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Abstract

Microstructures in mantle rocks impact the way seismic waves travel through the Earth
and are dependent on the pressure, temperature, and deformation applied to the rock. At
approximately 660 km depth, an increase in seismic wave velocities mark a distinct bound-
ary that separates the upper and lower mantle. Another boundary is found at approxi-
mately 2700 km depth and marks the beginning of the D” layer. Furthermore, observations
of seismic anisotropy at these discontinuities have been made. These boundaries are largely
believed to be related to phase transitions from ringwoodite [(Mg,Fe)2SiOy4, space group
Fd3m] to bridgmanite [(Mg,Fe)SiO3, space group Pbnm]| to post-perovskite [(Mg,Fe)SiOsg,
space group C'mem]. In order to make interpretations of these seismic observations, how-
ever, a sound understanding of what generates these microstructures is required.

Here, we approach this problem through high pressure and high temperature experi-
ments. We identify microstructures in polycrysalline mantle minerals resulting from in-situ
transformation and deformation using radial and multigrain X-ray diffraction in the dia-
mond anvil cell. In the first study we transform a bridgmanite analogue, NaCoFs, from
a perovskite to post-perovskite structure. The following two studies investigate the trans-
formation of an average mantle composition, pyrolite, at conditions relevant to the 660 km
discontinuity and further deformation at pressures and temperatures corresponding to
depths between 500 and 2400 km. In the final study, we test an aluminum rich ’pyrolite’
composition (pyrolite minus olivine) in order to compare transformation and deformation
microstructures to those observed in experiments on pure pyrolite.

Results from radial diffraction experiments show the transformation from perovskite
to post-perovskite in NaCoF3 are reconstructive in nature and for which we identify the
orientation relationships. Major takeaways from the multigrain X-ray diffraction experi-
ments are as follows: i) the decomposition from (ringwoodite + garnet) to (bridgmanite
+ davemaoite + ferropericlase) result in non-reconstructive 001 transformation textures
in bridgmanite, 101 and 111 textures in davemaoite, and no preferred orientation in fer-
ropericlase. ii) With further deformation, bridgmanite changes to 100 and 010 orientations
with no change in either davemaoite or ferropericlase. iii) Textures in bridgmanite and

davemaoite in pyrolite minus olivine are similar to those observed in our experiments on



pure pyrolite.

Finally, we use the results of these experiments to build a model for S and P-wave seis-
mic anisotropy within a subducting slab and the surrounding mantle for multiple scenarios
and compare our results to those of the literature. This interplay between experiments and
seismic models are important in order to provide constraints on deformation, dynamics,

and history of the Earth’s interior.



Résumé

Les microstructures des roches du manteau affectent la propagation des ondes sismiques
dans la Terre. Elles dépendent de la pression, de la température et de la déformation
appliquées a la roche. A environ 660 km de profondeur, un saut de vitesses des ondes
sismiques marque la frontiere qui sépare le manteau supérieur du manteau inférieur. Une
autre frontiere se trouve a environ 2 700 km de profondeur et marque le début de la
couche D”. Ces frontieres sont communément associées a des transformations de phase
de la ringwoodite [(Mg,Fe)2SiOy4, groupe d’espace F'd3m]| & la bridgmanite [(Mg,Fe)SiOsg,
groupe d’espace Pbnm| puis la post-perovskite [(Mg,Fe)SiO3, groupe d’espace C'mcm)].
Cependant, une bonne compréhension de ce qui génere les microstructures associées a la
déformation ou les transformations de phase est nécessaire pour interpréter les observations
sismiques et les associer aux processus dynamiques dans le manteau.

Ici, nous abordons cette question par le biais d’expériences a haute pression et a
haute température en cellule & enclume de diamant. Nous identifions des microstruc-
tures résultant de transformations de phase ou de déformation dans des matériaux poly-
cristallins pertinent pour le manteau, in situ, a ’aide de la diffraction des rayons X radiale
ou multi-grains. Dans la premiére étude, nous transformons un analogue de bridgman-
ite, NaCoF3, d’une structure pérovskite a une structure post-pérovskite. Les deux études
suivantes se concentrent sur la transformation d’une composition moyenne du manteau, la
pyrolite, dans des conditions pertinentes pour la discontinuité a 660 km et une déformation
supplémentaire a des pressions et des températures correspondant & des profondeurs com-
prises entre 500 et 2400 km. Dans le dernier chapitre, nous testons une composition
'pyrolite’ riche en aluminium (pyrolite-minus-olivine) afin de comparer les microstructures
de transformation et de déformation a celles observées expérimentalement sur la pyrolite
pure.

Les résultats d’expériences de diffraction radiale montrent que la transformation de
pérovskite en post-pérovskite dans NaCoF'3 est de nature reconstructive et nous identifions
les relations d’orientation qui entrent en jeu. Les principales conclusions des expériences
de diffraction des rayons X multigrains sont les suivantes : i) la décomposition de (ring-

woodite + grenat) en (bridgmanite + davemaoite + ferropériclase) donne des textures



de transformation non reconstructives 001 dans la bridgmanite, 101 et 111 dans la dave-
maoite, et aucune orientation préférentielle dans la ferro-périclase. ii) Avec une déformation
supplémentaire, la bridgmanite passe a des orientations de type 100 puis 010 sans change-
ment de texture observé, ni dans la davemaoite, ni dans la ferro-périclase. iii) Les textures
de la bridgmanite et de la davemaoite dans la composition pyrolite-minus-olivine sont
similaires a celles observées dans nos expériences sur la pyrolite pure.

Enfin, nous utilisons les résultats de ces expériences pour construire un modele d’anisotropie
sismique des ondes S et P dans une plaque en subduction et dans le manteau environnant
pour plusieurs scénarios et comparons nos résultats a ceux de la littérature. Cette com-
binaison entre les expériences et les modeles sismiques est importante pour fournir des

contraintes sur la déformation, la dynamique et ’histoire de I'intérieur de la Terre.
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Plain Language Summary

The Earth’s interior has been gradually cooling through heat exchange from the core
to the surface, which leads to many of the physical processes observed on the surface
of the planet including plate tectonics and the underlying mantle convection. Seismic
observations provide a mean to observe structures within the Earth’s interior through
features such as anisotropy or the detection of boundaries through changes in wave velocity.
At the rock scale, seismic waves are sensitive to microstructures (i.e. grain size, shape, and
orientation) created by ongoing deformation or mineralogical transformations. Here, we
implement experimental transformation and deformation experiments at the conditions of
the upper and lower mantle on rocks in a pyrolitic composition. We quantify how these
microstructures are developed and the deformation mechanisms that may be active in
dominant mantle minerals such as bridgmanite, providing an avenue to constrain mantle

processes from observations.

Résumé grand public

L’intérieur de la Terre se refroidit gace aux échanges de chaleur du noyau vers la
surface, ce qui se manifeste par des processus tels que la tectonique des plaques et la
convection sous-jacente du manteau. Les observations sismiques (vitesses de propagation
d’onde, anisotropie, ou discontinuités de vitesses) permettent de sonder les structures a
I'intérieur de la Terre. A I’échelle de la roche, les ondes sismiques sont sensibles aux mi-
crostructures (la taille, la forme et l'orientation des grains) générées par la déformation ou
les transformations minéralogiques. Ici, nous utilisons des expériences de transformation
et de déformation aux conditions de pression et température du manteau sur une compo-
sition pyrolitique. Nous quantifions la facon dont ces microstructures se développent et les
mécanismes de déformation sous-jacents dans des minéraux tels que la bridgmanite, four-
nissant ainsi les données nécessaires pour contraindre les processus mantelliques a partir

des observations.
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General Introduction

Dynamic processes within the Earth’s mantle are responsible for much of the geologic
activity we can observe on the surface including plate tectonics, earthquakes, volcanoes, or
the magnetic field. These surface processes have been attributed to the transportation of
heat and material within the mantle or core through convective processes. The mechanisms
that drive this phenomena, however, are poorly understood, motivating geoscientists to

probe for answers about the structure and composition of the Earth’s interior.

One of the most effective methods to probe the interior is by using seismic wave propaga-
tion, as direct observations are limited. Seismologists have successfully used seismic waves
to effectively map the Earth’s interior, through observations of wave velocity changes,
which mark layered boundaries, referred to as discontinuities. Although these boundaries
are not seen everywhere, velocity variations within the mantle have been documented at
410, 520, and 660 km depth and linked to compositional and structural variations. In the
case of the 660 km discontinuity (’660’), changes in seismic velocity are attributed to a

phase transformation of ringwoodite ((Mg,Fe)2SiO4) to bridgmanite ((Mg,Fe)SiO3).

Reports of seismic anisotropy, the directional dependence of velocity on propagating
waves, in the upper mantle are commonplace and are often attributed to preferred ori-
entation, or texture, of olivine due to plastic deformation. Within the mantle transition
zone and lower mantle, however, observations of anisotropy are not made everywhere and
their cause is largely debated. An understanding of microstructures generated by phase
transformation and deformation in bridgmanite (the most abundant mineral in the Earth’s
mantle) is necessary in order to interpret seismic anisotropy. This is why mineral physi-
cists use experimental tools in order to investigate mineralogical microstructures at high
pressures and temperatures, quantify their impact on mantle flow processes, and provide

constraints on deformation within the mantle.

13



To accomplish this, we rely on modern experimental techniques to recreate the con-
ditions of the mantle transition zone and lower mantle while tracking the development
and evolution of these microstructures in-situ. In this work we implement a high pressure
device paired with a X-ray source to actively monitor the onset of transformation and de-
formation of a pyrolitic material in a controlled environment. We aim to characterize the
resulting microstructures, whether caused by transformation or deformation, and deter-
mine the specific mechanisms responsible for observed seismic anisotropy below the mantle
transition zone. The resulting experimental microstructures are then used to model seismic

anisotropy and compared to real world measurements.

In the first chapter of this thesis I discuss the different layers of the Earth’s interior.
Dynamic processes within the mantle will also be discussed, along with seismological obser-
vations and their microscopic origins. This will also include a review of experimental and
numerical techniques used to investigate the sources of these microstructures within man-
tle materials. The second chapter will cover the methods used complete the experiments
and data processing. Starting with an overview of our high pressure experiments, how
the data was collected, and different X-ray diffraction techniques; then briefly discussing
data processing tools used to interpret our results. Chapter 3 will present a published
study on the perovskite analogue NaCoF3 which covers the deformation, transformation
to post-perovskite, and resulting textures of NaCoF3 using radial diffraction techniques in
the diamond anvil cell. Chapter 4 details the transformation microstructures induced in
pyrolite at conditions of the 660 km discontinuity using multigrain X-ray diffraction tech-
niques. Seismic anisotropy is also calculated, using these experimental results, before and
after transformation while presenting simple scenarios based on our predicted amplitudes
and those of other geodynamic models presented in literature. Chapter 5 builds on the
experiments performed in Chapter 4 by investigating further deformation of three pyrolitic
samples after transformation and the resulting textures generated by plastic deformation.
This includes a discussion and comparison of deformation mechanisms responsible for the
observed textures. A mantle convection model is also presented, using our texture results,
that predicts seismic anisotropy below ’660’ to depths of 2400 km. Chapter 6 presents

transformation texture results from multigrain X-ray diffraction experiments on two py-

14



rolite minus olivine compositions, meant to represent an extreme case and highlight the
impact aluminum has on the phase transformations and deformation of bridgmanite. Fi-
nally, this thesis will conclude with general implications of this research on the field of

geophysics.
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Chapter 1

Mineral Microstructures and Their
Impact on Mantle Dynamics

1.1 The Interior of the Earth

1.1.1 Layers of the Earth

The Earth’s interior, on a rudimentary level, can be divided into 4 concentric layers: the
crust, mantle, inner core, and outer core. Although direct sampling can be made within
the crustal and uppermost portions of the mantle (through exhumation from volcanic
vents), investigation of the deeper interior requires indirect measurements from seismic
tomography. Seismic waves are used to determine physical properties of the materials it
interacts with. Two commonly used elastic body waves that can measure the physical
properties of the deep earth are primary/pressure waves (P-wave) and secondary/shear
waves (S-waves). P-waves are compressional waves that can be transmitted through solids,
liquids, or gas and have polarization parallel to the direction of propagation. They are
the fastest traveling body waves and hence are the first to reach the seismic receiver.
Secondary waves, on the other hand, can only be transmitted through solids or liquids
with high viscosity, and have polarization directions that are orthogonal to propagation.
These waves arrive at seismic receivers after P-waves as they travel more slowly through
solids.

Physical properties such as density and elastic properties impact the velocity of prop-

agating P and S waves, which can be represented as:

[4u/3 + K
Vp = M/p—i— and Vg = \/g (1.1)

17



where Vp is the P-wave velocity, Vg is the S-wave velocity, and p, K, and p are the
shear modulus, bulk modulus, and density of the material, respectively. The PREM (Pre-
liminary Reference Earth Model), proposed by Dziewonski and Anderson [1981], was one
of the first seismological models constructed using Vp and Vg variations in order to calcu-
late the average radial physical properties of the Earth (Figure 1.1). Increases in seismic
wave velocities mark changes in the elastic properties or density of the material they pass

through, allowing for the identification of layers within the Earth.
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Figure 1.1: Average seismic velocity and density profile of Vp, Vg, and p modified
from Dziewonski and Anderson [1981] to clearly show seismic boundary layers.

These layers interact with one another through the exchange of heat and material
(Figure 1.2). The inner core is composed of solid iron-nickel alloy, while the outer core
is in the liquid state. The mantle is composed of slowly moving ductile rock and acts
as the conduit for which heat efficiently escapes to the surface. Cold material, such as
subducting oceanic slabs, are drawn down into the mantle where it is eventually recycled,
while hot material from the outer core rises via magma plumes. This process is responsible
for what is known as mantle convection and manifests in the more brittle crustal and upper
mantle layers as observable geologic surface processes such as plate tectonics, earthquakes,
volcanoes, tsunamis etc.

The interaction of Earth’s layers are complex however, and in the case of the mantle
not homogeneous. Seismic boundaries, or discontinuities, can be clearly seen from seismic

tomography data and further divide the mantle into a upper and lower parts (Figure 1.2),
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Figure 1.2: Seismic tomography profile of the upper and lower mantle and associated
structures from Garnero and McNamara [2008].

which are separated by the mantle transition zone (MTZ). The upper mantle extends to a
depth of 410 km, followed by the MTZ which exists down to 660 km, and then the lower
mantle which reaches a depth of approximately 2900 km. The chemical composition be-
tween these boundaries does not vary however, so marked increases of wave velocities are
attributed to structural changes within the mineralogy in the form of phase transforma-
tions, which are a result of the pressures and temperatures they are subjected to [Birch,

1952].

1.1.2 Mineralogy of Pyrolite

A model composition of the mantle, called pyrolite, was proposed by Ringwood [1962a],
consisting of 1 part basalt and 4 parts dunite. Although pyrolite is a theoretical com-
position, the primitive material is defined by fractional melting of basaltic magma and
residual dunite or peridotite [Ringwood, 1962a]. Additionally, the properties of a pyrolitic
material match well with what is observed in seismic velocity and density data within
the transition zone [Weidner, 1985, Ita and Stixrude, 1992]. Mineral assemblages and the
expected transformation conditions at temperature and pressure were first provided by
Ringwood [1991], although improved phase diagrams have been constructed more recently
using experimental multianvil data [Ishii et al., 2018] (Figure 1.3).

The composition of pyrolite varies at three observable seismic discontinuities within the
mantle. Immediately above the first major discontinuity at 410 km depth, pyrolite is com-
posed of approximately 60% olivine, 20% pyroxenes, and 20% garnet by volume [Ringwood,

1991]. Beyond this depth, however, a polymorphic transformation of olivine (Mg,Fe)2SiO4
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Figure 1.3: Phase diagram of pyrolite in the MTZ as a function of pressure and
temperature from Ishii et al. [2018]. Acronyms in figure are as follows: olivine
(O1), garnet (Gt), clinopyroxene (Cpx), wadsleyite (Wd), magnesiowiistite (Mw),
ringwoodite (Rw) calcium perovskite (Cpv), bridgmanite (Bm).

to wadsleyite occurs, which marks the beginning of the MTZ. An intermediate discontinuity
exists at 520 km depth and is characterized by another polymorphic transformation, where
wadsleyite transitions to ringwoodite and pyroxene phases dissociates to form garnet. Be-
yond this boundary a final polymorphic transformation of wadsleyite to ringwoodite occurs
and the mineralogy of pyrolite becomes approximately 60% ringwoodite and 40% garnet
[Ringwood, 1991]. The final major discontinuity exists at 660 km depth and marks the
end of the MTZ or the beginning of the lower mantle. Here, ringwoodite disassociates to
form bridgmanite (Mg,Fe)SiO3 and ferropericlase (Mg,Fe)Os with the presence davemaoite
CaSiO3. At these depths pyrolite is composed of 80% bridgmanite, 15% ferropericlase, and
5% davemaoite [Ringwood, 1991]. This composition remains homogeneous to a depth of
approximately 2600 km (Figure 1.4), which marks the base of the mantle and the beginning
of a 200 km thick boundary known as the D”, which separates the mantle from the outer

core.
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Figure 1.4: Composition of pyrolite as a function of depth (km) and pressure (GPa)
down to the core mantle boundary from Lin et al. [2013].

1.2 Mantle Dynamics

1.2.1 Mantle Convection

Slab subduction is a major driving mechanism of plate tectonics as cold slabs sink into
the Earth’s mantle and interact with the hotter surrounding material. Subducting slabs
are more dense than the surrounding mantle and might eventually reach the core mantle
boundary (CMB) [van Der Hilst et al., 1997]. It is believed that these slabs end up piling
near the CMB and result in the upwelling of hot mantle plumes [Garnero et al., 2016]
(Figure 1.5). It is the exchange of heat from the interior to the surface of the Earth
that drives mantle convection, with subduction controlling the downward component of
movement and plumes the rising component. Plumes, like oceanic slabs, can also be
detected using seismic waves, resulting in lowered shear wave velocities (Vg) generally
located under surface regions of hotspot volcanism [Garnero and McNamara, 2008]. These
low velocity zones are not detected everywhere, however, and are separated by areas of
faster than average Vg related to the subducted oceanic lithosphere [Lekic et al., 2012],

eluding to compositional variations in the lower mantle [McNamara et al., 2010].
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Figure 1.5: Possible scenarios of rising mantle plumes driven by the interaction of
subducting slabs with the core mantle boundary (CMB) in the deep mantle. a)
Plume cluster. b) Thermochemical superplume. c¢) Stable thermochemical pile. d)
Metastable thermochemical pile. ULVZs; ultralow velocity zones. Figure from Gar-
nero et al. [2016].

1.2.2 Seismic Anisotropy

Seismic anisotropy, or the directional dependence of wave velocity, can be generated several
ways including the structure of crystals, crystallographic preferred orientation (CPO) or
texture, grain shape preferred orientation (SPO), or the presence of fluids. There are two
components of seismic anisotropy; variations in propagation velocity with respect to az-
imuth (P-wave and S-waves) and the difference in propagation speed of two polarized waves
(S-waves). While surface waves in upper mantle regimes provide large-scale information
on azimuthal anisotropy [Beller and Chevrot, 2020], shear wave splitting measurements are
more commonly used in sampling the deep mantle due to the straight forward measurement
process [Long and Becker, 2010]. When shear waves interact with an isotropic material, the
initial linearly polarized wave splits into two perpendicular components. One is polarized
parallel to the fast direction and the other parallel to the slow direction. Each component
accumulates a time delay as it travels through the material that can be measured on a

seismograph (Figure 1.6).
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Shear wave splitting in anisotropic media

Figure 1.6: Schematic of shear wave splitting from Garnero (http://garnero.asu.
edu/research_images/images_anisotropy.html), modified from Crampin [1981].
Fast polarization direction in blue and slow direction in red. Measured time difference
between the two waves represented by dt.

