) 12.5 - 14 1473 - 1773 0.14 - 0.18 (ol)
0.67 - 1.77 (wd)
Experiments on hydrous wadsleyite
Kohlstedt et al. (1996) 19.5 1373 0.20 - 2.62
Kawamoto et al. (1996) 13.5-16.5 1573 - 1773 1.52 - 2.89
Smyth et al. (1997) 17.5 1673 2.24
Bolfan-Casanova et al. (2000) 15 1573 0.22
Demouchy et al. (2005) 15 1173 - 1673 0.93-2.6
continued
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Table 2: Equilibrium studies examining the solubility of

water in mantle minerals

Reference Pressure(GPa) Temperature (K) H,0 wt.%
Jacobsen et al. (2005) 16 - 18 1673 - 2373 0.01 - 1.06
Litasov and Ohtani (2008) 12 - 20 1473 - 2273 0.07 - 2.12
Litasov et al. (2011) 14 - 20 1473 - 2173 0.22 - 2.07
Sun et al. (2018) 16 1923 0.95
Bolfan-Casanova et al. (2018) 15-19 1473 - 1923 0.16 - 3.11
Druzhbin et al. (2021) 17 1673 0.61 - 1.25
Fei and Katsura (2021) 17.5-20 1500 - 2100 0.58 - 2.42
Partitioning experiments between wadsleyite and ringwoodite
Kawamoto et al. (1996) 15.5 1573 1 83 (wd)
1 (w)
Inoue et al. (2010) 16.5 - 17 1673 1. 79 3 72 (wd)
1.00 - 1.69 (rw)
Experiments on hydrous ringwoodite
Inoue et al. (1995) 15.5 1473 - 1573 1.10 - 3.107
Bolfan-Casanova et al. (2000) 19 1200 - 1300 0.06 - 0.78
Ohtani et al. (2000) 20 - 23 1573 - 1723 0.20 - 2.60
Smyth et al. (2003) 18 - 22 1673 - 1773 0.20 - 1.07
Bolfan-Casanova et al. (2003) 24 1673 0.14*
Bolfan-Casanova et al. (2018) 19 - 22 1573 - 1973 0.02 - 1.83
Fei and Katsura (2020) 23 1600 - 2000 0.25 - 2.03
Experiments on hydrous garnet
Geiger et al. (1991) 2-5 1073-1273 0.02-0.07
Lu and Keppler (1997) 1.5-10 1073- 1273 <0.01-0.02
Withers et al. (1998) 2-8 1273 0.01-0.10
Bolfan-Casanova et al. (2000) 17.5 1773 0.07
Tenner et al. (2009) 5 1713 0.01-0.03
Mookherjee and Karato (2010) 5-9 1373- 1473 <0.01-0.06
Zhang et al. (2022) 1-3 1073- 1273 <0.01

" coexisting with dry bridgmanite and ferropericlase.

! coexisting with hydrous enstatite.
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Table 3: Experimental works on the elasticity of hydrous mantle minerals

Reference Pressure(GPa) Temperature (K)
hydrous olivine
Abramson et al. (1997) 8-12 298
Jacobsen et al. (2008) 12 1323
Mao et al. (2010) 0-14 298
Faccincani et al. (2023) 1.5-10 298
hydrous wadsleyite
Mao et al. (2008) 1-12 298
Mao et al. (2011) 0-24 2081773
Buchen et al. (2018) 1-24 298-1773
Zhou et al. (2021) 0-19 298
hydrous ringwoodite
Inoue et al. (1998) 19 1573
Wang et al. (2003) 0 298
Jacobsen et al. (2004) 0 298
Wang et al. (2006) 2-23 208
Jacobsen and Smyth (2006) 0-9 300
Mao et al. (2012) 0-16 300-673
Schulze et al. (2018) 1-22 298-500

1.2.2  Optimizations based on elasticity experiments

Another examination of the literature was undertaken to find all possible studies reporting
an effect of water on the elasticity of the relevant mantle phases. The elasticity experi-
ments used for the optimization of hydrous olivine, wadsleyite and ringwoodite is given in
Table 3. The cl, ¢2, m0 & m1 parameters of the hydrous phases were further optimized
based on the tabulated data, since they affect the elasticity of the material. Due to the
lack of elasticity data on hydrous pyroxenes and hydrous garnets, this extra optimization
of c1, ¢2, m0 & m1 was not performed for those two phases.