1.2.3 Observations of Seismic Anisotropy

Observations of seismic anisotropy, or the directional dependence of wave velocity, can give
information about direction of mantle flow patterns. By measuring the difference in travel
time of the vertical and horizontal components of S-waves, observations of vertical flow in
the upper mantle have been made near spreading centers with observations of horizontal
flow beneath the lithosphere [Panning and Romanowicz, 2006a]. These convective processes
cause deformation of the underlying mantle caused by the interaction with the lithospheric
plates above [Billen, 2008, Long and Becker, 2010, Faccenda and Capitanio, 2012, Lynner
and Long, 2015, Yoshida, 2017]. In the case of horizontal flow, plastic deformation in the
upper mantle generates the preferential alignment of olivine crystals [Jung et al., 2009,
Tommasi et al., 2009] which is considered to be the source of anisotropy in this region.
While the cause of anisotropy in the upper mantle is fairly well resolved, microstructures
within the MTZ and lower mantle are less understood and require further investigation in

order to interpret observations seismic anisotropy in these regions [Long, 2013].
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The upper mantle as a whole is largely seismically anisotropic due to the abundance of
olivine and its intrinsic anisotropy. Within the MTZ, anisotropy is also observed [Montag-
ner and Kennett, 1996, Trampert and van Heijst, 2002, Yuan and Beghein, 2013], however,
it is less pronounced [Panning and Romanowicz, 2006a]. Observations of anisotropy within
the MTZ are often made near regions of slab subduction [Chen and Brudzinski, 2003, Long
and Silver, 2008, Nowacki et al., 2015, Huang et al., 2019] and thought to be a result of
crystallographic preferred orientation in wadsleyite [Kawazoe et al., 2013]. In these regions,
subducting plates carry water into the MTZ, which could in turn impact the mechanical
properties of rocks and contribute to observations of anisotropy [Nowacki et al., 2015].
Deeper within the MTZ, however, observations of anisotropy decrease in strength [Huang
et al., 2019], which is attributed to isotropic properties of ringwoodite at these conditions

[Li et al., 2006a].

Seismic anisotropy below the MTZ is largely debated as observations have been made
below the '660’ locally [Wookey et al., 2002, Ferreira et al., 2019, Agrawal et al., 2020, Mon-
tagner et al., 2021], but are absent in other more global models [Meade et al., 1995, Panning
and Romanowicz, 2006a, Panning et al., 2010]. Additionally, there are altering suggestions
on the exact location of these observations with some suggesting anisotropy is developed
mostly around rigid subducting slabs due to high induced strain in the surrounding hot
mantle [Ferreira et al., 2019] and others arguing anisotropy is strongest within the slabs
where they are most contorted; as the surrounding mantle is largely isotropic [Agrawal

et al., 2020].

Although observations of anisotropy below the 660’ are generally confined to depths
between 600-1200 km [Ferreira et al., 2019], the amplitude of azimuthal anisotropy varies
with depth in the mantle [Panning and Romanowicz, 2006a] (Figure 1.7). Within the
upper mantle, shear wave splitting amplitudes (Vg) are on the order of 3%, dropping to
zero at depths of 1000-2500 km. Beyond 2500 km, however, Vg anisotropy can again
be observed at amplitudes of 1-2%. Further characterization of these observations can be
made using radial anisotropy by investigating polarization directions of S-waves, which also
varies with depth. Polarization directions of S-waves switch from horizontally polarized

S-waves (Vsp) leading vertically polarized S-waves (Vgy) in the upper mantle and MTZ,
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to vertically polarized S-wave leading horizontally polarized S-wave (Vsy > Vsp) at the

’660’, then reverse again (Vgg > Vgy) at D” [Mainprice et al., 2000].

g

3210123
din Vg (%)

Figure 1.7: Variations in azimuthal S-wave anisotropy (Vg) with depth from Panning
and Romanowicz [2006a].

The study of seismic anisotropy is largely motivated by providing constraints on defor-
mation within the Earth’s interior and interpreting mantle flow processes. Interpretations
of observed anisotropy in the mantle, however, require an understanding of mineralogical

microstructures and how they manifest.

1.3 Microstructures in Mantle Minerals

1.3.1 Microscopic Origins of Anisotropy

Anisotropy observed in the mantle is a direct result of microstructures within a polyphase
aggregate. The interaction of individual grains within a polycrystal dictates the bulk
properties of an aggregate such as grain size, grain shape, texture, shape preferred orienta-

tion, and spatial relationship between grains. Although most mantle minerals are strongly
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anisotropic [Mainprice, 2015], their microstructures depend on the pressure, temperature,
and deformation applied to the material. Individual randomly oriented anisotropic min-
erals within an aggregate are not enough to produce seismic anisotropy within the bulk
material; however, if these grains undergo plastic deformation or a phase transformation
that leads to the preferential alignment of each grain, their anisotropic properties would
compound and result in seismic anisotropy. P-wave velocity will differ depending on the
direction of propagation through the aggregate and S-waves will have differing propagation
speeds between their vertically (Vgsy) and horizontally (Vsp) polarized components. Un-
derstanding microstructures in the mantle and how they develop, hence gives direct insight

to the mechanisms that produce them.

1.3.2 Plastic Deformation

Plastic deformation is non-reversible deformation that is a result of an applied force on
a material. It can occur through series of different mechanisms including diffusion, dis-
locations, or grain boundary sliding. These mechanisms are a result of defects within a
crystalline lattice either at a point, a line, or plane that allows the movement of individual
atoms. In mantle rocks, plastic deformation requires stress and high temperatures. Texture
development is a result of plastic deformation; however, some mechanisms are more likely
to produce textures than others. In the following sections, an overview of deformation

mechanisms at play in our experiments will be provided.

Dislocation

Dislocation involves linear crystallographic defects in which movement of atoms slide or
glide across one another due to an applied stress. The movement of dislocations can be
characterized by the plane they slip along and the direction of slip, or Burgers vector.
The burgers vector describes the magnitude and direction of the lattice movement due to
dislocation and is normal to the slip plane. There are two general types of dislocations;
sessile, or dislocations that are immobile, and glissile, which are dislocations that are
mobile. Glissile dislocations can further be subdivided into two categories know as edge
and screw dislocations. Edge dislocations contain a Burgers vector that is perpendicular

to the dislocation line (meaning there is only one plane in which the dislocation can slip),
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whereas for a screw dislocation the Burgers vector is parallel to the dislocation line. In some
cases dislocations can contain Burgers vectors that are neither perpendicular nor parallel
to the dislocation line, meaning there is a combination of edge and screw dislocations and
are referred to as mixed dislocations.

The movement of a dislocation is generally restricted to a slip plane and a specific
direction called a slip system. For a slip plane to be active, the applied shear stress must
exceed the critical resolved shear stress (CRSS) value. Slip systems with the lowest CRSS
will activate first, with the possibility of multiple slip systems being active simultaneously
as deformation continues. Stresses applied to the entire crystal is accommodated by plastic
deformation through these dislocations. Dislocations within a polycrystalline material can
often lead to texture development, or lattice preferred orientations [Wenk and Houtte,
2004, Carrez et al., 2007, Tsujino et al., 2016] in addition to distortions of the lattices

within the crystal.
Diffusion

Plastic deformation can also be accommodated by diffusion. Diffusion creep involves the
migration of crystal defects through the movement of interstitial atoms or gaps. Point
defects in the crystal lattice can be caused by an extra atom that occupies space between
atoms in their normal sites (interstitial defect) or due to the absence of an atom at its
normal site (gap defect). In order for an atom to fill a vacancy in the lattice, chemical
bonds must be broken and reformed, which requires a specific activation energy. The
activation energy is more easily reached at higher temperatures, making diffusion more
sensitive to temperature that other deformation mechanisms [Poirier, 1985]. The rate of
diffusion largely depends on the path of which the atoms move. Diffusion is hence less
efficient across larger distances than it is for shorter paths. Grain size has a large control
on diffusion creep with smaller grain sizes being more efficient than larger sizes [Poirier,
1985].

There are two types of diffusion creep; Nabarro-Herring and Coble creep. Nabarro-
Herring creep involves the movement of vacancies through the crystal lattice, whereas
Coble creep the vacancies migrate along the grain boundaries. When the crystal is sub-

jected to compression, both forms of creep involve the movement of interstitial atom to-
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wards the direction of extension with gaps moving towards the direction of compression.
The accommodation of deformation by diffusion creep generally does not result in mi-
crostructures with crystallographic preferred orientations [Karato, 1988]; however, has led
to grain growth in MgSiO3 perovskite at lower mantle conditions [Yamazaki et al., 1996,

Fei et al., 2021].

Summary

Microstructures within crystalline materials have an impact on deformation mechanisms.
For large grain sizes plastic deformation is generally accommodated by movement of dis-
locations, whereas with smaller grains sizes diffusion processes are more likely at play;
although the activation of dislocation or diffusion creep can also depend on external param-
eters such as temperature, pressure, or strain rate. Both of these deformation mechanisms
directly effect the development of microstructures including texture, grain elongation, grain
growth, etc. These microstructures develop and evolve with the onset of plastic deforma-
tion with dislocation glide generally responsible for generating crystallographic preferred
orientations, diffusion leading to grain growth, with or without preferred orientation, and
recrystallization leading to homogeneous structures. Microstructures therefore provide di-
rect information on the dominant deformation mechanisms in the polycrystalline material
and can be used to characterize plastic deformation and the flow history of material.

In chapter 5 we will delve further into the deformation mechanism of bridgmanite. We
observe 001 transformation textures with the development of 100 orientations upon further
deformation of bridgmanite in our experiments. These 100 orientations reorient themselves
to 010 once pressures exceed 50 GPa. We assign the 100 textures to dominant (100)[001]
slip with minor contributions from (010)[001] and (001)[010] and 010 textures to dominant

(010)[100] and (010)[001] slip.

1.3.3 Phase Transformation

In this thesis we investigate phase transformations in pyrolite (ringwoodite 4+ garnet =
bridgmanite + davemaoite + ferropericlase) and the transformation from the perovskite
structure to the post-perovskite structure in the analogue material NaCoF3. Phase trans-

formations require the application of pressure and temperature; and result in the change of
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crystal structure. In some cases, these transformations lead to the development of texture.
Transformations can be categorized as displacive, where atoms within the material move in
a homogeneous fashion, or reconstructive, which involves the movement of atoms through
long range diffusion. In a displacive or diffusionless transformation, orientation relation-
ships between the initial (parent) and resulting (daughter) phase can be defined. They are
sometimes referred to as martensitic [Christian et al., 1995]. Conversely, reconstructive

transformations do lead to clear orientation relationships.

Dobson et al. 2013 Tsuchiya et al. 2004
=0 £g=0.2

eg=04+
relaxation

” xb‘“;" -
.

o .,

o [Ah0)*ppv
@/ Bodtew
. N b

b

<

a

Fig. 2. Relaxed (optimized) Phnm-perovskite structure at 120 GPa under shear strain &. Following the relaxation of internal degrees of freedom
with £=0.4, a complete relaxation was performed.

Oganov et al. 2005

Figure 1| Transmission electron micrograph of partially transformed
NaNiF; ite. a, High ion TEM image: (Pv) and
post-perovskite (PPv, PPv') domains are labelled. The spacing between the
post-perovskite lattice fringes (~5 A) is half its b axis length. The 33.5°
angle between the po: twin domains c to the angle
calculated for (110) twins using the unit cell measured by XRD. b, Electron
diffraction pattern from the area in a. The strong mirror plane arises from Figure 1| MgSiO; polytypes found by a, Pv (space group
the symmetry d by twinning of p Pbnm); d, pPv (Cmcm); b, ¢, newly found structures 2 X 2 (Pbnm) and 3 X 1
superimposed on the perovskite symmetry. ¢, Sketch of NiF units showing (P2,/m), respectively. Only silicate octahedra are shown; Mg atoms are

the between and post omitted for clarity. In the pPv structure, the previously expected slip plane is
parallel to the sheets formed by silicate octahedra; the most likely slip plane
identified here is shown by an arrow. Arrows also show slip planes in the
other structures.

Figure 1.8: Figures from Dobson et al. [2013], Tsuchiya et al. [2004], and Oganov
et al. [2005] illustrating the orientation relationships between perovskite and post-
perovskite proposed in each work.

Displacive transformations are rapid and requires less energy compared to reconstruc-
tive transformations. Simulations have been used in the past in order to investigate the

transformation from perovskite to post-perovskite [Tsuchiya et al., 2004, Oganov et al.,
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2005] in addition to experimental efforts [Dobson et al., 2013]. The orientation relationships
presented in Tsuchiya et al. [2004] suggest that [110], [110], and [001] in MgSiO3 perovskite
are parallel to [100], [010], and [001] in post-perovskite, respectively (Figure 1.8). Contrar-
ily, simulations in Oganov et al. [2005] indicate slip along {010} in perovskite and {110}
in post-perovskite would be more likely from an energy stand point, which involve the
formation of stacking faults as the most favourable pathway for the phase transition. No
specific orientation relationships are suggested in Oganov et al. [2005], however, and orien-
tation relationships are only considered along the ¢ direction (Figure 1.8). High pressure
experiments and electron microscopy on the recovered NaNiF3 samples in Dobson et al.
[2013], show that the c-axis of the perovskite phase is preserved during the transformation
to post-perovskite. Additionally, they observe the b-axis of the perovskite is perpendicular
to the plane family (110) in post-perovskite, suggesting a martensitic relationship between
the two phases. The relationship between the perovskite and post-perovskite structure in
Dobson et al. [2013] is a 36° rotation around the common ¢ axis after inversion of the a
and b axes (Figure 1.8). We later test these transformation mechanisms in Chapter 3 on
an NaCoFs analogue. Reconstructive transformations do not display clear orientation re-
lationships between the parent and daughter phase. Atomic bonds are broken, destroying
the original crystal structure, then growth of the resulting phase takes place through diffu-
sive processes. Diffusive growth requires an abundance of defects in order for the grains to
nucleate, which in turn has a direct impact on nucleation rate [Zahn, 2013]. An example of
this process is presented in Zahn [2013], where molecular simulations at temperatures and
pressures of the Earth’s lower mantle, simulate the perovskite to post-perovskite transfor-
mation in MgSiOs. The nucleation process requires a high activation energy, however, if
reached allows for rapid oriented growth of post-perovskite grains. Interestingly enough,
the transition speed (10% — 10* m/s) is on the same order of magnitude as shear and

compressional wave velocities (7.26 and 13.7 km/s respectively) in the D” layer.

An example of a non-reconstructive transformation in bridgmanite is presented in Chap-
ter 4 when transformed from ringwoodite 4+ garnet. Nevertheless, we observe strong 001
transformation textures in bridgmanite due to oriented growth under stress rather than

deformation.
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1.3.4 Experimental Approach to Deep Earth Mineralogy

Interpretations of seismic anisotropy observed in the mantle requires the understanding of
mineralogical microstructures and how they develop. Furthermore, these interpretations
are needed in order to refine geodynamic models that aim to quantify flow and constrain de-
formation in the mantle. This requires experimental mineralogical data, which can provide
a wealth of information, including measurements of texture, grain size, phase occurrence,
etc. Textures generated during deformation experiments in polycrystalline pyrolite, for
instance can be used to calculate seismic anisotropy and directly compared to observa-
tions of seismic anisotropy in the mantle. Deformation and transformation mechanisms
responsible for these produced textures can later be determined through modeling. Unlike
the upper mantle, where it is generally accepted that anisotropy is a result of preferred
orientation in olivine, microstructures in the MTZ and lower mantle are not as well re-
solved. Here I will discuss a few of the most common experimental approaches used to
study mantle microstructures in the lower mantle and hence bolster our knowledge of deep

earth processes.

There are several deformation devices that are able to generate pressures and tem-
peratures relevant to the conditions of the mantle. Omne such device is the rotational
Drickamer apparatus, which allows for shear deformation and has been used to investigate
strain weakening in bridgmanite and resulting shear localization in the lower mantle [Gi-
rard et al., 2016]. Another device that allows for simultaneous compression and heating is
the deformation DIA (D-DIA), which has been used to perform viscosity measurements of
bridgmanite in the dislocation creep regime [Tsujino et al., 2022] at temperatures between
1473 to 1673 K and pressures of 23 to 27 GPa. A particular advantage of the D-DIA is
its ability to control strain rate and confining stresses, while also providing direct strain
measurements using radiography images. The D-DIA is limited, however, in its ability to
generate pressures relevant to the lower mantle. For this, the most common device used

to deform samples in-situ is the diamond anvil cell (DAC).

The DAC has been used extensively in the high pressure community to perform de-
formation experiments that allow for the investigation of deformation and transformation

microstructures in the lower mantle [Merkel et al., 2003, Komabayashi et al., 2007, Mu-
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rakami et al., 2007, Miyagi et al., 2009, Miyagi and Wenk, 2016, Chandler et al., 2018].
When paired with a synchrotron energy source, X-ray diffraction images can be collected
which provide information on the mineralogy of the sample including phases present, rela-
tive grain size, unit cell parameters, and texture. This data can then be applied to study
the plasticity of mantle minerals [Miyagi et al., 2010] by identifying the specific defor-
mation mechanisms responsible for the resulting microstructures. Furthermore, numerical
modeling can implement these deformation mechanisms in order to study the effect of
chemistry and strain rate of minerals such as bridgmanite [Carrez et al., 2007, Ferré et al.,
2007, Mainprice et al., 2008, Boioli et al., 2017, Carrez et al., 2017], which are unable to
be directly measured using current experimental techniques.

All of the experiments conducted in this thesis involve the application of pressure
and temperature through the DAC paired with a monochromatic X-ray beam from a
synchroton source to collect diffraction images. Details on radial diffraction and multigrain
X-ray diffraction experiments, along with their data processing techniques are presented

in Chapter 2.

1.4 A Focus on the Lower Mantle

In this next section I will provide a brief overview of the minerals that make up pyrolite
below the ’660°. This will include a list of identified slip systems and textures generated
through transformation and deformation in past experiments. The first part will focus on
(Mg,Fe)SiO3 bridgmanite as it is the most abundant mineral in the mantle, followed by
CaSiO3 davemaoite and (Mg,Fe)O ferropericlase. Finally, a discussion on the transforma-

tion of bridgmanite to post-perovskite will be covered.
1.4.1 Bridgmanite

Deformation textures and associated slip systems in bridgmanite have been investigated
using a series of experimental techniques. Radial diffraction experiments in the DAC
performed by Merkel et al. [2003], Wenk et al. [2004b], Miyagi and Wenk [2016], Couper
et al. [2020] all report 100 textures perpendicular to compression in bridgmanite upon
deformation. In Miyagi and Wenk [2016] the transformation to pure bridgmanite from

enstatite at 31 GPa results in a 001 transformation texture which remains through the
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compression up to 56 GPa. In the same study bridgmanite + ferropericlase transformed
from olivine at 33 GPa also results in a weak 001 transformation texture, however, this
maximum slowly shifts to 100 at 61 GPa. Ringwoodite to bridgmanite + ferropericlase
in Miyagi and Wenk [2016] results in a weak 100 transformation texture that grows in
strength at 51 GPa. Bridgmanite transformed from olivine in Wenk et al. [2004b] also
produces the same 100 transformation texture, but at 25 GPa with orientations remaining
up to 43 GPa. In in an aggregate composed of bridgmanite, ferropericlase, ringwoodite,
and stishovite, 100 orientations are observed as well at pressures of 37 to 39 GPa and
1000 K [Couper et al., 2020].

These deformation textures have also been modeled using visco-plastic self-consistent
(VPSC) calculations, presented in Chapter 2. Slip systems responsible for the initial 001
orientations seen in bridgmanite + ferropericlase in Miyagi and Wenk [2016] are attributed
to [100], [010], and (110) along (001) planes which are most active at pressures below
55 GPa; however at pressures above 55 GPa they see slip activity shift to [100], [010],
and (110) along (100). This is consistent with textures observed in Wenk et al. [2004b]
who suggest the initial (100) transformation texture is likely a result of mechanical {110}
twinning and nucleation in orientations that minimize elastic strain energy. Textures ob-
served in the mineral assemblage of Couper et al. [2020] are assigned to dominant slip in
[010](100) with the remaining activity split between [001](100) and (011)(100). Textures
from uniaxial deformation experiments using the D-DIA in a study by Tsujino et al. [2016]
are also compatible with dominant slip on [001](100). Studies by Cordier et al. [2004] show
that dislocation creep is active at uppermost lower-mantle conditions in MgSiOs, with slip
along (100) possibly due to dislocation climb. Additionally, [100](010) slip in bridgmanite
is modeled to show creep is dominated by dislocation pure climb [Boioli et al., 2017]. Fur-
thermore, this mechanism does not produce texture, which is consistent with reports that

seismic anisotropy is weak in the Earth’s lower mantle.
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Numerical modeling methods have been used to deduce information about slip systems
in bridgmanite. First-principle calculations by Mainprice et al. [2008] indicate (100)[010]
to be the most active slip system at all pressures in MgSiO3 bridgmanite, while Ferré
et al. [2007] suggest the [100](001) slip system as the easiest to activate in bridgmanite
caused by dislocation glide. Modeling of dislocations in MgSiOgz bridgmanite by Hirel et al.
[2014], determine [010](100) edge dislocations are most mobile at between pressures of 30
and 50 GPa. Slip activities in bridgmanite have also been shown to vary depending on
the pressures it is subjected to. Modeling dislocation glide in [100](010) and [010](100) at
30 and 60 GPa show a change in CRSS depending on what pressure is used; with CRSS
values of [010](100) being much lower at 30 GPa and 2000 K than [100](010) at the same
temperature [Kraych et al., 2016]. At 60 GPa the CRSS values of [010](100) becomes larger
than [100](010), allowing easier slip along (010) planes. Table 1.1 provides a summary of

proposed slip systems from other experimental and modeling studies in bridgmanite.

1.4.2 Other Mantle Minerals

In this section we will briefly overview two other major minerals observed in our experi-
ments; CaSiO3 davemaoite and (Mg,Fe)O ferropericlase. Textures in davemaoite have been
documented in past DAC experiments, with observations of 001 orientations at pressures
between 25.5 and 49.3 GPa and ambient temperatures [Miyagi et al., 2009]. Radial diffrac-
tion experiments in the DAC by Immoor et al. [2022] also report textures in 001 planes
perpendicular to compression with texture strength increasing from 31.1 to 52.5 GPa at
1150 K. It has been suggested by Miyagi et al. [2006] that this texture is a result of
{110}(110). We do not model slip systems of davemaoite in this work as it is considered a
minor phase, around 6% by volume, in pyrolite.

Resistive heated DAC experiments on ferropericlase by Immoor et al. [2018] have re-
ported strong textures in both 001 and 101 orientations at pressures between 20-80 GPa
and 1400 K. Room temperature radial diffraction experiments in Merkel et al. [2002] also
show 001 orientations perpendicular to compression in MgO starting at 5.3 GPa and in-
creasing in strength until 35.4 GPa. These textures are a result of {110}(110) slip based
on comparisons of the experimental textures to results from polycrystal plasticity [Merkel

et al., 2002]. In contrast, other experiments in the DAC on bridgmanite + ferroperi-
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clase aggregates have shown little to no texture in the ferropericlase phase [Miyagi and
Wenk, 2016] when compressed between 33-61 GPa. In agreement, the radial diffraction
DAC experiments of Couper et al. [2020] also observe random textures in ferropericlase
between 28 and 39 GPa at 1000 K. Much like bridgmanite, observed textures have the
potential to be impacted by the phases they coexist with. Numerical modeling by Reali
et al. [2017] on MgO indicate dislocation glide is dominant at low (< (600) K) and interme-
diate (< (1000) K) temperatures; however, contributions from dislocation climb must be
considered to model creep at higher temperatures (1500 < 7' < 1800 K). Additionally, slip
systems modeled in Amodeo et al. [2012] using the Peierls—Nabarro model, find that there
is an switch of active slip system between 30 and 60 GPa. CRSS values of 1/2(110){110}
are lower at pressures between 0 and 30 GPa, but increase at pressures between 60 and
100 GPa where 1/2(110){100} becomes the easiest slip system to activate [Amodeo et al.,
2012].

Experimental transformation textures in both davemaoite and ferropericlase are dis-
cussed in Chapter 4, with further calculations of anisotropy in single and polycrystal dav-
emaoite. Although we do not observe transformation textures in ferropericlase, we do
observe 010 and 111 orientations in davemaoite upon transformation. Further deforma-
tion and resulting textures of these two phases are also discussed in Chapter 5, however,

orientations remain much the same.

1.4.3 Transition to Post-perovskite

Phase transformations in MgSiOs bridgmanite have been observed during high pressure
and temperature DAC experiments; corresponding to depths of 2700 km near the base of
the mantle [Murakami et al., 2004]. The transition involves a change of crystal structure
in MgSiOs3 from orthorhombic perovskite (Pbnm setting) to orthorhombic post-perovskite
(Cmcem setting). Transformation conditions of MgSiOg post-perovskite (between 119 and
125 GPa) coincide with the conditions of the D” layer, where there is a large contrast in
physical properties including density, elastic moduli, and electrical conductivity [Murakami
et al., 2007]. Hence, the D” layer is of great interest to mineral physicist and seismologist
alike, as it marks a boundary through which a large amount of thermal energy is transferred

and could contribute to dynamic and thermal evolution of the mantle.
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Lattice preferred orientations in post-perovskite (pPv) when transformed from per-
ovskite (Pv) are observed immediately upon transformation in deformation experiments.
Results of these experiments vary, however, as textures observed depend on the starting
material. Additionally, some pPv phases, like MgSiO3 and MgGeQOs, are not stable at
ambient pressures, making microscopy analysis on recovered samples impossible. The use
of structural analogues such as CalrOs and NaCoF3 (both stable at ambient conditions)
allow for postmortem analysis and require lower pressures and temperatures to induce a
transformation, making quantitative deformation experiments less challenging.

Numerous experimental studies have observed transformation and deformation textures
in natural composition MgSiOg post-perovskite [Merkel et al., 2007, Miyagi et al., 2010,
Miyagi and Wenk, 2016, Xu et al., 2022] as well as in several analogues [Merkel et al., 2006,
Niwa et al., 2007b, Yamazaki et al., 2006, Miyajima and Walte, 2009, Okada et al., 2010,
Miyagi et al., 2011, Dobson et al., 2013, Hunt et al., 2016]. Many of these aforementioned
studies also implement VPSC modeling to determine which slip systems are responsible
for the produced textures. Furthermore, numerical modeling of dislocation cores based
on the Peierls—Nabarro model have also been used to predict slip systems in MgSiO3 and
analogue pPv materials [Carrez et al., 2007, Metsue et al., 2009, Goryaeva et al., 2015a,b,
2017]. Details on the slip systems of pPv are not covered in this thesis, however, in which
we focus on the transformation mechanisms of Pv to pPv structured materials.

Radial diffraction experiments performed in the DAC on the analogue NaCoF3 is pre-
sented in Chapter 3 of this thesis. Here we induce a transformation from the Pv to pPv
structure. We test various proposed orientation relationships in order to match a transfor-
mation model with our experimental observations and conclude on orientation relationships

between Pv and pPv.
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Chapter 2

Methods

2.1 High pressure experiments

Multiple synchrotron X-ray diffraction experiments were conducted using a laser-heated
diamond anvil cell (DAC). Experiments were performed on beamline P02.2 of the PETRA
III facility at the Deutsches Elektronen Synchrotron (DESY) in Hamburg, Germany. We
use this beamline for both radial x-ray diffraction at high temperature and the collection
of multigrain diffraction images, allowing the user to track individual grains, their com-
position, orientation, and size at relevant mantle conditions. Most of what is described
here will focus on the multigrain diffraction experiments, even though one chapter of this
thesis involves radial diffraction. Radial diffraction involves slightly different procedures
which will be discussed separately. The data were collected over the course of four separate

sessions at PETRA III which will be described later in this chapter.

2.1.1 Diamond anvil cell

The DAC is a device that allows its user to apply high pressure through uniaxial com-
pression. The DAC can achieve pressures exceeding 750 GPa at ambient temperature
[Dubrovinsky et al., 2015] and temperatures of 4700 K at 340 GPa [Tateno et al., 2012,
which allows for the in-situ study of earth materials at relevant mantle and core conditions.
These high pressures are generated due to the relationship between force (F) and area (A)
where pressure is defined as P = F//A. The culet of the diamonds used are on the order
of 100-300 pm and only requires a force of approximately 100 bars to generate 100 GPa
of pressure to the sample. Diamonds are a favorable material for the application of high

pressure experiments due to their mechanical properties (it is the hardest know material
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Figure 2.1: Open DAC with diamonds glued to tungsten carbide seats.

in existence) and the fact that they are transparent to X-rays and light. For most of the
experiments detailed in this manuscript, a membrane diamond anvil cell (MDAC) from
the company BETSA is used. The DAC itself is composed of two external steel pieces,
generally a sliding piston and a stationary cylinder, that house the internal assembly (Fig-
ure 2.1). Within the DAC there are two tungsten carbide seats, one that sits inside a cup
and the other flat, which allows for parallel and lateral alignment respectively between
the diamond culets. The diamonds are glued to the seat using an epoxy and sit directly
in the bevel of the seat which is aligned to the center of the DAC apparatus. Both the
seats and external housing of the assembly have a wide angle window to allow the access
and diffraction of the X-ray beam (Figure 2.2). In order to increase pressure in the DAC
remotely, a gas pressure membrane is inserted on the piston side of the DAC that pushes
on the back of the assembly; closing the distance between the diamond tips (Figure 2.2).
This also allows for more precise control of pressure and ability to increase it in small

increments.

The diamonds used for these experiments had culet sizes ranging from 100 pym to
250 pm in diameter. Diamonds with 100 pm culet size were beveled in order to prevent
cupping of the diamond tips during higher pressure compression. In order to contain the
sample placed between the two diamonds, a gasket made of rhenium must be indented

and drilled. Rhenium is chosen as the gasket material due to its resistance to elastic
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Figure 2.2: Left: Closed DAC assembly inside cage with pressure membrane in-
serted. Right: Cross section schematic of MDAC assembly from BETSA, with
aligned diamonds glued to tungsten carbide seats, screwed into cage with pressure
membrane. X-ray viewing window allows for 56° of rotation based on seats used
in our multigrain diffraction experiments. Modified from https://www.betsa.fr/
membrane-diamond-anvil-cell.html.

and plastic deformation between the diamonds. The gasket is first indented between the
two aligned diamonds to a thickness between 25 pm and 30 pum by hand tightening four
assembly screws. A hole is then drilled to serve as a sample chamber. It is important for
the hole to be directly in the center of the gasket indentation in order to prevent the hole
from extruding over the side of the culet during compression. The hole is made using a
motorized electric discharge machine (EDM) or laser cutting machine and is generally 1/3
the diameter of the diamond culet. For our experiments we drilled 50, 100, and 150 pum
holes depending on diamond culet size. For further details on the DAC assembly and its

use refer to Jayaraman [1983].

2.1.2 Choice of pressure medium

A pressure medium is necessary in order to compress the sample as hydrostatically as
possible and act as a thermal insulator while laser heating. Pressure mediums vary in
composition and state depending on the conditions of the experiment. Liquid pressure
mediums including alcohol mixtures such as methanol-ethanol mixed with HyO, are hy-
drostatic up to 14.5 GPa at ambient conditions [Jayaraman, 1983]. Argon, nitrogen, neon,
and helium gasses are also commonly used as pressure media. Argon, for instance, is both
abundant and easy to load with; however, at pressures beyond 1.4 GPa at 300 K it so-
lidifies [Klotz et al., 2009]. Helium becomes solid at 12.1 GPa at 300 K and also has a
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well resolved equation of state in its solid state, giving it a clear advantage over the other
gasses [Klotz et al., 2009].

For the experiments performed in this manuscript, KCl and MgO were chosen due
to the high pressure and tempertures required. Both of these pressure mediums have
several advantages including a well resolved high pressure equation of state [Speziale et al.,
2001, Tateno et al., 2019], that allows for pressure calibration, and cubic crystallographic
structure which limits the number of peaks in the diffraction patterns. An advantage of
KCl is its ability to thermally insulate the sample due to its high melting point [Boehler
et al., 1996] and lower thermal pressures, which can be as low as 10 GPa at 3000 K [Tateno
et al., 2019]. This is useful in experiments where laser heating is used to induce a phase
transformation or relax any shear stresses caused by the solid pressure medium. MgO has
an even higher melting temperature than that of KCI [Boehler et al., 1997]. KCl and MgO
grains were compressed between two tungsten carbide seats into small platelets using a

hydraulic press and later loaded into the gasket inside the DAC assembly.

2.1.3 Pressure calibrant

The ability to extract accurate pressure readings exerted on the sample is necessary during
high pressure experiments. This can be challenging for several reasons. Not only is there a
difference between the force applied on the piston and the pressure exerted on the sample
itself, but pressure gradients also exist within the DAC assembly across the diamond culets.
Diamonds experience large elastic deformation in the region of the sample and vary greatly
as pressure increases [Merkel et al.]. An internal pressure indicator is critical for accurate
pressure readings of the sample.

Internal pressure indicators (or pressure gauges) such as ruby fluorescence luminescence
[Mao et al., 1986, Datchi et al., 1997] and X-ray gauges [Anderson et al., 1989, Holmes et al.,
1989] have been used in the past to accurately determine pressures within a DAC. X-ray
gauges are used by measuring changes of volume within a material that has a well resolved
equation of state [Dewaele et al., 2004]. Metals including platinum, tantalum, aluminum,
copper, tungsten, and gold have been calibrated as pressure standards [Dewaele et al.,
2004, Fei et al., 2007] as well as alkali halides [Dewaele et al., 2012, Tateno et al., 2019].

The advantage of using alkali halides is that they can be used as a pressure transmitting
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medium and pressure calibrants. This allows for pressure measurements on the sample and
pressure standard and the same diffraction location simultaneously, which reduces issues
of pressure gradients within the DAC.

At ambient conditions, KCI takes a cubic Bl structure; however, once pressure exceeds
2 GPa it undergoes a phase transition to cesium-chloride B2 structure. This transition
can be observed in all potassium halides when subjected to increasing pressures and the
pressure at which the B1 B2 transition occurs depends on the material and varies greatly
[Boehler et al., 1997]. With the transition to KCIl B2, the K-Cl bond lengths increase
making the bonds more compliant and thus thermally expandable [Walker et al., 2002]. As
a result, the melting temperature of KCl increases significantly at higher pressures, which
ensures the pressure medium will not melt during the laser heating process. As with all
pressure gauges, pressures during the experiment are calculated by measuring the unit cell
parameters in-situ and using an equation of state that relate pressure to changes in volume
of the material. These equations of state are also determined experimentally, using single
crystal X-ray diffraction and another pressure standard as a reference. For this series of
experiments, both KCl and MgO are used as internal pressure indicators. The volumes were
determined using unit cell values provided by X-ray diffraction throughout the experiments.
For KCI, pressures were calculated using the equation of state from Tateno et al. [2019],
which fits P-V-T data to the Vinet equation of state with the Mie-Griineisen-Debye model
for thermal pressure. For MgO, a third-order Birch-Murnaghan-Debye thermal equation

of state from Speziale et al. [2001] was used.

2.1.4 Equations of state

An equation of state is a thermodynamic equation used to quantify the relationship be-
tween pressure, temperature, and volumetric change in a material. As such, there are sev-
eral representations of these equations, each with different assumptions and mathematical

derivations The Birch-Murnaghan equation of state is a finite strain equation of state and

2/
is expressed as a Taylor series in the finite Eulerian strain fg, where fp = % [(‘(}?) — 1}

[Angel, 2000]. The third-order form of the equation is written as follows:

P(V,300K) = gKO l(‘(/")m - (?)5/3 {1 + 2 (Kj—4) [(“//0)2/3 - 1] } (2.1)
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Where V is volume and Vj and K represent the volume and bulk modulus at room
temperature and zero pressure respectively. K is the pressure derivative of the bulk
modulus with respect to pressure at P = 0 GPa. The Vinet equation of state can also be
used as a better representation of materials at higher compression and is written as follows

[Vinet et al., 1987]:

PV, Th) = 3K, (‘2)_2/3 [1 _ (go)l/gl exp {2 (K, — 4) [1 _ <“//0>1/31 } (2.2)

V, Vo, Ko, and K| are the same quantities as in the Birch-Murnaghan equation of

state.

There is also the added effect of temperature on pressure which needs to be accounted
for [Andrault et al., 1998]. To account for this a thermal equation of state is needed where
volume depends on both pressure and temperature and describes the material’s behavior
at high temperatures. Pressure at a reference temperature, 300 K isotherm P (V,300K),
and thermal pressure with increasing temperature along isochors Py, (V,T) are required.

Pressure at any given temperature is represented by the following equation:

P(V,T) = P(V,300K) + Pry(V,T) (2.3)

To calculate thermal pressure, Pry, the Mie Griineisen Debye (MGD) model is used:

TN\? (B dt
E(T,0p) = 9nRT (6?]3) /0 S (2.4)

where n is the number of atoms per formula unit, R is the gas constant, and €p is the

Debye temperature. The Debye temperature is calculated using the following equation:

—y(V

Op = Og exp [(%M] (2_5)
q

where 6y and 7y are the is the Debye temperature and Griineisen parameter at am-

bient conditions, ¢ is an adjustment constant, and (V') is the Griineisen parameter at a

given volume. Both 6p and (V) depend on the variation of volume with pressure and

temperature. The Griineisen parameter () given by:
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(V) =7 (‘Z)q (2.6)

where 7y is again the Griineisen parameter at ambient conditions, g a constant, and V{
the initial volume.

Thermal pressure can then be defined by:

Py, = 7 [E(T,0p) — E.(T¢,0p)] (2.7)

where E. and T, are energy and temperature at reference conditions. The thermal
state of the system is therefore controlled by the three parameters: Debye temperature
(0p), the thermal Griineisen parameter (), and the constant g [Angel et al., 2018].

These equations of state along with the thermal parameters were used for pressure
calculations of our pressure mediums KCl and MgQO, in addition to the phases investigated
within the samples [Tarrida and Richet, 1989, Andrault et al., 2001, Speziale et al., 2001,

Nishihara et al., 2005, Wolf et al., 2015, Tateno et al., 2019].

2.2 Sample preparation

Multigrain Diffraction

Two different compositions were used during these series of experiments. The first is
a pyrolite composition, which is largely considered representative of the average mantle
[Ringwood, 1962a,b, Green and Ringwood, 1963]. It is made up of a mixture of minerals
including 66.9% olivine, 12.5% diopside, 11.3% enstatite, and 9.3% garnet by weight. The
second composition is referred to as a pyrolite-minus-olivine and consists as a mixture
of 37.6% diopside, 34.1% enstatite, and 28.2% garnet by weight. Many of the proposed
mantle compositions contain olivine content between 49-62% [Frost, 2008], including those
based on chondritic ratios with lower olivine content and those based on mantle samples
with higher olivine values. Two pyrolite-minus-olivine compositions have been proposed
before. In Irifune [1987] pyrolite-minus-olivine contains between 44.5% and 46.2% SiOa,
while in Irifune and Ringwood [1987] SiOy content is 51.78%. The pyrolite-minus-olivine
samples used in our experiments contain no olivine and are representative of an extreme

case, which seeks to highlight the impact aluminum has on the phase transformations and
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Table 2.1: Starting compositions for pyrolite and pyrolite-minus-olivine given by
mixed mineral proportions in weight %. Below a list of sample names used in ex-
periments that include the corresponding sample composition, maximum pressure
achieved, pressure medium, and phases indexed.

Starting Composition Olivine (wt.%) Diopside (wt.%) Enstatite (wt.%) Garnet (wt.%)
Pyrolite 66.9% 12.5% 11.3% 9.3%
Pyrolite-minus-olivine 0% 37.6% 34.1% 28.2%

Sample Composition Max P (GPa) P Med. Phases Indexed
Pyr01 Pyrolite 108 MgO Bm

Pyr02 Pyrolite 33 KCI Rw, Gt, Bm, Dm, Fp
Pyr05 Pyrolite 50 KCl1 Rw, Gt, Bm, Dm, Fp
Pyr07 Pyrolite 57.5 KCl1 Rw, Gt, Bm, Dm, Fp
Pyr-Ol-1 Pyrolite-minus-olivine 25 KCl1 Bm, Dm

Pyr-O1-2 Pyrolite-minus-olivine 28 MgO Bm, Dm

deformation of bridgmanite. Table 2.1 gives each samples composition in terms of mineral
weight percentage, along with an overview of the sample names and information for the
experiments ran at beamline P02.2.

To create these samples olivine, diopside, enstatite, and pyrope were ground into pow-
ders using a mortar and pestle with a target grain size of 1-2um and then weighed and
mixed. A piston-cylinder press was then used to sinter the samples at 2 GPa and 1000 °C
for 30 minutes. The sample was then cut into individual disks using a diamond wire saw
in order to be polished to the desired thickness. The polishing was carried out using a
series of diamond polishing papers, starting at a 15um grit, incrementally reducing the
grit until 1pym. Afterwards diamond paste was used to polish at 1/4um grit until the sam-
ple reached a thickness of 10pum. Throughout the process we check for scouring using an
optical microscope until there are no marks left from abrasion (Figure 2.4a). Both sides of
the sample are then coated with 500 nm of platinum using a GATAN 682 Precision Etching
and Coating System (PECS). This allows the sample to couple during the laser heating
process of the experiment and compensates for heterogeneous optical absorption of lasers
by the crystals in the sample during phase changes. Afterwards, the coated samples were
cut into smaller disks of 20um in diameter using the laser machining apparatus equipped
with a laser with femtosecond pulses at IMPMC, Sorbonne University, Paris.