The elasticity experiments from the studies listed in Table 3 are often performed on
single mineral, measuring shear (Vg) or pressure (Vp) wave velocities over pressure and

temperature ranges in which the mineral in question might be partly metastable. They
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thus often do not represent equilibrium experiments. This is why they could not be
included in Table 2. This is also the reason that optimizations of c¢1, c1, m0 & m1 based
on these results had to be run for every phase individually. The optimizations are done
by asking PerpleX to calculate Vg or Vp based on the already existing parameters of the
hydrous phase. These parameters are then optimized based on the difference between the

calculated and the experimental acoustic velocities.

Preliminary results

An overview of the currently optimized thermodynamic parameters for the hydrous end-
members is given in Table 4. These results are preliminary and their validity still has to
be evaluated. Some optimizations also have to be rerun since some changes to the Khan
et al. (2021) algorithm were made. No conclusion regarding Mars’ mantle water content
can yet be drawn based on the available results.

Issues encountered so far with the method presented here are the following. Firstly,
there is often a very large variation in the results of relatively few experimental studies,
that sometimes even contradict each other, making the initial Simulated Annealing step
in the modeling procedure difficult. A global minimum can be hard to find, and the
algorithm has to sometimes be run several times before a consistent result can be achieved.
It might be that eventually, due to poor quality of the data, the Bayesian approach will be
replaced by a simple Least-Squares regression. Secondly, many equilibrium experiments
contain some amount of melt in the resulting mineral phases. This might be a source
of error, as it is hard to determine what the thermodynamic parameters of such a phase
would be, and because it might contain a significant amount of water (which is often not
reported). Its presence could therefore skew water contents to lower values in the mineral

phases. Some of the patterns observed in Table 4 reflect the issues highlighted above.
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For example, it is quite well-agreed upon that upon hydration a mineral’s bulk and shear
modulus decrease, while their first derivatives increase. Even though, the bulk modulus
seems to behave accordingly after the equilibrium optimizations, the shear modulus of
wadsleyite, ringwoodite and garnet displays opposite behavior. Performing the elasticity
optimizations subsequently fixes some of that behavior, but not entirely.

Most error seems to arise from the equilibrium optimizations, which is why future
optimizations will be performed excluding all results containing melts to try to determine
its effect on them, even if very few equilibrium studies remain that do not contain any
melt fraction. The optimization based on elasticity measurements of hydrous minerals
will done before the equilibrium optimizations in the future, as they seem to behave more
accordingly to what is expected.

The paucity of previous studies of a similar nature makes the comparison of these
preliminary results difficult. Thio et al. (2016) developed a method to estimate the effect
of water in a mantle assemblage on observed geophysical signals. For this, they also
compiled results from experimental studies on olivine, wadsleyite and ringwoodite, to
constrain the effect of a certain amount of water on their thermodynamic parameters.
Then, they performed numerical experiments on a CFMAS composition using Perple X
and adjusted the resulting parameters by extrapolating the previously determined effect
of water at ambient conditions. Based on these, conclusions are drawn regarding the
effect of water on phase boundaries and seismic properties of mantle phases. Unlike the
method presented here, HyO is not actually added to the thermodynamic database from
Stixrude and Lithgow-Bertelloni (2011), and the thermodynamic parameters for hydrous
endmembers used are not reported, making a direct comparison between both methods
difficult. Moreover, the effect of water in pyroxene and garnet is deemed insignificant

in Thio et al. (2016), even though many experimental studies have demonstrated that
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pyroxene would be a more important water carrier than olivine in the Earth’s upper

mantle, with partition coefficients generally in favor of pyroxene (see Table 2).
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Chapter 5

Conclusions

The presence and distribution of water in the Earth’s interior was introduced in
Chapter 1. The origins for water in the Earth’s interior, and its effect on various
physical properties were discussed. Distinct substitutions mechanisms were highlighted,
which helped to better understand the variations in solubility between different mantle

phases.