For the sample to be analyzed in the scanning electron microscope (SEM), we had
to perform an additional stage of ion polishing using a 1061 SEM Mill from Fischione

Instruments. Using a Hitachi SU 5000 SEM, we collected a band contrast image and
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Figure 2.3: a) Band contrast image from scanning electron microscope of pyrolite
sample. b) Phase map of same area. Red grains are olivine, yellow diopside, green
enstatite, and blue garnet. Area proportions in fraction percent are as follows: olivine
(61%), diopside (11.8%), enstatite (10.2%), garnet (4%), and not indexed (13%).
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Figure 2.4: EBSD orientation map of the starting material. All grain orientations
are random upon synthesis. a) Diopside b) Enstatite ¢) Garnet d) Olivine.

constructed a phase map of our sample in order to identify phases, their grain sizes, and
distribution 2.3. We then collected electron backscattered diffraction images, which show
our starting material was randomly orientated (Figure 2.4). Although grains of our starting
material range from 1-10 pum after sintering in the piston cylinder press, they will synthesize
at smaller sizes, on the order of 1 pm, upon transformation to ringwoodite (the starting

point of our multigrain experiments).

A chemical map was also collected of our pyrolite sample using the SEM in order to
confirm the phases presents after synthesis (Figure 2.5). In the EDS image, a variety of
grains can be distinguished from differences in contrast. The chemical map allows us to
determine what mineral each grain of the sample is. A 5um grain of garnet can be seen
in the EDS image, for instance, which is evidenced by its high aluminum content. This is
further confirmed through electron microprobe analysis, which was performed to determine
the exact sample chemistry, shown in Table 2.2. Garnet therefore contains the majority of

the aluminum within our pyrolite.
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Figure 2.5: Chemical map of area selected on the energy dispersive spectroscopy
image.

Table 2.2: Results from electron microprobe analysis of pyrolite sample. Oxides in
each phase (olivine, pyroxene, and garnet) are reported in mass percent.

Oxide  Olivine (mass %) Pyroxene (mass %) Garnet (mass %)

Si0, 41.091 58.556 38.163
Al O3 0.008 0.114 21.625
CaO 0.010 0.152 0.756
TiO, 0.005 0.042 0.011
Crs04 0.010 0.000 0.005
MnO 0.165 0.226 3.505
FeO 11.292 6.117 30.838
Na,O 0.010 0.041 0.009
MgO 47.601 35.203 5.985
Total 100.192 100.451 100.897

Radial Diffraction

Sample preparation of powdered NaCoF'3 perovskite used in this experiment was performed
by Dobson et al. [2011]. Finely ground stoichiometric mixtures of NaF and CoFy were
packed into cylindrical Aluminum (Platinum) capsules 2.5 (1.2) mm in diameter and 2
(1.3) mm in length; then loaded into the MgO insulating sleeves. The samples were then
synthesized in a Re-foil furnace with temperatures measured using W/Re thermocouples.
Cold compression was carried out to the desired end-load followed by rapid heating, about
20 minutes, to 600°C. The temperature was maintained for 15 hours, then experiments
were terminated by cutting power to the furnace and slow decompression over a period
of 15 hours. The recovered samples were gently broken apart, placed on microscope slide
coverslips, and dispersed using using propanol.

After the propanol is evaporated, the powdered NaCoF3 perovskite was loaded into an

X-ray transparent boron epoxy gasket with an 80 ym diameter hole. A platinum flake was
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also loaded to be used as a pressure marker, using the thermal equation of state parameters

of Zha et al. [2008] to calculate pressure.

2.2.1 Loading conditions

Rhenium
Gasket

Pyrolite
Sample

KCI Pressure
Medium

Platinum
Flake

Figure 2.6: Loaded DAC viewed through an optical microscope.

Samples and pressure mediums were loaded using a micro manipulator from Micro
Support under an optical microscope. First small platelets of KCI are loaded into the
gasket hole ensuring the diamond is completely covered. After the sample and a flake of
platinum are carefully loaded in the center in order to prevent any contact of the sample
with the gasket. Finally, a few more platelets of KCl are loaded on top to cover the surface
of the other diamond. An example of a loaded DAC as view from an optical microscope
is shown in Figure 2.6. A gas bag was attached around the microscope in order to load
in a controlled atmosphere of argon gas and prevent any hydration of the KCI or MgO

(Figure 2.7).
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Figure 2.7: Loading setup including micro manipulator and gas bag.

2.3 In situ measurements at the synchrotron

2.3.1 Characterization using X-ray diffraction

X-rays are a form of high-energy electromagnetic radiation with wavelengths ranging from
10 pm to 10 nm and energies between 124 eV and 124 keV. These properties make X-
rays ideal for interactions with electrons at interatomic distances within crystallographic
materials. Given the size of our samples, we use a synchrotron source that generates
a bright monochromatic beam capable of small beam sizes. This allows for rapid image
collection of about a second, which is essential for multigrain X-ray diffraction experiments
and most DAC experiments.

In a crystal, atoms are repeated in an identical manner at regular intervals in three
dimensions. These atoms create lattice planes which can be defined by their Miller indices
(h,k,1). Diffraction of a X-ray beam is caused by the elastic scattering of photons when
X-rays interact with the periodic arrangement of atoms within a crystal. Constructive
interference causes the scattered X-rays to diffract a maximum intensities, resulting in

conditions that satisfy Bragg’s Law [Bragg, 1912]:

2dhkl sinf = n\ (28)

Where dp; is the distance between atomic lattice planes, A is the wavelength of the
incident X-ray beam, 20 is the angle between the diffracted beam and incident X-ray, and n
is an integer. In our experiments A is fixed along with d at a given pressure. This allows for
the resulting diffraction pattern to be analyzed (Fig. 2.8), giving direct information on the

structural properties of the sample including identification of phases, lattice parameters,
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Figure 2.8: Multigrain diffraction image. Small bright spots are individual grains
of the sample with powder parts and pressure medium diffracting as continuous
concentric rings.
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Figure 2.9: Laue condition for diffraction results in a general scattering vector Q
that is equivalent to Gpky; the vector of the reciprocal lattice of the crystal whose
norm is 1/d.

strain, grain size, symmetry, and preferred orientation of grains.

Bragg’s law expresses the condition for diffraction in a polycrystal; however, diffraction
can also be described in terms of reciprocal space with a general scattering vector Q. First
described by Max von Laue, the scattering vector is defined as the difference in incident

and scattered wave vectors of the X-ray beam, expressed as follows:

Q = kscattered - kincident (2'9)

where Kipcident 1S the incoming wave vector and Kgcattered 1S the diffracted wave vector.
In diffraction, the interaction of X-rays with the crystal results in elastic scattering and
both vectors’ norm is 1/A. This results in ||Q|| = 2sin 6/ (Figure 2.9). The Laue condition
for diffraction is when Q equals Gpk, where Gy is a vector of the reciprocal lattice of

the crystal:

thl = kscattered - kincident = Q (2'10)

G is referred to as the g-vector and a series of these are used to assign diffraction
peaks to individual grains within the sample using multigrain X-ray diffraction techniques

discussed later.
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Figure 2.10: Laser heating system inside the hutch at beamline P02.2. Series of
mirrors and focusing lenses direct the laser towards the sample and allows for tem-
perature measurement using spectroradiometry [Kondpkové et al., 2021].

2.3.2 Heating in the DAC

Resistive heating radial diffraction

Heating the sample within a DAC can be achieved using two methods, each with their own
particular applications. The first method is to use a resistive-heated DAC as implemented
in Liermann et al. [2009]. This method allows for homogeneous heating of the sample
using an externally placed graphite sleeve, which reduces temperature gradients that are
associated with laser heating methods. Restive heating is generally used for lower pressure
experiments as degradation of the graphite heater occurs at higher pressures. Additionally,
the graphite sleeve can cause oxidation of the cell and diamonds at higher temperatures. A
modified version of the resistive heated DAC is used for experiments presented in Chapter
3, which implements a water-cooled vacuum chamber [Immoor et al., 2020]. The water
cooling prevents the pistons of the DAC assembly from expanding, which reduces the
friction between the piston and cylinder interface. The vacuum chamber also prevents the

oxidation of the cell and diamonds.

Laser-heated multi-grain X-ray diffraction

The second method used for heating is performed externally using infrared lasers. Laser

heating is used in order to achieve higher temperatures (> 3000 K) during in-situ X-ray

54



diffraction experiments [Andrault and Fiquet, 2001]. Laser heating is more stable compared
to heating using a graphite sleeve, because it does not require delicate components to be
situated around the sample chamber. It does, however, have its share of disadvantages.
Laser heating requires the X-ray beam path to be in perfect alignment with the heating
area, with the added challenge of keeping the optics aligned for temperature measurements.
If the DAC is heated at higher temperatures, over time it can cause a shift of the heating
area in relation to where X-ray measurements are being collected. This makes it difficult to
get accurate temperature readings if not meticulously monitored. Additionally, the laser
needs to be absorbed by the sample during the laser heating process. Samples containing
silica are more difficult to heat than metals, as they do not couple as readily. To remedy
this in our experiments, we powder coat the samples with a thin layer of platinum.
Diamonds also need to be insulated from the sample as laser heating is not as homoge-
neous as resistive heating techniques. If the sample comes in contact with the diamonds,
the heat generated by the lasers will dissipate through the diamonds due to their high
thermal conductivity. Here we use KCl or MgO as a pressure medium in order to prevent
this. All of our experiments, implemented double-sided laser heating, using a series mirrors
and optical focusing lenses at beamline P02.2 of the PETRA III (Fig. 2.10). Double-sided

laser heating significantly reduces the temperature gradient within the sample.

2.3.3 Beamline parameters

Multigrain X-ray diffraction and radial diffraction data were collected during four separate
sessions at beamline P02.2. As such, each of these experiments have a different series of
experimental parameters. Here we will give an overview of the four sessions, separating

them by date.

May 2016

Prior to the star of this thesis, a series of deformation experiments in the DAC were
performed, with the resulting data being processed and published in 2021. A graphite
resistive-heated radial DAC was used to perform a uniaxial compression experiment on a
polycrystalline sample of NaCoF3. An incident monochromatic X-ray beam focused to 5.8

x 3.2 pm? and Perkin-Elmer XRD1621 detector with 200 pm x 200 pm pixel size were used
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to capture the diffraction images. A CeQO, standard from National Institute of Standards
and Technology (NIST; 674b) was used for calibration in order to correct for detector
tilt and calculate a sample to detector distance of 438.35 mm. Wavelength was fixed at

0.4908 A.
March 2019

Samples Pyr02, Pyr05, and Pyr07 were ran using an incident monochromatic X-ray beam
focused to 1.4 pm x 1.9 um. A PerkinElmer XRD 1621 detector with 200 pm x 200 pm
pixel size was used to capture the diffraction images. A CeO5 standard from the National
Institute of Standards and Technology (NIST; 674b) was used for calibration in order
to correct for detector tilt, beam center, and calculate a sample to detector distance of

551.5828 mm. The wavelength for these experiment was fixed at 0.2898 A.
December 2019

Sample Pyr-Ol-1 was ran using an incident monochromatic X-ray beam focused to 1.9 pym
x 1.9 pm paired with a PerkinElmer XRD 1621 detector with 200 ym x 200 pm pixel size.
A CeOs standard from the National Institute of Standards and Technology (NIST; 674b)
was used for calibration in order to correct for detector tilt, beam center, and calculate
a sample to detector distance of 404.5133 mm. The wavelength for this experiment was

fixed at 0.2891 A.
October 2020

Samples Pyr01 and Pyr-Ol-2 were ran using an incident monochromatic X-ray beam fo-
cused to 1.2 ym x 1.9 pm paired with a PerkinElmer XRD 1621 detector with 200 ym x
200 pm pixel size. A CeOy standard from the National Institute of Standards and Tech-
nology (NIST; 674b) was used for calibration in order to correct for detector tilt, beam
center, and calculate a sample to detector distance of 403.4252 mm. The wavelength for

this experiment was fixed at 0.2904 A.
2.3.4 Radial X-ray diffraction

Crystalline materials can be studies numerous ways using X-ray diffraction techniques. One

of the more commonly used techniques for deformation experiments in the DAC is radial
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Figure 2.11: Experimental setup of radial X-ray diffraction from Immoor et al. [2020].
X-ray beam passes through the boron gasket material and sample in the radial di-
rection. Concentric diffraction rings from powder sample.

diffraction [Merkel et al., 2002, 2003, 2004, 2006, Wenk et al., 2006, Merkel et al., 2007,
Niwa et al., 2007a, Liermann et al., 2009, Miyagi et al., 2009, Hirose et al., 2010, Miyagi
et al., 2013, Immoor et al., 2020, Gay et al., 2021]. Radial diffraction experiments generally
use powdered samples where many individual grains are loaded into a gasket and essentially
allows all (hkl) planes of the sample to be detected when in contact with the incident X-ray
beam in the form of concentric circles referred to as Debye rings (Figure 2.11).

During the deformation or phase transformation of a material, these individual grains
can orient themselves in specific preferred orientations. This is referred to as crystallo-
graphic preferred orientation (CPO) or texture. In the case of texture development, the
Debye rings will vary in intensity along ¢, in Figure 2.11, with higher intensities among
diffracting planes that are preferentially oriented and weaker intensities among grains that
are not in favorable orientations.

X-ray diffraction can be utilized in order to extract information about the sample in-
cluding the structural properties of the sample, phases present, lattice parameters, stress,
strain, grain size, symmetry, and preferred orientation of grains. To achieve this we use
the software MAUD [Lutterotti et al., 1997], which uses the diffracted peak positions, their
intensities, and a series of experimental parameters to perform a Rietveld refinement [Ri-
etveld, 1969]. This refinement uses a least squares method to fit a calculated diffraction
profile to the one collected during the experiment. After the refinement process is com-

pleted, we are able to extract detailed information on the phases present in our sample
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including phase identification, the unit cell values (used to calculate pressure using an equa-
tion of state), stress, crystallite size, which (hkl) planes are responsible to intense peaks,
and more. The Rietveld refinement process use in MAUD is described in more detail in
the 2.4 section of this chapter.

In a powder diffraction images, however, the parameters extracted are averages of
the overall diffracted volume of the sample. If one wants to extract information about
individual grains within a polycrytalline sample, multigrain X-ray diffraction (MGC) is

required.

2.3.5 Multigrain X-ray diffraction

Multigrain X-ray diffraction allows for extraction of individual grains, their orientations,
and grain size distributions. We are able to monitor phase transformations and study
deformation microstructures in-situ. The pyrolite samples contain a mixture of different
phases and grain sizes including both powder and larger grains on the order of < lum -
2pm. In the 3DXRD images, the powder portion of the sample will diffract as continuous
rings which are weak in intensity, whereas the larger grains in the sample will generate
more intense diffraction peaks in the form of spots on the detector (Figure 2.12). The idea
behind this technique is to extract the individual diffraction peaks from the images and
assign them to individual grains within the sample. This technique requires intensive data
processing, which will be explained in the following section of this chapter.

In these multigrain X-ray diffraction experiments compression and heating of the sam-
ple are conducted simultaneously to monitor transformations and deformation in situ.
Pressures and occurrence of corresponding phases are identified during the experiment us-
ing powder diffraction images collected in situ at high P/T and analyzed in the software
Dioptas [Prescher and Prakapenka, 2015]. Quenching the sample to ambient temperature
is required to collect MGC data with the layout used in this work. During the data col-
lection process, the DAC, which is fixed to a stage, is rotated in w in incremental steps
perpendicular to the X-ray beam with diffraction spots being captured on a detector (Fig-
ure 2.12). It is necessary to collect many images in order to improve data coverage and
generate as many diffraction peaks as possible. Image collections are acquired as close to

the transformation conditions as possible in order to observe microstructures immediately
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Figure 2.12: Experimental setup of multigrain X-ray diffraction as viewed from above.
X-ray beam passes through the diamonds and sample in the axial direction. Cell
assembly is rotated in w from —28° to 28° with images collected every 0.5° step.
Concentric diffraction rings from powder part of the sample and pressure medium
with spots from individually diffracting grains of sample material. Artifacts such
as diamond reflection spots and shadows cast from the gaskets during rotation at
high angles are removed in the data processing stage before diffraction peaks can be
extracted. Bottom left is a view of the sample inside the gasket as viewed in the
direction of the X-ray beam.
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before and after the transition. The MGC experiments presented in the following chapters
investigate both transformation and deformation microstructures in pyrolitic materials at

pressure and temperature ranges of 17-108 GPa and 1500-2000 K, respectively.

2.4 Data processing

2.4.1 Radial diffraction

Radial diffraction data analysis is performed using the program MAUD (Material Analy-
sis Using Diffraction) [Lutterotti et al., 1997] following the general refinement procedure
outlined in Wenk et al. [2014]. Refinements rely on a Rietveld least-squares fitting method

by fitting diffraction peak intensities to the data.
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Figure 2.13: Powder diffraction profile of NaCoF3 perovskite at 1.1 GPa and 868 K.
Diffraction intensity vs 26. Black line is the data and red line the fit to the data after

Rietveld refinement.

The first step is to refine the instrument parameters within MAUD including sample
to detector distance, detector tilt, and beam center by using a well know standard such
as CeOqy standard from NIST (674b). The wavelength of the X-ray beam must also be
provided. After this step, the powder diffraction images are imported and integrated over
5° azimuthal arcs into 72 spectra. A profile of the diffraction peaks can then be viewed as
intensity vs 26 (Figure 2.13). Individual phases that make up the sample are then imported
in the form of crystallographic information files (.cif), which contain information includ-

ing the unit cell parameters, space group, associated symmetry operations, and atomic
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positions within the unit cell. Background and lattice parameters are first refined before

proceeding with the refinements of microstructures and texture.

In the case of a sample with multiple phases, MAUD can refine sample proportions by
volume fraction. To do this, the beam intensity and each phase is provided a scale factor
which are optimized during the refinement process. The refined scale factors are then
used to compute the volume fractions of the phases. In the case of our radial diffraction
experiments presented in a subsequent chapter, we only analyze a single phase, thus it is

not necessary for our study.
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Figure 2.14: a) Unrolled diffraction image of NaCoF3 perovskite at 20.1 GPa and 997
K, immediately before transformation to post-perovskite. Below: measured diffrac-
tion (labeled data). Above: diffraction image recalculated by MAUD (labeled fit).
Diffraction peaks of perovskite are labeled by their Miller indices and platinum peaks
are indicated by Pt. b) Diffraction and fit for post-perovskite phase at 26.1 GPa and
1013 K.

Microstructural information such as crystallite size and microstrains are determined
from peak line broadening. Differential stress can also be calculated by providing elastic
properties of the phases of interest and performing a fit according to the displacements
of peak positions with orientations. To determine texture of the sample an orientation
distribution function (ODF) is calculated. The ODF is a probability distribution func-
tion to find an orientation, which is normalized over the entire sample. An ODF with a
multiple of random distribution (m.r.d) of one indicates a random texture. Values greater
or smaller than one indicate texture within an aggregate of grains. Texture is expressed

in the azimuthal intensity variations. Diffraction images can be viewed as an unrolled
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diffraction image plotted as 26 vs. azimuth (Figure 2.14), where families of diffracted hkl
can be identified after Rietveld refinement is performed. Diffraction lines vary in position
and intensity as a result of stress and texture as a result of compression. At the end of
the refinement process we extract lattice parameters, normalized stress, and crystallite size

measured in the experiment.

2.4.2 Multigrain diffraction

An overview of the data processing techniques will be given below; however, extensive
reviews of MGC techniques have been published by Oddershede et al. [2010], Sgrensen
et al. [2012], Rosa et al. [2015], and Langrand et al. [2017]. After the multigrain images are
collected, they need to be processed in order to extract diffraction peaks and assign them
to individual grains within the sample (Figure 2.15). To do this we we use the open source
software package FABLE-3DXRD, which is available at https://github.com/FABLE-MGC
and other tools developed as a part of the TIMEIleSS project: https://github.com/
FABLE-3DXRD/TIMEleSS. A manual describing these data processing techniques can be
found at: http://multigrain.texture.rocks/doku.php.