In Chapter 2, Brillouin scattering spectroscopy measurements were presented as clear
evidence to confirm the presence of H in the crystal lattice of bridgmanite. The effect
of water on the elasticity was isolated using the combination of finite strain fitting and
comparison to previous studies on pure and Al-bearing bridgmanite (Murakami et al.,
2012, 2007). Based the comparison of these results to geophysical reference models, an
insignificant amount of water is expected to be present in the lower mantle. The use of
Atom Probe Tomography in this work has been shown to be very useful to determine

water contents and investigate its presence in silicate crystal lattices.

In Chapter 3, the phase transition from stishovite to CaCls-type SiO2 was experi-
mentally investigated. The transition pressure was determined to be ~30 GPa with
Brillouin scattering spectroscopy. This method was found to be very robust, as it
directly detected the elastic softening that happens as the crystal lattice transforms
from a tetragonal to an orthorhombic configuration. The differential stress in the

sample chamber were calculated to be smaller than 1 GPa, and is thus not expected to
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significantly influence the transition pressure.

In Chapter 4, an algorithm was used to optimize thermodynamic parameters of hydrous
endmembers for all relevant mantle phases present in Mars’ mantle, based on available
experimental data. Performing such optimizations of geophysical databases based on
experimental data, is needed to bring geophysical modeling studies closer to laboratory
observations. The interior of Mars is expected to contain the same mineral phases
as the Earth’s upper mantle and transition zone, even if their exact composition is
likely to be different. Findings about the solubility of water in the Earth’s mantle
phases, and its effect on their elastic properties are therefore also valid for other rocky
planetary interiors in which the same phases are expected, like Mars, Venus, Mercury

or even rocky exoplanets.

5.1 Future work

The frequent crystallization of an accessory amount of superhydrous phase B during
multianvil synthesis of hydrous bridgmanite complicates the quantification of water.
In-situ synthesis of hydrous bridgmanite in a LHDAC, as was recently achieved by Yang
et al. (2023), combined with in-situ Infrared Analysis at a Synchrotron source could be
a robust enough method to bypass the formation of superhydrous phase B. This way
water contents could unambiguously be assigned to bridgmanite and, as a consequence,
to the lower mantle. Experimental data on the effect of H on the bulk modulus and its
first pressure derivative for hydrous bridgmanite is still outstanding. The same sample
used in this work could be measured by Broadband Impulsive Vibrational Spectroscopy
to measure pressure wave velocities in a DAC. Moreover, the sample could also be
used to perform electrical conductivity measurements. Comparison to geophysical
electromagnetic sounding data would allow to reassess the water content of the lower
mantle, and whether the conclusions drawn based on the comparison to PREM can be
validated. Lastly, determining the exact site occupancy of hydrogen in bridgmanite

would be highly valuable information to understand its incorporation mechanism and



5.1. Future work

allow for more accurate thermodynamic modeling of this phase. This could be achieved

by performing Elastic Neutron Scattering measurements at a synchrotron facility.

To test the reproducibility of the stishovite softening observed at 30 GPa, another set
of Brillouin measurements could be performed between 20 and 50 GPa using the same
sample and a Ne pressure medium. It would also be interesting to test whether the
elastic softening also happens when measuring pressure wave velocities. Theoretically,
there would be no reason to assume it does not, but it would be valuable to know how
intense the drop is to better constrain the interpretation of geophysical observations.
Lastly, using Brillouin measurements to further constrain the effect of Al and H on the
phase transition would be insightful. For this, stishovite samples containing either Al

and H should be measured separately first, before using an Al-H-stishovite.

Once final results on the thermodynamic parameters for all the hydrous mantle end-
members are obtained, their effect on geophysical inversions of the mantle of Mars
should be tested. Furthermore, once more experimental studies on water solubility in
lower mantle mineral phases will be available, hydrous endmembers for these phases
can be created. This would allow for a more robust assessment of the water content
in the Earth’s lower mantle, which is not singly reliant on a comparison to PREM
(Chapt. 2), and where local deviations from the bulk lower mantle water contents could

be considered.
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