We begin this process by creating a median image of all the images collected and
subtracting it from each individual image in the series. This eliminates the background
noise, pressure medium, and any other artifacts (Figure 2.16b). From there it is necessary
to mask the diamond reflections which have high intensities and are generally present across
large regions of the detector (Figure 2.16¢). Once this is accomplished, we perform a peak
search using a script, which will select peaks based on a user set intensity threshold; where
everything above the set threshold will be identified as a peak, and those below ignored
(Figure 2.16d).

The extracted peaks can then be plotted as a histogram as the number of diffraction
spots in counts, which allows for the peaks to be easily identified (Figure 2.17). Prior
knowledge of which phases might be present in our sample are needed in order to extract
the necessary unit cell parameters. Only then, after the phases in the sample are identified
can we carry on with the refinement and grain indexing processes. During the experiment
we use Dioptas to check for the expected phases in our sample, which also provides a rough

estimate of the unit cell parameters of each phase. We use the EoSFit program [Gonzalez-
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Figure 2.15: Flow chart of data processing steps for multigrain crystallography data.

Platas et al., 2016] in order to provide a better estimation of unit cell parameters, which
are further refined in MAUD. The histogram is loaded into MAUD, where a least squares
fit is performed in order to obtain our final unit cell values (Figure 2.17). The analysis of
this spectrum is not a true Rietveld refinement, however, because the data in the histogram
is a number of single grain peaks rather than a true peak intensity.

Once the peaks are extracted and phases identified, the peaks are imported into Im-
ageD11, providing the experimental conditions (wavelength, sample to detector distance,
detector tilt, etc.), and their detector coordinates are converted into 26, w, and 1 angles.
Here we are able to compute a list of diffraction vectors, which are normal to the crys-
tallographic planes responsible for the generated diffraction peaks. These vectors, called
g-vectors (ghkl), are represented in reciprocal space with a length ghkl = 1/dhkl, where
dhkl distance is the diffracted set of hkl planes.
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Figure 2.16: Image cleaning process of real data. a) Single raw diffraction image
collected during 3DXRD b) Diffraction image with median background subtracted.
c) Diffraction image with diamond spots masked. d) Red circles are peaks selected
based on intensity after background subtraction and diamond spot masking.
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Figure 2.17: Histogram of selected peaks from peak search loaded into the software
MAUD. Black line is the number of extracted single-grain diffraction peaks vs. 26
and the red line is a fit.

To improve the accuracy of our grain indexing in the final stages of processing, we
calculate theoretical peak positions using a crystallographic information files for each phase
present, and experimental conditions such as wavelength, sample to detector distance, and
detector tilt. Providing the script with the crystal structure contained in the file, a new
set of dhkl and theoretical intensities are generated. Implementing Bragg’s Law, the script
also calculates the associated 26 position of the diffraction peaks, which we use to update
the existing list of g-vectors generated by ImageD11.

The final step involves the use of the GrainSpotter software [Schmidt, 2014]. GrainSpot-
ter calculates a list of hypothetical g-vectors from randomly oriented grains of the phase
being searched for based on provided experimental parameters, crystal symmetry, and
refined lattice parameters. It then attempts to match these theoretical g-vectors to the

experimental values in orientation space using a series of thresholds set by the user. These
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Figure 2.18: Single grain of bridgmanite. a) Measured diffraction peaks of bridg-
manite marked as red dots with predicted locations indicated as blue boxes plotted
as 26 vs. w. b) Same grain of bridgmanite plotted along XY coordinates as Debye
rings.

thresholds include angular tolerances of 26, w, and 7 as well as a minimum completeness
ratio. Minimum completeness describes what percentage of expected g-vectors must match
a given grain orientation in order to be assigned to that grain. For example, if a crystal
should have 10 peaks measured in an experiment, and the completeness is set to 70%, 7 of
the 10 theoretical g-vectors would be required to match the experimental g-vector locations

in order for a grain to be considered indexed.

GrainSpotter is used in a loop in order to index multiple phases simultaneously, as
opposed to indexing a single phase each time it is ran. Searching for multiple phases
requires a unique list of theoretical g-vectors for each phase, in order to prevent any overlap
that might cause redundant peak assignment to the same grain. Uncertainties are also set
individually for each phase, with stricter tolerances set at the beginning of the loop that

eventually become more broad with each iteration in order to assign as many g-vectors to
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grains as possible. This becomes increasingly difficult when phases of similar symmetry
are present. At the end of each loop, any g-vectors that were assigned to grains are then
removed from the list of unassigned g-vectors in order not to assign the same g-vector to
a grain multiple times. This process alternates between each phase before each loop is
completed.

GrainSpotter provides information on the number of grains indexed for each phase,
the list of assigned diffraction peaks (g-vectors) to each grain, and what percentage of
the total theoretical g-vectors were assigned. Figure 2.18 shows an example of predicted
g-vectors matched to the measured for a single bridgmanite grain within the sample. After
this process is completed, we obtain a series of individual grain orientations, for which

orientations can then be plotted as inverse pole figures.

2.5 Data interpretation

2.5.1 Texture modeling with VPSC

Texture development in a polycrystaline material can be generated by dislocations, which
are a result of crystallographic defects or other irregularities within the crystal structure,
caused by plastic deformation. Other factors including deformation geometry, total strain,
and starting texture also impact the development of texture. Slip can occur on multiple
different lattice planes within the crystal during deformation; however, determining which
slip systems are responsible for the observed preferred orientations is not always clear.
Interpretation of experimental textures requires the application of numerical modeling,
which we apply to bridgmanite in chapters 3-5.

Here we apply a visco-plastic self-consistent (VPSC) model, using code developed by R.
Lebensohn and C.N. Tomé at Los Alamos, to determine which slip systems are responsible
for observed experimental textures in our DAC samples. VPSC allows for deformation of
a virtual polycrystal in small increments, at which point the orientation of the grains are
calculated at each step of deformation. This code has been used in multiple studies in high
pressure research [Mainprice et al., 2008, Miyagi and Wenk, 2016, Kaercher et al., 2016].
In our simulations each grain is treated as an ellipsoidal inclusion within a homogeneous

matrix, accounting for individual grain shape. As plastic deformation is generated, indi-
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vidual grains rotate with the flow field and assume distorted shapes and aspect ratios. As
such, properties of the polycrystal matrix is calculated as an average of the properties of

each grain.

In order to run the deformation simulation, the code requires a file describing the
crystallography of the phase of interest; containing a list of possible slip systems, in addition
to an input file that generates a number of, generally 3000, orientations (either random or
orientations from a previously generated texture). Increments of deformation are set by
the user with orientations of grains and slip system activity being calculated at the end
of each step. The output files provide information on the activity of each slip system and
their direction at each stage of deformation as well as a texture output file that is generated

as a result of the deformation.

VPSC simulations require an input file which contains information about the crystal
including crystal symmetry, possible slip systems and their equivalent slip planes, and
critical resolved shear stress (CRSS) values for each slip plane. The texture files provided
at the end of the simulation depend on the choice of slip system and CRSS values, which
are threshold values of stress. Once the CRSS value is exceeded, slip will occur along the
plane in the specified direction. A low CRSS value will not require as much stress as a
high value to generate slip, for instance. An example of such file is shown in Figure 2.20

and 2.21.

Here we will demonstrate how changing CRSS values impact the resulting textures
generated during VPSC simulations. We will use an example directly from Chapter 5 where
we model experimental deformation textures in bridgmanite under uniaxial compression.
We use MTEX to plot the inverse pole figures by providing the output texture files from
the simulation. In this example, bridgmanite begins from a 001 transformation texture

(Figure 5.6a).

In our example file, lines 17-72 in Figure 2.20 provide VPSC with the modes of slip for
a given plane and direction that are to be tested. The CRSS values for each individual
slip system can be found in Figure 2.21. For example, the (100)[001] slip system has a
CRSS value of 1, as indicated by the first integer in Figure 2.21 line 83. Slip systems that
allow slip along (100) and (010) planes, i.e. lines 77, 81, 85, 93, and 97, have low CRSS
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Figure 2.19: Inverse pole figures (a, b, ¢) of axial compression in VPSC simulation.
Starting from transformation texture (a) applying 30% axial strain and allowing
dominant slip on (100) planes generates (Fig. 5.6b). Second stage of deformation (c)
starting from (Fig. 5.6b), allowing 70% strain with dominant slip along (010) planes.
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values compared to slip systems involving (001) planes (lines 101, 105, and 109). This
allows for the gradual depletion of 001 orientations in the starting texture and a shift of
orientations towards maximums in 100 and 010 shown in Figure 5.6b. A second stage of
compression must be simulated in order to generate the 010 maximum we observe in our
experimental textures. Here we keep CRSS values low for (010) planes, and increase the
CRSS on (001) and (100) planes in order for bridgmanite orientations to converge on a 010
maximum (Figure 5.6¢).

Besides this quick example, VPSC modeling can be used to investigate the mechanisms
responsible for development of texture as a result of deformation and further examples of

its implementation on real datasets are presented in chapters 3-5.

2.5.2 Wave propagation models with MTEX

MTEX is used to calculate and plot amplitudes of P and S-wave seismic anisotropy based
on our experimental results. Seismic anisotropy can be a result of crystal structure, crys-
tallographic preferred orientation (CPO), grain shape preferred orientation (SPO), or even
the presence of fluids. In our work, we investigate the impact of texture (CPO) in a
pyrolitic subducting slab under compressive stresses, focusing on regions both above and
below the ’660’.

Calculating seismic anisotropy requires the input of single crystal elastic constants of
the phases that make up the material. Polycrystal elastic properties must be calculated in
order to investigate wave velocities within the polycrystalline aggregate. For each phase,
we use a texture that matches what we observe in our experiments. The corresponding
polycrystal elastic properties and seismic velocities can then be calculated for each phase.
To calculate seismic velocities for the overall aggregate, we calculate a weighted average
of the polycrystalline elastic tensors of each phase based on their volumetric proportions
in the aggregate. More specifically, we calculate a Voigt average by summing the poly-
crystalline elastic stiffness of each phase, then calculate a Reuss average by summing the
polycrystalline elastic compliance of each phase, and finally calculate an average of those
two averages, which provides us with a Hill average.

We use this Hill average to calculate seismic velocities and construct all of our seismic

anisotropy plots. S-wave splitting and P-wave anisotropy are plotted as upper hemisphere
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projections in MTEX. S-wave splitting (AVy) is plotted as the difference in velocity between
the fast and slow propagation either in km/s or as a percentage. P-wave anisotropy (Vp)
is plotted as a function of orientation. A fiber symmetry is imposed in the seismic plots as
our experiments are performed under uniaxial compression, which would result in a fiber
symmetry along the compression axis. Chapter 4 shows the resulting anisotropy plots and
provides further details on experimental data. An example of the MTEX script used is

provided below (Figure2.22).
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Figure 2.20: Example input file describing crystal symmetry, slip modes, equivalent
slip planes, and CRSS values used in VPSC simulations.
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3.0 0.0 0.0 0.0 0. taulOx ,taulx ,thet0Q ,thetl , hpfac
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.0 hlatex(1,im) ,im=1,nmodes
(010) [100] SLIP
3 nrsx
4.0 0.0 0.0 0.0 0. tauOx ,taulx ,thet0 ,thetl, hpfac
1.0 1.0 1.0 1.0 1.0 .0 1.6 1.0 1.0 1
1.0 hlatex(1l,im),im=1,nmodes
§010)[001} SLIP
nrsx
2.0 0.0 0.0 0.0 0. tauOx ,taulx ,thet0 ,thetl, hpfac
1.0 1.0 1.0 1.0 . 1.0 1.0 1.0 1.0 1.0 1.0
1.0 hlatex(1,im) ,im=1,nmodes
§OIO)<101> SLIP
nrsx
3.0 0.0 0.0 0.0 0. taulOx ,taulx ,thet0Q ,thetl , hpfac
1.0 1.0 1.0 1.0 1.0 1.0 1.6 1.0 1.0 1.0
1.0 hlatex(1,im) ,im=1,nmodes
§001)[100} SLIP
nrsx
4.0 0.0 0.0 0.0 0. tauOx ,taulx ,thetO ,thetl, hpfac
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.0 hlatex (1,im) ,im=1,nmodes
5001)[010} SLIP
nrsx
4.0 0.0 0.0 0.0 0. taulOx ,taulx ,thet0 ,thetl , hpfac
1.0 1.0 1.0 1.0 1.0 1. 1.6 1.0 1.0 1.0
1.0 hlatex(1,im) ,im=1,nmodes
(001)<110> SLIP
3 nrsx
5.0 0.0 0.0 0.0 0. taulOx ,taulx ,thet0 ,thetl , hpfac
1.0 1.0 1.0 1.0 1.0 .0 1.6 1.0 1.0 1.0
1.0 hlatex(1,im) ,im=1,nmodes
{§11}<110> SLIP
nrsx
30.0 0.0 0.0 0.0 0. taulOx ,taulx ,thet0,thetl, hpfac
1.0 1.0 1.0 1.0 . 1.0 1.0 1.6 1.0 1.0
1.0 hlatex(1l,im) ,im=1,nmodes
g110}<1710> TWIN
nrsx
100.0 0.0 0. tauOx ,taulx ,thetQ ,thetl, hpfac
1.0 . 0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.0 hlatex (1,im) ,im=1,nmodes
0 0.05 0.50 isectw , thresl ,thres2
5112}<111> TWIN
nrsx
100.0 0.0 0. 0. tauOx ,taulx ,thetQ ,thetl, hpfac
1.0 . 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.0 hlatex(1,im) ,im=1,nmodes
0 0.05 0.50 isectw , thresl  thres2

Figure 2.21: Continued from Figure 2.20.
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%Bridgmanite @ 27 GPa & 1900K — 741.8 km depth

clear

all

©» Define crystal and sample symmetr
[4 796952 6.6631093 4.6442945])
[4 6442945 4.796952 6.6631093])

%cs pnma = crystalSymmetry (’Pnma’

cs_pbnm = crystalSymmetry (’Pbnm’
ss = specimenSymmetry ()
rho.Bgm = 4.493

Cij =

%Defining tensor for

[540.43 200.20 188.70 0 0 0];
200.20 610.79 208.20 0 0 0];
188.70 208.20 548.32 0 0 0];:...

0 0 0 208.87 0 0];

0 0 0 0 177.94 0];

0 0 0 0 0 161.13]];

CBgm = stiffnessTensor (Cij, cs_pbnm,

% Plotting convention

plotx2east

%% . .
‘fCreate fiber ODF for bridgmanite
h = Miller ({0,0 1} cs_pbnm)

r = vector3d (0 , O);
odf bgm = flbreODF( , T,

%%

elastic properties of bridgmanite

’density ', rho_Bgm)

"halfwidth ’, 30xdegree)

fprintf (’Elastic constants of bridgmanite single crystal\n’)
odf_bgm

9%
plotPDF (odf_bgm , Miller ({1,0,0},{0,1,0},{0,0,1},0df_bgm.CS))

&% : .
%Plot IPF for bridgmanite

plotIPDF (odf_bgm

7%
‘VEShows strength of ODF
textureindex (odf_bgm)

yvector)

%%
%Compute Tensors for poly crystal for bridgmanite

[CVoigt_-bgm , CReuss_bgm,

ngglot

Vs Anisotropy

CHill_bgm] = calcTensor (odf_-bgm, CBgm);

plotvs_anisotropy (CHill_bgm ,0,0.3)

?%
o Plot Vp
plotvp (CHill_.bgm, 11.0,

%

11.4)

oDavemaoite @ 27 GPa/1900 K — 741.8 km depth
% Define crystal and sample symmetry.
% Pyr05.940—1051

cs CaPv = crystalSymmetry (’Pm—3m’

Calculated in HeFESTo
Qho, CaPv = 646
%Interpolationio of Cij from Li et al.

Cij =

%Defining tensor for

[423.22  217.09
217.09  423.22
217.09  217.09

0 0
0 0
0 0

217.09
217.09
423.22
0
0
0

Unit cell from experiments

,[3.457113 3.457113 3.457113])

(2006) PEPI

0 0
0 0
0 0
201.28 0
0 201.28
0 0

CCaPv = stiffnessTensor (Cij, cs_CaPv,

%0

elastic properties of CaPv

’density ’

0];
0];...
0];...
0];...
0];.
201. 28}]

rho_CaPv)

Figure 2.22: Example MTEX script for calculating and plotting seismic anisotropy

in pyrolite at conditions of 27 GPa and 1900 K.
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145

%Create fiber ODF. for CaPv
= Miller ({0,1,1}, cs_CaPv)
r = vector3d (0, 1, 0);
odf,Can,l = fibreODF (h, r, ’halfwidth’, 10xdegree)
h = Miller ({1,1,1}, cs_CaPv)
r = vector3d (0, 1, 0);
odf_CaPv_2 = fibreODF (h, r, ’halfwidth’, 15xdegree)

f
odf_CaPv = 0.5%(odf_CaPv_1+odf_CaPv_2)

%%
plotPDF (odf_CaPv, Miller ({1,1,1},{0,1,1},{0,0,1},0df_CaPv.CS))

o

olglot IPF for davemaoite

plotIPDF (odf_-CaPv, yvector)

%%

0%Compute Tensors for poly crystal for davemaoite

[CVoigt-capv, CReuss_capv, CHill_.capv] = calcTensor (odf_-CaPv, CCaPv);

0
%Plot Vs Anisotropy of davemaoite
plotvs_anisotropy (CHill_capv ,0,0.3)

?%
oPlot Vp
plotvp (CHill_capv, 10.4, 10.8)

0

%V’W@ 27 GPa/1900 K — 741.8 km depth

% Define crystal and sample symmetry. Unit cell from experiments
% Pyr05.940—1051

cs-Mw = crystalSymmetry (’Fm-3m’,[4.0323825 4.0323825 4.0323825])
%Calculated4211§6HeFESTo

2 °5
[K+4+G/3 K-2+G/3 K-2+«G/3 0
K—2+G/3 K+4+G/3 K-2+xG/3 0
K 2+G/3 K 2+G/3 K+4xG/3 0
0 0 0 G
0 0 0 0
0 0 0 0

%Defining tensor for elastic properties of
CMw = stiffnessTensor (Cij, cs-Mw, ’density ’, rho.Mw)

)
)
S e
b
)

oQhoocoo
Noocooco

o
%Pglot Vs Anisotropy
plotvs_anisotropy (CMw,0,1)

%%
o Plot Vp
plotvp (CMw)

7%
&Average for {rolite composition
Cij_Voigt_pyrolite = 0.7715xCHill_bgm + 0.059%x CHill_capv + 0.1686+CMw

Sij_Reuss_pyrolite = 0.7715xinv (CHill_bgm) + 0.059%inv (CHill_capv) + 0.1686x
inv (CMw)
inv(Sij-Reuss_pyrolite)

Cij_Hill_pyrolite = 0.5%x( Cij_Voigt_pyrolite + inv(Sij_Reuss_pyrolite))

%% . .
%Plot Vs Anisotropy of pyrolite
plotvs_anisotropy (Cij-Hill_pyrolite ,0,0.1)

100 vp
plotvp(Cij_Hill_pyrolite)

Figure 2.23: Continued from Figure 2.22.
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Chapter 3

Deformation and Phase
Transformation in NaCoF3

3.1 Introduction

A phase transition in (Mg,Fe)SiO3 Bridgmanite is thought to occur in the vicinity of
the D” layer in the Earth’s lower mantle [Murakami et al., 2004, Hernlund et al., 2005,
Koelemeijer et al., 2018]. This transformation involves a structural change from perovskite
(Pbnm setting) to post-perovskite (Cmcm setting) [Murakami et al., 2004, Oganov and
Omno, 2004]. It also coincides with strong observable seismic anisotropy in the same region
[Garnero et al., 2004, Panning and Romanowicz, 2006b, Wookey and Kendall, 2007] which
is attributed to the anisotropic properties of bridgmanite and ferropericlase, which increase
with depth [Chen et al., 1998, Mainprice et al., 2000]. Although, studies show that the
effect of post-perovskite is observable in seismic data [Nowacki et al., 2013, Koelemeijer
et al., 2018, Pisconti et al., 2019], the details of the transformation between bridgmanite
and post-perovskite have an impact on the observed data [Pisconti et al., 2019, Walker

et al., 2018] and require further experimental characterization.

In addition, the Earth’s lower mantle is believed to be composed predominantly of
bridgmanite in the perovskite structure [Tschauner et al., 2014]. This motivates exper-
imental studies aiming to gain insight on plastic behavior, deformation processes, and
the mechanisms responsible for the transformations of bridgmanite at relevant conditions.
Past experimental studies on bridgmanite have investigated the development of crystallo-
graphic preferred orientation (texture) and the deformation mechanisms responsible [e.g.

Wang et al., 1992, Merkel et al., 2003, Wenk et al., 2004a, Cordier et al., 2004, Wenk et al.,
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2006, Ferré et al., 2007, Mainprice et al., 2008, Miyagi and Wenk, 2016, Kraych et al., 2016,
Boioli et al., 2017]. One experimental device commonly used to deform crystalline sam-
ples is the diamond anvil cell (DAC) [Wenk et al., 2004b, Miyagi and Wenk, 2016], which
allows the user to reach lower mantle pressures and temperatures. These experiments are

challenging to perform, however, due to the large pressures and temperatures required.

Structural analogues of (Mg,Fe)SiO3, such as NaCoF3, can also undergo perovskite to
post-perovskite phase transitions, but require lower pressures and temperatures making
quantitative deformation experiments less challenging. Several experiments on analogues
have resulted in perovskite/post-perovskite deformation and transformation textures [Niwa
et al., 2007b, Okada et al., 2010, Dobson et al.; 2011, Miyagi et al., 2011, Dobson et al.,
2013]. Furthermore, deformation experiments on analogues can be used to gain insight on
the plasticity of perovskite phases and can be compared to the behavior of (Mg,Fe)SiO3

at mantle conditions.

In the following study we compare compression textures, deformation mechanisms,
and phase transformation mechanisms in NaCoF3 perovskite and post-perovskite to nat-
ural samples in order to determine if NaCoF3 is a relevant experimental analogue to
(Mg,Fe)SiO3z. We used a resistive-heated radial diamond anvil cell (DAC) combined with
synchrotron radiation in the radial X-ray diffraction geometry at pressures and tempera-
tures between 1.1 and 29.6 GPa and 300 and 1013 K, respectively. In-situ texture devel-
opment and phase change from a perovskite to a post-perovskite structure in NaCoF3 was
observed. We then used the data to model plastic deformation and deformation mecha-
nisms in perovskite along with experimental texture measurements to model orientation

relationships and transformation mechanisms between perovskites and post-perovskites.

This study is published in the European Journal of Mineralogy [Gay et al., 2021].
The following section will provide an overview of the results and conclusions made in the
study. The full publication is included at the end of this chapter, providing a more detailed

background and information on the parameters of the experiment.
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3.2 Methods

Experiments were performed on beamline P02.2 of the PETRA III facility at Deutsches
Elektronen Synchrotron (DESY) in Hamburg, Germany. A graphite resistive-heated radial
DAC was used in order to perform a uniaxial compression experiment on a polycrystalline
sample of NaCoF3. The setup used is identical to that of Immoor et al. [2020]. Further
details on the experimental setup can be found there. Using this technique the stress state
and texture of the sample can be analyzed in-situ at high pressure and temperature.

Processing of the diffraction data was completed using the program MAUD (Material
Analysis Using Diffraction) [Lutterotti et al., 1997] following the general refinement pro-
cedure outlined in Wenk et al. [2014]. MAUD can extract phase proportions, unit cell
parameters, texture, and identify phases. Differential stress in NaCoF3 was also fit in
MAUD using a model that relies on the elastic theory of Singh et al. [1998], which assumes
isotropic elastic properties and fits a value for the differential stress according to displace-
ment of peak positions with orientations. In order to perform this fit, MAUD requires
an input value of the shear modulus, which is unknown for NaCoF3 perovskite and post-
perovskite at high temperature. To address this, we use a constant shear modulus value
of 44 GPa, which was extracted from first-principles calculations on a cubic NaCoF3 per-
ovskite at zero pressure and temperature [Chenine et al., 2018]. This choice of numerical
value for the shear modulus has no impact on the final results (see below).

At the end of the refinement procedure we are able to extract normalized stress, unit
cell parameters, pressure, and texture. Pressure was evaluated using the thermal equation
of state parameters of platinum from Zha et al. [2008]. Two type-R thermocouples were

used in order to monitor temperatures during resistive heating.

3.3 Summary of Results

The transformation of NaCoF3 perovskite to post-perovskite took place between 20.1 and
26.1 GPa at temperatures of ~ 1000 K. We used the program EoSFit [Gonzalez-Platas
et al., 2016] to fit a second order Birch-Murnaghan equation of state trend for perovskite
between 1.1 GPa and 868 K and 20.1 GPa and 997 K for all post-perovskite data (Fig-

ure 3.1). Considering the small ranges in temperature for the measurements, temperature

7



230 |-o
220k Perovskite :
5 | i
£ 210 ! _
5 i Post-perovskite
s | |
> 200 |- |
3 | |
. :
=0 :i AV = 6.6 A3
180 - NaCoF; Unit Cell Volume E\\“\
. 868-1013 K
170 1 I 1 I 1 I 1 I 1 I 1 I 1
0 5 10 15 20 25 30 35

Pressure (GPa)

Figure 3.1: Unit cell volumes of NaCoF3 perovskite and post-perovskite plotted vs.
pressure. Lines are second order Birch-Murnaghan equation of state fit for each
phase assuming constant temperature used to illustrate compression behavior vs.
experimental values.

effects were ignored. The resulting bulk modulus for perovskite and post-perovskite in the
868-1013 K range are 74.9 and 85.9 GPa respectively. From the fit, we are able to estimate

the the reduction in unit cell volume due to the transformation, which is 6.6 A3.

3.3.1 Stress

Stresses for NaCoF's were reported in terms of normalized stress ¢/G, which recalculated
from the fitted ¢ and the fixed G value, and has been used in past studies to compare
materials to each other [Duffy, 2007, Miyagi et al., 2009, Dorfman et al., 2015]. Normalized
stress in NaCoF's perovskite increased from 0.010 to 0.054 at pressures and temperatures
between 1.1 to 18.1 GPa and 868 and 929 K, respectively (Figure 3.2). Before the onset of
transformation to post-perovskite, a decrease in normalized stress to 0.048 at 997 K was
observed. This decrease in stress was likely due to relaxation as the transition is initiated.
t/G dropped to 0.016 as post-perovskite was formed at 26.1 GPa and 1013 K. Upon further

compression to 29.6 GPa at 1003 K, ¢/G in post-perovskite increased to 0.020.
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Figure 3.2: Normalized stress t/G in NaCoF3 perovskite (green circles) and post-
perovskite (blue diamonds) as a function of pressure. Solid line is a visual guide
through the experimental data. Perovskite to post-perovskite transition occurs be-
tween 20.1 GPa and 26.1 GPa.

3.3.2 Deformation Textures

Texture development during the experiment is shown as inverse pole figures of the com-
pression direction (Fig. 3.3). In the perovskite phase we observed a weak maximum at
100 (2.2 m.r.d.) after the closure of the sample chamber (Fig. 3.3a). As compression of
NaCoF3 continued the maximum at 100 strengthened to an m.r.d. value of 4.2 at 7.3 GPa
(Fig. 3.3b). Upon further compression to 13.4 GPa, a weak secondary maximum appeared
at 001 (Fig. 3.3c). This texture weakened before transitioning to post-perovskite at 26.1
GPa (Fig. 3.3f). This is likely a feature of the transformation. In all cases, there was a
clear minimum at 010 in the perovskite phase.

At 26.1 GPa NaCoFg3 transforms to a post-perovskite structure and weak preferred
orientation can be observed at 010 (Fig. 3.3f). This texture strengthens upon compression
to 29.6 GPa with m.r.d values never exceeding 3. Additionally, a clear minimum at 001
develops upon compression of the post-perovskite phase as well as a small shift of 010

towards 001 (Fig. 3.3g).
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Figure 3.3: Inverse pole figures in the compression direction of NaCoFg at various
stages of compression. (a, b, ¢, d, e), perovskite structure (Pbmn setting). (f, g)
post-perovskite structure. Equal area projection. Color scale in multiples of random
distribution (m.r.d.).

3.3.3 Discussion

Texture Evolution in the Perovskite Phase

We observed a 100 compression texture very early in the compression in the perovskite
structure (Fig. 3.3a) which strengthened with further compression to 18.1 GPa (Fig. 3.3d).
This increase of the 100 texture maximum was accompanied by a decrease of intensity at
010. At 13.4 GPa, we observed the appearance of a secondary maximum at 001. The
100 maximum induced by the first stage of compression compares favorably with experi-
ments on bridgmanite [Merkel et al., 2003, Wenk et al., 2004b, Miyagi and Wenk, 2016] in
which it was assigned to a likely contribution of {110} mechanical twinning as identified
in early TEM studies [Wang et al., 1992]. Slip along (100) planes would also lead to 100
maximums; however, twinning is an efficient mode for inducing fast grain re-orientations
without producing a gradual texture shift, which is not observed here. This same 100
texture maximum was also observed in compressed NaMgF3 [Kaercher et al., 2016]. The
secondary 001 maximum observed later in compression was also observed in D-DIA defor-
mation experiments on NaMgFs [Kaercher et al., 2016] and was reported in the study of
Miyagi and Wenk [2016] on brigmanite at pressures below 55 GPa in which it was assigned
to slip along (001). Based on texture measurements, NaCoF3 is a good analogue for con-

straining the plasticity of bridgmanite as both maxima at 100 and 001 are observed in both
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phases in compression experiments. The interpretation of which deformation mechanisms
are responsible for experimental texture, however, requires a comparison with polycrystal

plasticity simulations.

VPSC Modeling

Texture development depends on a number of factors including deformation geometry,
total strain, starting texture, and plastic deformation mechanism activity. Interpretations
were made by using a Visco-Plastic Self-Consistent (VPSC) model, which simulates the
plastic deformation of polycrystalline aggregates depending on deformation mechanisms
and loading conditions [Wenk, 1999]. We were able to generate a strong 100 texture
while depleting 010 and maintaining orientations at 001 by applying 25% strain in axial
compression with dominant slip on (100) and a significant contribution of {110} twins. It
was necessary to include {110} twins in order to deplete the 010 direction while maintaining
orientations at 001. Indeed, dominant slip on (100) only results in the depletion of both
010 and 001 [Kaercher et al., 2016] and is not consistent with our experimental results.
We were not able to obtain orientations on the secondary 001 maximum while preserving
the initial 100 texture as measured in the experiment above 13.4 GPa (Fig. 3.3c). Among
the proposed deformation mechanisms, slip on (001) can indeed move orientations from
100 to 001, but such simulations generated a slow movement of orientations from 100
to 001. In our experimental textures we did not observe any intermediate orientations
between 100 and 001. Twinning is an efficient mode for inducing fast grain re-orientations
without producing a gradual texture shift. The fast reorientation of grains from 100 to 001
hence alludes to a potential contribution of an unknown twinning mode. Despite all our
attempts, we were unable to characterize the observed 001 maximum based on twinning

laws reported for perovskites.

Transformation Mechanism from Perovskite to Post-perovskite

Due to the restricted pressure range in which post-perovskite was compressed and the
limited texture evolution observed; textures were interpreted to arise primarily from trans-
formation. Interpretation based on deformation mechanisms would have been biased, so

we focused on the perovskite to post-perovskite transformation mechanism instead. Many
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questions have arisen regarding the transformation of perovskite to post-perovskite, in-
cluding the transformation mechanism itself [Tsuchiya et al., 2004, Oganov et al., 2005,
Dobson et al., 2013], its effect on lattice preferred orientations [Okada et al., 2010, Miyagi
et al., 2011], stress [Hunt et al., 2009, Dobson et al., 2012], and anisotropy in the Earth’s

lower mantle [Dobson et al., 2013, Walker et al., 2018].

Phase transformations change crystal structures, but also induce a change in texture
of materials. Transformations can be diffusionless in nature, meaning the atoms within
the material move in a homogeneous fashion or they can be reconstructive in nature and
move by means of long-range diffusion. Diffusionless transformations involve orientation
relationships between the parent and daughter phase, and are sometimes referred to as
martensitic [Christian et al., 1995]. Diffusive transformation, on the other hand, do not
imply orientation relationships between the parent and daughter phase.

We tested three different transformation models from Tsuchiya et al. [2004], Oganov
et al. [2005], and Dobson et al. [2013]. In the end, we were able to simulate a post-perovskite
texture that matches our experimental results by implementing orientations relationships
suggested by Dobson et al. [2013] [e.g. Figure 3.4], where the vector hh0 (normal to (110)
in post-perovskite) is parallel to [010] in perovskite and [001] in post-perovskite is parallel
to [001] in perovskite. In both the experimental and simulated textures, we observes a
maximum at 010 and the strength of the texture was consistent between experiments
and simulations. Based on the above reasoning, we concluded that the transformation
from perovskite to post-perovskite in NaCoF's involves orientation relationships and falls
within the group of displacive phase transformations. Furthermore, these relationships
fit the model of Dobson et al. [2013], based on experiments performed on NaNiF3, which

supports the idea that this mechanism could apply to natural perovskite phases.

3.4 Conclusions

This work presented experimental results of NaCoFs compressed inside a resistive-heated
radial diffraction DAC at pressures of 1.1 to 29.6 GPa and temperatures between 300 and
1013 K. A phase transformation from NaCoF3 perovskite to post-perovskite was observed

between 20.1 and 26.1 GPa. Deformation of NaCoF3 perovskite initially results in a strong
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NaNiF; perovskite. a, High-resolution TEM image: perovskite (Pv) and
post-perovskite (PPv, PPv') domains are labelled. The spacing between the
post-perovskite lattice fringes (~5 A) is half its b axis length. The 33.5°
angle b: the post-p kite twin di ins corresponds to the angle
calculated for (110) twins using the unit cell measured by XRD. b, Electron
diffraction pattern from the area in a. The strong mirror plane arises from
the additional symmetry introduced by twinning of post-perovskite,
superimposed on the perovskite symmetry. ¢, Sketch of NiFg units showing
the topotactic relati i p kite and post: 3

Figure 3.4: Taken from Dobson et al. [2013].

100 maximum when the sample is at 7.3 GPa. VPSC simulations show that this texture
is formed by slip along (100) paired with important contributions from {110} twins. Later
in the deformation process we observe a weak secondary 001 maximum appearing at 13.4
GPa. These deformation textures compare well with those of NaMgF3 shown in Kaercher
et al. [2016]. Direct comparison to MgSiO3 deformation textures are made difficult because
of the effect of starting material on the MgSiOg transformation textures [Miyagi and Wenk,
2016]. Nevertheless, both the 100 and 001 compression textures observed in NaCoF3 have
been observed in natural compositions [Merkel et al., 2003, Wenk et al., 2004b, Miyagi and
Wenk, 2016, Couper et al., 2020]. NaCoF3 hence appears as a good analogue for plasticity

studies relevant for the Earth’s mantle. Transformation plasticity or transient weakening
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is likely responsible for a normalized strength drop from 0.054 to 0.016 resulting from
the phase transition from perovskite to post-perovskite. Additionally, transformation of
NaCoF3 perovskite to post-perovskite is martensitic in nature, as we are able to reproduce
our data using the orientation relationships proposed in Dobson et al. [2013].

Perovskite analogues continue to provide valuable insight to the behavior of materials
at extreme pressures and temperatures relevant for planetary mantles. For Earth’s mantle
materials, it is important to understand the effect of temperature on deformation mecha-
nisms which may be different from what is observed at 300 K. Analogues such as NaCoF,
allow studies at lower pressures. A general understanding of plasticity in perovskite/post-
perovskite will help with improving the interpretation of seismic models in terms of mantle
dynamics such as heat transfer through convection. For more details about this study, the

full paper published in the European Journal of Mineralogy is attached below.
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Abstract. Texture, plastic deformation, and phase transformation mechanisms in perovskite and post-perovskite
are of general interest for our understanding of the Earth’s mantle. Here, the perovskite analogue NaCoF3 is de-
formed in a resistive-heated diamond anvil cell (DAC) up to 30 GPa and 1013 K. The in situ state of the sample,
including crystal structure, stress, and texture, is monitored using X-ray diffraction. A phase transformation
from a perovskite to a post-perovskite structure is observed between 20.1 and 26.1 GPa. Normalized stress drops
by a factor of 3 during transformation as a result of transient weakening during the transformation. The per-
ovskite phase initially develops a texture with a maximum at 100 and a strong 010 minimum in the inverse
pole figure of the compression direction. Additionally, a secondary weaker 001 maximum is observed later
during compression. Texture simulations indicate that the initial deformation of perovskite requires slip along
(100) planes with significant contributions of {110} twins. Following the phase transition to post-perovskite, we
observe a 010 maximum, which later evolves with compression. The transformation follows orientation relation-
ships previously suggested where the ¢ axis is preserved between phases and hhQ vectors in reciprocal space
of post-perovskite are parallel to [010] in perovskite, which indicates a martensitic-like transition mechanism.
A comparison between past experiments on bridgmanite and current results indicates that NaCoF3 is a good

analogue to understand the development of microstructures within the Earth’s mantle.

1 Introduction

Earth’s lower mantle is believed to be composed predom-
inantly of bridgmanite, i.e., (Mg,Fe)SiO3 in the perovskite
structure (Tschauner et al., 2014). At deep-lower-mantle con-
ditions, this composition transforms from the perovskite to
the post-perovskite structure (Murakami et al., 2004; Oganov
and Ono, 2004). The deformation and transformation of per-
ovskite and post-perovskite phases are important for a num-
ber of processes in the deep Earth (Cizkova et al., 2010;
Nakagawa and Tackley, 2011; Tackley, 2012), including the

development of crystallographic preferred orientation (Ya-
mazaki and Karato, 2007; McCormack et al., 2011; Hunt et
al., 2016), also known as texture, which can lead to seismic
anisotropy (Cobden et al., 2015; Walker et al., 2018b). Tex-
ture development can also be studied experimentally (Wenk
et al., 2006; Merkel et al., 2007; Miyagi et al., 2010) and
is thought to be a reasonable approximation for seismic
anisotropy observed within the mantle (Wookey et al., 2002;
Nowacki et al., 2010; Ferreira et al., 2019).

Seismic anisotropy within the Earth’s deep mantle is com-
monly measured using shear wave splitting. This shear wave
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splitting can be used to characterize mantle strain fields,
which in turn allows for mantle structures to be observed
(Savage, 1999). There are many regions within the lower
mantle, past 1000 km, that are seismically isotropic (Pan-
ning and Romanowicz, 2006; Beghein et al., 2006) even
though numerous experimental studies demonstrate lower-
mantle phases of bridgmanite and ferropericlase are highly
anisotropic and even increase in anisotropy with depth (Chen
et al., 1998; Mainprice et al., 2000). In the case of the D" re-
gion, where a phase transformation from perovskite to post-
perovskite could take place (Murakami et al., 2004; Hern-
lund et al., 2005; Koelemeijer et al., 2018), strong anisotropy
is observed (Garnero et al., 2004; Panning and Romanow-
icz, 2006; Wookey and Kendall, 2007). It is difficult, how-
ever, to determine the physical origin of anisotropy (i.e., crys-
tallographic preferred orientation or periodic layering) due
to poor azimuthal sampling of D” (Romanowicz and Wenk,
2017). Recent studies (Nowacki et al., 2013; Koelemeijer et
al., 2018; Pisconti et al., 2019) show that the effect of post-
perovskite is observable in seismic data, but the details of
the transformation between bridgmanite and post-perovskite
have an impact on the observed data (Pisconti et al., 2019;
Walker et al., 2018a) and require further experimental char-
acterization. In order to characterize how bridgmanite and
post-perovskite deform within the lower mantle and what
mechanisms are responsible for the transformations of bridg-
manite to post-perovskite, it is necessary to utilize experi-
mental mineral physics.

The study of the transition of perovskite to post-perovskite
requires the application of pressure (P). Several experimen-
tal methods can be used to study deformation and phase
transformation in situ at high pressure, such as the diamond
anvil cell (DAC) (Wenk et al., 2004b; Miyagi and Wenk,
2016), the multi-anvil press (Cordier et al., 2004; Walte et
al., 2009; Wang et al., 2013; Tsujino et al., 2016; Hunt et al.,
2016), and the rotational Drickamer apparatus (Girard et al.,
2016). For many years, deformation experiments in the DAC
were limited to ambient temperatures (7'). Recent develop-
ments, however, allow for the combined application of pres-
sure and temperatures up to 1900 K (Liermann et al., 2009;
Miyagi et al., 2013; Immoor et al., 2020), which we will use
here. In addition, structural analogues of (Mg,Fe)SiO3 can
undergo perovskite to post-perovskite phase transitions at
lower pressures and temperatures, making quantitative defor-
mation experiments less challenging. Several experiments on
analogues have resulted in perovskite and/or post-perovskite
deformation and transformation textures (Niwa et al., 2007,
Okada et al., 2010; Dobson et al., 2011; Miyagi et al., 2011;
Dobson et al., 2013). Furthermore, deformation experiments
on analogues can be used to gain insight on the plasticity
of perovskite phases and can be compared to the behavior
of (Mg,Fe)SiO3 at mantle conditions (e.g., Fig. 10 in Wang
et al., 2013). Not all analogues behave in the same manner,
however. Deformation textures in CalrO3 post-perovskite,
for instance, are known to be different from those measured
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in (Mg,Fe)SiO3 or MgGeOs (Miyagi et al., 2008). Numerical
modeling has also been implemented in order to investigate
deformation mechanisms in perovskite and post-perovskite
(e.g., Ferré et al., 2007; Carrez et al., 2007; Mainprice et
al., 2008; Metsue et al., 2009; Boioli et al., 2017; Carrez et
al., 2017). This allows for the study of not only the effect
of chemistry, pressure, and temperature but also the effects
of strain rate on perovskite and post-perovskite deformation,
which can not be measured in experiments using current ex-
perimental techniques.

Questions remain regarding compression textures, de-
formation mechanisms, and phase transformation mecha-
nisms in perovskites and post-perovskites. The comparison
of NaCoF3 to (Mg,Fe)SiO3 in deformation experiments is
essential in order to determine if NaCoFj3 is a relevant ex-
perimental analogue. Additionally, understanding how trans-
formation mechanisms vary between analogues and natu-
ral compositions, including their effects on deformation and
transformation textures, can inform us on the validity of ana-
logues and their ability to predict the behavior of natural
samples when direct studies of (Mg,Fe)SiO3 cannot be per-
formed. Here we use a resistive-heated radial DAC com-
bined with synchrotron radiation at pressures and temper-
atures between 1.1 and 29.6 GPa and 300 and 1013 K, re-
spectively, to observe in situ texture development and phase
change from a perovskite to a post-perovskite structure in
NaCoF3. We use these data to model plastic deformation and
deformation mechanisms in perovskite. We find (100)(011)
slip and {110}(110) twins to be the most active deforma-
tion mechanisms during initial deformation of the perovskite
phase. Texture measurements in these experiments are used
to model orientation relationships and transformation mech-
anisms between perovskites and post-perovskites. We de-
termine that the transformation of NaCoF3 perovskite to
post-perovskite is martensitic in nature, with orientation re-
lationships matching those of NaNiF3 outlined in Dobson
et al. (2013). Normalized stress measurements also demon-
strate a stronger perovskite phase than post-perovskite phase
in NaCoFj3. Overall, these results can help us to better under-
stand the deformation and phase transformation in perovskite
and post-perovskite phases and will lead to greater knowl-
edge of deep mantle dynamics.

2 Experimental details
2.1 High-P-T experiments

In this study, we use a graphite resistive-heated radial DAC
apparatus to perform a uniaxial compression experiment on
a polycrystalline sample of NaCoF3. Experiments were per-
formed on beamline P02.2 of the PETRA III facility at
the Deutsches Elektronen Synchrotron (DESY) in Hamburg,
Germany. By utilizing synchrotron X-ray diffraction in ra-
dial geometry, the stress state and texture of the sample can
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be analyzed in situ at high pressure and temperature. An inci-
dent monochromatic X-ray beam focused to 5.8 umx 3.2 um
and PerkinElmer XRD 1621 detector with 200 umx 200 pm
pixel size were used to capture the diffraction images. A
CeO; standard from the National Institute of Standards and
Technology (NIST; 674b) was used for calibration in order
to correct for detector tilt and calculate a sample to detector
distance of 438.35 mm. Wavelength was fixed at 0.4908 A

Powdered NaCoF3 perovskite from the study of Dobson et
al. (2011) was loaded into an X-ray transparent boron epoxy
gasket with an 80 um diameter hole. A platinum flake was
also loaded to be used as a pressure marker, using the ther-
mal equation of state parameters of Zha et al. (2008) and the
EosFit program (Gonzalez-Platas et al., 2016).

Details on the synchrotron beamline setup and DAC can
be found in Liermann et al. (2015) and Immoor et al. (2020).
The diamonds we used had a 300 um culet size. Two thin
graphite layers in contact with the anvils and surrounding the
diamond tips were used for a restive heater, while two type-
R thermocouples were used to monitor temperature. One of
the thermocouples is located between both graphite heaters
and the second on the diamond anvil next to the culet. Re-
ported temperatures are the average between both thermo-
couple measurements. The graphite sheets contained a small
window that was carved out of the graphite in order to al-
low the X-rays to pass through the heater. The DAC assem-
bly was placed within a vacuum chamber maintaining a pres-
sure of 1073 mbar in order to prevent oxidation during heat-
ing. A water cooling system kept at low temperatures was
used to prevent the assembly from overheating. The sample
was compressed using a gas membrane system, while radial
diffraction images were simultaneously collected.

The sample was pre-compressed up to 3.4 GPa at ambi-
ent temperature to close the sample chamber. Temperature
was then increased to 873 K over the course of 3 h. NaCoF3
was compressed to a maximum pressure of 30.8 GPa and
heated at temperatures ranging from 861 to 1013 K (Table 1,
Fig. 1). Diamonds broke at 30.8 GPa, marking the end of the
experiment. We observe the transformation of NaCoF3 per-
ovskite to a post-perovskite structure (e.g., Fig. 1) between
20.1 and 26.1 GPa. During the first stage of compression
from 1.1 GPa to 14.8 GPa temperatures are held constant be-
tween 861 and 868 K. Thereafter, temperature is increased
to 997K at 20.1 GPa just before the transition. The post-
perovskite phase is then visible in the diffraction pattern at
26.1 GPa and 1013 K, although some perovskite may still be
visible. Data files used can be found online (Gay et al., 2021).

2.2 Data analysis

Diffraction images were integrated over 5° azimuthal arcs
into 72 spectra and analyzed using the program MAUD (ma-
terial analysis using diffraction) (Lutterotti et al., 1997) fol-
lowing the general refinement procedure outlined in Wenk
et al. (2014). An example of MAUD refinement is shown in
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Figure 1. Pressure—temperature path during the experiment. Start of
high-temperature compression is at 1.1 GPa and 868 K. Perovskite
to post-perovskite transformation is observed between 20.1 and
26.1 GPa.

Fig. 2. Graphite peaks become more visible as pressure in-
creases (e.g., Fig. 2b at 26 values 6.0, 8.2, 13.4, and 14.6°).
This is due to the closure of the window carved into the heater
as the experiment proceeds. We exclude these regions in ad-
dition to the 26 ranges where platinum is overlapping during
the refinement process.

Diffraction background was fit using polynomial func-
tions. Structural parameters of NaCoF3 were obtained from
Shirako et al. (2012), and cell parameters and B factors
were further refined using the data. Crystallite size and mi-
crostrains were refined using the Popa line-broadening size—
strain model (Popa, 1998).

Differential stress in NaCoF3 was fit using a model that
relies on the elastic theory of Singh et al. (1998), which as-
sumes isotropic elastic properties and fits a value for the dif-
ferential stress according to the displacement of peak posi-
tions with orientations. In the model of Singh et al. (1998),
the average lattice strain across the sample is proportional to
stress using 1 = 6G(Q(hkl)), where G is the shear modulus
of the polycrystal sample and (Q(hkl)) is the average lattice
strain across the sample. The MAUD fit requires an input
value of the shear modulus, which is unknown for NaCoF3
perovskite and post-perovskite at high temperature. In view
of that limitation we use a constant value of G = 44 GPa, ex-
tracted from first-principles calculations on a cubic NaCoF3
perovskite at zero pressure and temperature (Chenine et al.,
2018). The 7/ G values are then recalculated from the fitted ¢
and the fixed G values. Do note, however, the G value used
when refining # in MAUD has no impact on the final /G
ratio. Also note that MAUD allows for extraction of individ-
ual Q(hkl) for each diffraction peak, but the quality of our
data and the number of overlapping peaks for perovskite and
post-perovskite structures do not allow us to do so.
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Table 1. Image number, pressure (P), temperature (7°), lattice parameters, normalized stress, and crystallite size (CS) measured in the
experiment. Numbers in parenthesis for temperatures are uncertainties on the last digits, determined from the difference in readings of both
thermocouples. Errors are estimated to be 0.07 and 0.1 A3 for perovskite and post-perovskite unit cell volumes, respectively, 0.002 A for
unit cell parameters, 0.0002 for normalized stresses, and approximately 200 A3 for crystallite sizes. NaCoF3 perovskite cell parameters are
displayed in the Pbnm space group.

Image P (GPa) T (K) Pt NaCoF3

a(A) Phase a(A) b@A) cA /G CSA)

3 34 301(0) 3.907 Pv 5297 5580 7.694 0.028 277

7 4.0 423(4) 3906 Pv 5293 5570 7.681 0.039 286
12 3.7 507 (15)  3.907 Pv 5.305 5.560 7.678 0.039 249
17 1.1 767(7) 3920 Pv 5392 5588 7.774 0.029 272
38 1.1 868 (9) 3918 Pv 5363 5553 7.720 0.010 465
46 42 866 (10) 3.907 Pv 5302 5526 7.653 0.022 475
52 73 866 (10) 3.893 Pv 5227 5503 7592 0.037 428
57 9.0 865(10) 3.886 Pv 5.162 54838 7.547 0.041 388
66 13.4 861 (10) 3.868 Pv 5.034 5468 7469 0.049 337
69 14.8 861 (10) 3.863 Pv 4995 5467 7444 0.051 231
73 18.1 929(7) 3.852 Pv 4921 5456 7391 0.054 143
71 20.1 997 (10) 3.844 Pv 4852 5485 7339 0.048 104
79 26.1 1013 (14) 3.824 pPv 2.894 9.030 6.974 0.016 87
83 27.5 1006 (18) 3.819 pPv 2.884 9.022 6.950 0.018 100
86 28.5 1004 (19) 3.816 pPv 2872 9.014 6.944 0.018 107
87 29.1 1003 (20) 3.814 pPv 2.868 9.012 6.935 0.018 171
88 29.6 1003 (20) 3.813 pPv 2.867 9.008 6.930 0.020 359

(102) (131) (132) (013)
(121) (220) (022) (141) (321) (022) (130)
101) (210)(002)(031) (221), 301)(222)(103) (110)(111) (023) (131)

@00 [zo1) [(112)/
15(3) l kl¢ J#//

Fit

Azimuth (Degrees)

Data

18.0 6.0
2-Theta (Degrees)

Figure 2. (a) Unrolled diffraction image of NaCoF3 perovskite at 20.1 GPa and 997 K, immediately before transformation to post-perovskite.
Below: measured diffraction (labeled data). Above: diffraction image recalculated by MAUD (labeled fit). Diffraction peaks of perovskite
are labeled by their Miller indices, and platinum peaks are indicated by Pt. (b) Diffraction and fit for post-perovskite phase at 26.1 GPa and
1013 K. In both (a) and (b) diffraction lines vary in position and intensity, revealing texture and stress development due to compression.
Graphite peaks from the heater are present at 6.0, 8.2, 13.4, and 14.6° 26. These diffraction peaks, becoming more visible as the experiment
proceeds, show no strain and were ignored if necessary during the refinement process.
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Figure 3. Unit cell volumes of NaCoF3 perovskite and post-
perovskite plotted vs. pressure. Lines are second-order Birch—
Murnaghan equation of state, fit for each phase assuming constant
temperature and used to illustrate compression behavior vs. experi-
mental values.

Orientation distribution functions (ODFs) were calcu-
lated using the entropy Williams—Matthies—Imhof—Vinel (E-
WIMV) algorithm which accounts for incomplete and arbi-
trary pole coverage. The ODF is a probability distribution
function to find an orientation, which is normalized over the
entire sample. An ODF with a multiple of random distribu-
tion (mrd) of 1 indicates a random orientation. Values greater
or smaller than 1 indicate preferred orientation within an ag-
gregate of grains, which we refer to as texture. Compression
in the diamond anvil cell imposes a symmetry along the com-
pression direction, set as the z axis in MAUD. Therefore, we
impose a fiber symmetry and use an ODF resolution of 15°.

3 Results

NaCoF3 crystallizes in the perovskite structure at ambient
conditions. We observe a transformation to post-perovskite
between 20.1 and 26.1 GPa at temperatures of ~ 1000 K.

Unit cell volumes of NaCoF3 in perovskite and post-
perovskite are shown in Fig. 3 and the corresponding unit
cell parameters in Table 1. In this study, we use the Pbnm
space group for the orthorhombic setting of the perovskite
phase. MAUD does report errors for each of the fitted pa-
rameters; however, these values underestimate the true phys-
ical error of the measurement. Hence, errors for unit cell vol-
umes, unit cell parameters, normalized stress, and crystal-
lite size have been estimated by running multiple series of
MAUD refinements from different starting values. The error
values reported in the caption of Table 1 are the maximum
variation of each quantity. We observe a smooth decrease in
unit cell volume with pressure.
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Figure 4. Normalized stress /G in NaCoF3 perovskite (green cir-
cles) and post-perovskite (blue diamonds) as a function of pressure.
The solid line is a visual guide through the experimental data. The
perovskite to post-perovskite transition occurs between 20.1 and
26.1 GPa.

We used the program EosFit (Gonzalez-Platas et al.,
2016) to fit a second-order Birch-Murnaghan equation of
state trend for perovskite between 1.1 GPa and 868 K and
20.1 GPa and 997 K and for all post-perovskite data. Consid-
ering the small ranges in temperature for the measurements,
temperature effects were ignored. The resulting bulk mod-
ulus for perovskite and post-perovskite in the 868-1013 K
range are 74.9 and 85.9 GPa, respectively. Based on Fig. 3,
the drop of volume at the perovskite to post-perovskite tran-
sition is estimated to be 6.6 A3

Since the pressure and temperature effect on shear mod-
ulus is unknown for NaCoF3, we report stresses in terms of
normalized stress #/G. This quantity is a more appropriate
representation of stress, does not require the extrapolation of
G, and has been used in past studies to compare materials to
each other (Duffy, 2007; Miyagi et al., 2009; Dorfman et al.,
2015). As pressure increases from 1.1 to 18.1 GPa at temper-
atures between 868 and 929 K, normalized stress in NaCoF3
perovskite increases from 0.010 to 0.054 (Fig. 4). Before the
onset of transformation to post-perovskite, we observe a de-
crease in normalized stress to 0.048 at 997 K. This decrease
in stress is likely due to relaxation as the transition is ini-
tiated. The #/G value drops to 0.016 as post-perovskite is
formed at 26.1 GPa and 1013 K. Upon further compression
to 29.6 GPa at 1003 K, /G in post-perovskite increases to
0.020.

Texture development during the experiment is shown as
inverse pole figures of the compression direction (Fig. 5). In
the perovskite phase we observe a weak maximum at 100
(2.2 mrd) after the closure of the sample chamber (Fig. 5a).
As compression of NaCoF3 continues the maximum at 100
strengthens to an mrd value of 4.2 at 7.3 GPa (Fig. 5b). Upon
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further compression to 13.4 GPa, a weak secondary maxi-
mum appears at 001 (Fig. 5c). This texture weakens before
transitioning to post-perovskite at 26.1 GPa (Fig. 5f). This is
likely a feature of the transformation. In all cases, there is a
clear minimum at 010 in the perovskite phase.

At 26.1 GPa NaCoFj3 has transformed to a post-perovskite
structure, and a weak preferred orientation can be observed at
010 (Fig. 5f). This texture strengthens upon compression to
29.6 GPa with mrd values never exceeding 3. Additionally,
a clear minimum at 001 develops upon compression of the
post-perovskite phase, as well as a small shift of 010 towards
001 (Fig. 5g).

4 Plastic deformation of NaCoF3
4.1 Compression textures in NaCoF3 perovskite

Texture evolution is indicative of ongoing plastic deforma-
tion and most likely dislocation glide or twinning. Other de-
formation mechanisms including dislocation climb or dif-
fusion could be active during deformation; however, these
mechanisms would not result in strong deformation textures
like those observed in our experiments. In earth sciences,
deformation textures in perovskite-structured materials are
motivated because the most abundant mineral in the Earth’s
lower mantle is bridgmanite; (Mg,Fe)SiO3 in the perovskite
structure (Tschauner et al., 2014). Numerous studies have
hence addressed the deformation textures and mechanisms
in bridgmanite (e.g., Wang et al., 1992; Merkel et al., 2003;
Wenk et al., 2004a; Cordier et al., 2004; Wenk et al., 2006;
Ferré et al., 2007; Mainprice et al., 2008; Miyagi and Wenk,
2016; Kraych et al., 2016; Boioli et al., 2017). In addition,
other studies implement structural analogue compositions
such as CalrO3; (Niwa et al., 2007), NaMgF3 (Kaercher et
al., 2016), and CaGeO3 (Wang et al., 2013) as lower pres-
sures and temperatures are required to generate a compres-
sion texture, and data are easier to interpret. Furthermore,
compression textures in NaCoF3 have not been investigated
before, which only allows us to compare them to other ana-
logues such as the ones mentioned above. It is important to
note, however, that not all perovskite-structured materials be-
have in the same manner during plastic deformation.

Here, we measure compression textures in NaCoF3 be-
tween 1.1 and 29.6 GPa at temperatures between 767 and
1013 K. We observe a 100 compression texture very early
in the compression (Fig. 5a) which strengthens with further
compression to 18.1 GPa (Fig. 5d). This increase of the 100
texture maximum is accompanied by a decrease in inten-
sity at 010. At 13.4 GPa, we observe the appearance of a
secondary maximum at 001. The 100 maximum induced by
the first stage of compression compares favorably with ex-
periments on bridgmanite (Merkel et al., 2003; Wenk et al.,
2004b; Miyagi and Wenk, 2016) in which it was assigned to
a likely contribution of {110} mechanical twinning as iden-
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tified in early transmission electron microscope (TEM) stud-
ies (Wang et al., 1992). This same 100 texture maximum
was also observed in compressed NaMgF3 (Kaercher et al.,
2016). The secondary 001 maximum observed later in com-
pression was also observed in D-DIA deformation experi-
ments on NaMgF3 (Kaercher et al., 2016) and was reported
in the study of Miyagi and Wenk (2016) on bridgmanite at
pressures below 55 GPa in which it was assigned to slip along
(001).

Based on texture measurements, NaCoF3 is a good ana-
logue for constraining the plasticity of bridgmanite as both
maxima at 100 and 001 are observed in both phases in
compression experiments. The interpretation of which de-
formation mechanisms are responsible for experimental tex-
ture, however, requires a comparison with polycrystal plas-
ticity simulations. This allows the most relevant deformation
mechanism controlling microstructures in the experiment to
be extracted and will be described in Sect. 4.3.

4.2 Compression textures in NaCoF3 post-perovskite

Texture in post-perovskite can arise from phase transforma-
tions (Okada et al., 2010; Miyagi et al., 2010, 2011; Dob-
son et al., 2013; Miyagi and Wenk, 2016) or plastic defor-
mation (Merkel et al., 2006, 2007; Yamazaki et al., 2006;
Niwa et al., 2007; Miyajima and Walte, 2009; Hunt et al.,
2016). Here, we measure textures in NaCoF3 post-perovskite
between 26.1 and 29.6 GPa at ~ 1000 K. Post-perovskite is
compressed over a restricted pressure range (x 4 GPa), little
texture evolution is observed, and textures are interpreted to
arise primarily from transformation. There is a clear effect of
transformation textures vs. deformation textures, and our ob-
served texture mostly results from the phase transformation;
thus interpretation based on deformation mechanisms will be
biased. For this reason, we will focus on the analysis of the
perovskite to post-perovskite transformation in Sect. 5.

4.3 Plastic deformation mechanism in perovskite

Texture development depends on a number of factors in-
cluding deformation geometry, total strain, starting texture,
and plastic deformation mechanism activity. Interpretations
can be made by using a visco-plastic self-consistent (VPSC)
model, which simulates the plastic deformation of polycrys-
talline aggregates depending on deformation mechanisms
and loading conditions (Wenk, 1999). VPSC modeling has
been used in the past to investigate deformation of per-
ovskites at lower-mantle conditions (Mainprice et al., 2008;
Miyagi and Wenk, 2016; Kaercher et al., 2016). Based on
these publications, we test the following deformation mech-
anisms, (100)[010], (100)[001], (100)(011), (010)[100],
(010)(101), (001)[100], (001)(110), {111}(110), and
{110}(110) twins, in order to generate the best fit texture
observed in our experiments (Fig. 5). The final models used
are shown in Table 2 and will be described below.
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Figure 5. Inverse pole figures in the compression direction of NaCoF3 at various stages of compression. (a, b, ¢, d, e) Perovskite structure
(Pbmn setting). (f, g) Post-perovskite structure. Equal area projection. Color scale in multiples of random distribution (mrd). Values of 7
reported in the figure assume constant shear modulus value of G =44 GPa.

Table 2. CRSS, start activity, and end activity of slip systems from VPSC
stages. See text for details.

calculations for perovskite. Sample compression is modeled in two

Slip system Stage 1 (25 % strain)

Stage 2 (40 % strain)

CRSS  Start activity — End activity ‘ CRSS  Start activity ~ End activity
(100)[010] 3 99% 10.8 % 5 84% 51%
(100)[001] 2 102% 17.8% 5 07% 1.0%
(100)(011) 2 323% 443 % 5 58% 43 %
(010)[100] 5 21% 23% 5 84% 51%
(010)(101) 5 11.5% 6.8 % 5 33% 2.0%
(001)[100] 5 07% 1.1% 6 04% 1.0%
(001)[010] 5 15% 3.7% 6 00% 0.0 %
(001)(110) 5 75% 52% 1 695% 79.7 %
{111}(110) 30 14% 7.4 % 30 34% 2.4 %
{110}(110) twin 2 17.0% 0.5% 25 0.0% 0.0 %

The critical resolved shear stress (CRSS) values reported
in this paper are only relative values to one another. Due to
the absence of single crystal elastic information on NaCoF3,
we lack the elasticity information required to model defor-
mation textures using an elasto-visco-plastic self-consistent
(E-VPSC) model which would take into account elastic prop-
erties and absolute shear stresses. As a result, we use the
visco-plastic self-consistent (VPSC) approach which does
not include any effect of elasticity in which we adjust relative
CRSS values to best match our observed textures. Starting
from a set of 3000 random orientations (Fig. 6a), we can suc-
cessfully generate a strong 100 texture while depleting 010
and maintaining orientations at 001, as measured at 7.3 GPa
(Fig. 5b), by applying 25 % strain in axial compression with
dominant slip on (100) and a significant contribution of {110}
twins (Fig. 6¢). It is necessary to include {110} twins in order
to deplete the 010 direction while maintaining orientations at
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001. Indeed, dominant slip on (100) only results in the de-
pletion of both 010 and 001 (Kaercher et al., 2016) and is not
consistent with our experimental results.

We were then unable to obtain orientations on the sec-
ondary 001 maximum while preserving the initial 100 tex-
ture as measured in the experiment above 13.4 GPa (Fig. 5c).
Among the proposed deformation mechanisms, slip on (001)
can indeed move orientations from 100 to 001, but such sim-
ulations will generate a slow movement of orientations from
100 to 001, as shown in the second stage simulations (Fig. 6d
and e). This is not observed in the experiments for which the
001 maximum increases in the absence of intermediate orien-
tations between 100 and 001. Twinning is an efficient mode
for inducing fast grain reorientations without producing a
gradual texture shift. The fast reorientation of grains from
100 to 001 hence alludes to a potential contribution of an
unknown twinning mode. Despite all our attempts, we were
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Figure 6. Inverse pole figures (a, b, ¢) of first stage compression in VPSC simulation starting from a random texture at 0 % strain to 25 %
strain dominated by slip along (100) planes with significant contribution of {110} twins. Second stage of deformation (d, e) starting from (c),
allowing 20 % and 40 % strain with deformation dominated by (001) slip.

unable to characterize the observed 001 maximum based on
twinning laws reported for perovskites.

5 Transformation of perovskite to post-perovskite in
NaCoF3

Many questions have arisen regarding the transformation of
perovskite to post-perovskite, including the transformation
mechanism itself (Tsuchiya et al., 2004; Oganov et al., 2005;
Dobson et al., 2013), its effect on lattice preferred orienta-
tions (Okada et al., 2010; Miyagi et al., 2011), stress (Hunt et
al., 2009; Dobson et al., 2012), and anisotropy in the Earth’s
lower mantle (Dobson et al., 2013; Walker et al., 2018b).

5.1 Pressure

Transformation of NaCoF3 perovskite to post-perovskite
takes place between 20.1 and 26.1 GPa. The broad pressure
range of conversion reported can be explained by signifi-
cant peak overlap between perovskite and post-perovskite
obscuring the phase transition. We observed the phase tran-
sition at higher pressures than Dobson et al. (2011) and Yusa
et al. (2012), who observe the transition from perovskite to
post-perovskite at 18 GPa and 973 K and 14.5 GPa at 1173 K,
respectively. This could be an effect of either stress or kinet-
ics. During our experiment we do not allow as much time at
the transition pressure as Dobson et al. (2011) who induced
the transformation in a multi-anvil press. Additionally, Yusa
et al. (2012) observe disproportionation phases after laser
heating above 21 GPa at 1100 K that we do not. This could
potentially be explained by the overall lower temperatures in
our experiment.
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5.2 Stress

With the transition of perovskite to post-perovskite we mea-
sure a drop of normalized stress from 0.054 to 0.016 (a factor
of 3). In comparison, studies by Hunt et al. (2009) and Dob-
son et al. (2012) indicate post-perovskite deforms 5 to 10
times faster than perovskite when using analogues NaCoF3
and CalrO3 based on strain rate measurements. Additionally,
numerical simulations of diffusion in MgSiO3 by Ammann
et al. (2010) predicted a significantly weaker post-perovskite
phase. The observed normalized strength drop in NaCoF3
upon its transformation to post-perovskite is likely a result
of transformation plasticity or transient weakening. In the
absence of known values for elastic properties of NaCoF3
under high P/T, we are unable to report actual differential
stress values. Despite this limitation, overall our results are
consistent with a weakening of materials at the perovskite to
post-perovskite transition.

5.3 Mechanism

Phase transformations change crystal structures but also in-
duce a change in texture of materials. Transformations can be
diffusionless in nature, meaning the atoms within the mate-
rial move in a homogeneous fashion or they can be recon-
structive in nature and move by means of long-range dif-
fusion. Diffusionless transformations involve orientation re-
lationships between the parent and daughter phase and are
sometimes referred to as martensitic (Christian et al., 1995).
Diffusive transformations, on the other hand, do not imply
orientation relationships between the parent and daughter
phase.

Early predictions by Tsuchiya et al. (2004) indicate that
the perovskite to post-perovskite transformation should lead
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to orientation relationships. They determine that [110],[110],
and [001] of Pbnm perovskite correspond to [100], [010],
and [001], respectively, in Cmcm post-perovskite. In paral-
lel, based on metadynamics, the simulations of Oganov et
al. (2005) predict a less cooperative mechanism with stack-
ing faults producing shear and fragments of post-perovskite
structures. Experimentally, Dobson et al. (2013) studied the
perovskite to post-perovskite transition in NaNiF3 based
on high-pressure experiments and electron microscopy on
the recovered samples. They indicate that the ¢ axis of the
perovskite phase is preserved during the transformation to
post-perovskite. In addition, they observed that the post-
perovskite #h0 vector in reciprocal space is parallel to [010]
in perovskite.

Here, we test these three different transformation models.
The orientation relationships of Tsuchiya et al. (2004), start-
ing from NaCoF3 perovskite at 20.1 GPa, result in a trans-
formation texture with diffuse weak maximums between
010 and 100 (Fig. 7¢). The model proposed by Oganov et
al. (2005) is not consistent with our data because orienta-
tion relationships are only considered along the ¢ direction.
We clearly observe a 010 texture in post-perovskite, implying
there are additional orientation relationships than that along
the ¢ direction. When using the orientations relationships in
Dobson et al. (2013), the simulated post-perovskite texture
matches that measured experimentally (Fig. 7d). In both the
experimental and simulated textures, we observe a maximum
at 010. Moreover, the strength of the texture is consistent be-
tween experiments and simulations.

Based on the above reasoning, we can conclude that the
transformation from perovskite to post-perovskite in NaCoF3
involves orientation relationships and hence falls within
the group of displacive phase transformations. Furthermore,
these relationships fit the model of Dobson et al. (2013),
based on experiments performed on NaNiF3. This supports
the idea that this mechanism could apply to natural per-
ovskite phases.

6 Conclusion

This paper presented experimental results of NaCoF3 com-
pressed inside a resistive-heated radial diffraction DAC at
pressures of 1.1 to 29.6 GPa and temperatures between 300
and 1013K. A phase transformation from NaCoF3 per-
ovskite to post- perovskite was observed between 20.1 and
26.1 GPa.

Deformation of NaCoF3 perovskite initially results in a
strong 100 maximum when the sample is at 7.3 GPa. VPSC
simulations show that this texture is formed by slip along
(100) paired with important contributions from {110} twins.
Later in the deformation process we observe a weak sec-
ondary 001 maximum appearing at 13.4 GPa. These defor-
mation textures are similar to those of NaMgF3 shown in
Kaercher et al. (2016). We attempt to model this secondary
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Figure 7. (a) Perovskite texture at 20.1 GPa immediately before
transformation to post-perovskite. (b) Post-perovskite texture at
26.1 GPa after transformation from experimental measurements. (c)
Modeled transformation texture of post-perovskite using orientation
relationships from Tsuchiya et al. (2004). (d) Modeled transforma-
tion texture of post-perovskite using orientation relationships from
Dobson et al. (2013).

maximum; however, we are unable to recreate it without
shifting the original 100 maximum. Such fast grain reorien-
tation could be explained by a twinning mode different from
known perovskite twinning modes (Wang et al., 1992). Di-
rect comparisons to MgSiO3 deformation textures are made
difficult because of the effect of starting material on the
MgSiO3 transformation textures (Miyagi and Wenk, 2016).
Nevertheless, both the 100 and 001 compression textures ob-
served in NaCoF3; have been observed in natural composi-
tions (Merkel et al., 2003; Wenk et al., 2004b; Miyagi and
Wenk, 2016; Couper et al., 2020). NaCoF3 hence appears as
a good analogue for plasticity studies relevant for the Earth’s
mantle.

The phase transition from perovskite to post-perovskite re-
sults in a normalized strength drop from 0.054 to 0.016 (a
factor of 3), which is likely a result of transformation plastic-
ity or transient weakening. Transformation of NaCoF3 per-
ovskite to post-perovskite is martensitic in nature as demon-
strated by the existence of orientation relationships between
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both phases. The orientation relationships proposed by Dob-
son et al. (2013) can successfully reproduce our data.
Perovskite analogues continue to provide valuable insight
to the behavior of materials at extreme pressures and tem-
peratures relevant for planetary mantles. For Earth’s mantle
materials, it is important to understand the effect of temper-
ature on deformation mechanisms which may be different
from what is observed at 300 K. Analogues such as NaCoF3
allow for studies at lower pressures. It would be interesting
to study the effect of temperatures at these lower pressures
to constrain the effect of temperature on the plasticity of per-
ovskite phases. Further studies on analogues might also in-
clude the investigation of post-perovskite deformation tex-
tures in NaCoF3 and other analogues, as well as potential
post-post-perovskite phases (Crichton et al., 2016; Umemoto
and Wentzcovitch, 2019). A general understanding of plastic-
ity in perovskite and post-perovskite will help with improv-
ing the interpretation of seismic models in terms of mantle
dynamics such as heat transfer through convection.
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Chapter 4

Transformation Microstructures in

Pyrolite and Implications for
Anisotropy Below the 660’
Discontinuity

This section has been submitted to Earth and Planetary Science Letters in August 2022
in a slightly different form. Section is a combination of the main draft and supplementary

materials.

4.1 Introduction

The '660° discontinuity serves as a boundary between the transition zone and lower mantle
at approximately 660 km depth within the Earth’s mantle. This discontinuity has been
observed in several seismological studies by using a variety of reflected and transmitted
waveforms [Xu et al., 2003, Deuss et al., 2006, Deuss, 2009]; however, some waveforms,
including underside P-wave reflections and long period PP precursors, are less successful
at detecting reflections at relevant depths [Day and Deuss, 2013, Waszek et al., 2021]. SS
and P’P’ precursors have been more successful in detecting an apparent sharp boundary,
less that 2 km thick, at the '660’ [Xu et al., 2003, Deuss, 2009]. These seismic observations
occur both regionally [Wang and Niu, 2010, Jenkins et al., 2016] and globally [Shearer,
2000, Andrews and Deuss, 2008] within the mantle.

The 660 km discontinuity is also believed to be the result of mineralogical phase tran-
sitions in pyrolite [Ringwood, 1991], which is believed to be relevant model composition

for the Earth’s mantle [Faccenda and Zilio, 2017]. Phase transitions of pyrope garnet
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during experimental diamond anvil cell experiments at conditions relevant to the 660’
led to the discovery of (Mg,Fe)SiO3 perovskite [gun Liu, 1974]; which was later discov-
ered in nature in the Tenham L6 chondrite and formally named bridgmanite [Tschauner
et al., 2014]. Bridgmanite alone comprises approximately 80% of the lower mantle by vol-
ume [Ishii et al., 2011, Wang et al., 2015], making it an important phase to investigate
when determining how mineralogical microstructures impact phenomena such as seismic
anisotropy. Deformation experiments on bridgmanite have been conducted in the past to
explore texture development [Merkel et al., 2003, Miyagi and Wenk, 2016, Tsujino et al.,
2016], strain weakening [Girard et al., 2016], and dislocation microstructures [Cordier et al.,
2004, Miyajima et al., 2009]. However, there are no documented in-situ experiments that
investigate transformation microstructures, including grain statistics, immediately before

and after the 660’ transition in polycrystalline pyrolite samples.

Seismic anisotropy, the directional dependence of seismic wave velocity, has been ob-
served within the Earth’s interior and can bring further information on processes at those
depths [Long and Becker, 2010]. Anisotropy can be detected using multiple approaches.
Surface waves in upper mantle regimes provides large-scale information on azimuthal
anisotropy [Beller and Chevrot, 2020]; however shear wave splitting is more commonly
used due to the straight forward measurement process [Long and Becker, 2010]; although
such measurements may lack vertical resolution. Seismic anisotropy within the deep man-
tle, however, is widely debated, as it is observed locally below '660’ in some studies [Wookey
et al., 2002, Ferreira et al., 2019, Agrawal et al., 2020, Montagner et al., 2021], but is absent
in other more global models [Meade et al., 1995, Panning and Romanowicz, 2006a, Panning
et al., 2010]. The study of seismic anisotropy is largely motivated by providing constraints
on deformation within the Earth’s interior and interpreting mantle flow processes, but

questions remain on its microscopic origin around the '660’ discontinuity.

In this study, a series of laser heated diamond anvil cell (DAC) experiments were per-
formed on polycrystalline samples of pyrolite using high energy X-rays from a synchrotron
source. Multigrain X-ray diffraction (MGC) is employed in order to track the orientation
of grains at pressures and temperatures relevant to the conditions both above and below

the 660 km discontinuity. More specifically, we report on experimental textures obtained
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before and after the transformation from (ringwoodite + garnet) to (bridgmanite + Ca-
perovskite + ferropericlase). Also note that Ca-perovskite was renamed to davemaoite
recently [Tschauner et al., 2021] and we will use this nomenclature in the paper. Our mea-
surements demonstrate that strong transformation textures can be formed in bridgmanite
due to the compressive stress applied to the sample. These textures are then employed
to model P and S-wave anisotropy within a pyrolitic mantle in the vicinity of the '660’
discontinuity. We show that our predictions of anisotropy are consistent with observations
and could be used to understand the stress geometry within the pyrolitic portion of a sub-
ducting slab. Experimental procedures and a brief overview of data processing techniques

will be also discussed.

4.2 Methods and Data Analysis

4.2.1 Sample Preparation

We use sintered polycrystalline pyrolite samples as our starting material. Single crystals
of natural San-Carlos olivine, pyrope, enstatite, and diopside were ground to a powder by
hand with ethanol. The mixed powders were then loaded into a boron-nitride capsule and
inserted into a piston-cylinder press to sinter the samples at 2 GPa and 1000 °C for 30
minutes. The product of the sintering is a polycrystalline aggregate with heterogeneous
grain size, ranging between < 1 pym and 15 pm. The sintered material was then cut into
disks with a diamond wire saw and then polished by hand on both sides using a series of
silicon diamond polishing papers until it reached a thickness of ~ 10um Finally, the sample
was coated on both side with 500 nm of platinum using a GATAN 682 Precision Etching
and Coating System (PECS) and then cut into 20 pym diameter disks using a laser cutting
machine at the Institut de minéralogie, de physique des matériaux et de cosmochimie in

Paris, Sorbonne Université.
4.2.2 Diamond Anvil Cell

To perform these experiments at the relevant pressure and temperature conditions of the
660 km discontinuity, a remote controlled membrane driven laser heated diamond anvil
cell (DAC) was used. The seats and external housing of the assembly have a wide angle

window, which allows for image collection at rotation angles Aw = +28° during multi-grain

101



crystallography (MGC) data collection. We used diamonds with a culet size of 250 pum
diameter along with a rhenium gasket, indented to a thickness between 25 pym and 30 pm.
A hole 1/3 the diameter of the diamond culet was drilled in the center of the intended
gasket using a motorized electric discharge machine or laser cutting machine to serve as
a sample chamber. The sintered disks of pyrolite were loaded in a controlled argon gas
atmosphere between layers of KCI that served both as thermal insulation for laser heating
and as a pressure calibrant. Platinum flakes were also loaded into the gasket to be used
as pressure calibrant, but were not used in order to keep the X-ray beam focused on the
same part of the sample through the X-ray diffraction data collection during the whole

experiment.

4.2.3 High Pressure/Temperature XRD Experiments

All experiments were performed at the Extreme Conditions beamline P02.2 at PETRA
IIT (DESY, Hamburg). A schematic of the beamline set up is shown in Figure 4.1. We
used a monochromatic X-ray beam with a wavelength of 0.2898 A, and beam dimensions
of 1.4 pm (V) x 1.9 pm (H) FWHM, and a Perkin-Elmer XRD 1621 flat panel detector
with 2048 x 2048 pixels and a 0.2 x 0.2 mm? pixel size. A CeOs powder standard from the
National Institute of Standards and Technology (NIST; 674b) was used to calibrate the
detector tilt, beam center, and calculate the sample to detector distance (551.262 mm).
Double-sided laser heating was carried out using a Yb-fiber laser to reach the necessary
temperatures as installed by default on the beamline and temperatures were determined
using spectroradiometry described by Konopkové et al. [2021].

Compression and heating of the sample are conducted simultaneously to monitor in situ
the transformations in pyrolite at the conditions of the ’660°. Pressures and occurrence
of the corresponding phases are identified during the experiment using powder diffraction
images collected in situ at high P/T and analyzed in the software Dioptas [Prescher and
Prakapenka, 2015]. The collection of MGC images allows us to observe the evolution
of microstructures within the sample upon transformation by providing information on
phases present and their associated textures, but requires quenching the sample to ambient
temperature with the layout we used in this work. MGC image collections are taken as

close to the transformation conditions as possible.
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Figure 4.1: Experimental setup of multigrain X-ray diffraction at beamline P02.2 at
PETRA III (DESY, Hamburg). a) Image of the sample sandwiched between KCl
pressure medium along with platinum flakes taken from an optical microscope. b)
Overall view of the DAC assembly with X-ray beam passing through the sample in
the axial direction. The 2D Perkin-Elmer detector collects diffraction images every

0.5° as the assembly is rotated from —28° to 28° in w. Actual diffraction images are
shown in the insert.

The first series of MGC images are collected when ringwoodite and garnet form in the
DAC at pressures between 18 and 19 GPa at temperatures between 1600 and 1900 K. Once,
for instance, ringwoodite and garnet are observed in the powder diffraction pattern, the
sample is quenched to ambient T by turning off the laser heating system and a multigrain
X-ray diffraction image is taken. Acquisition of the image series happens by rotating the
DAC in w by 0.5° steps from —28° to 28° with collection times of 1 second per image,
resulting in a total of 112 images for each MGC scan. After the MGC image collection, the
sample is again heated between 1500 and 2000 K and then compressed at high temperature
until pressures reach ~ 24 GPa. Once bridgmanite is identified in the powder diffraction
pattern, the sample is again quenched and MGC images are collected.

A total of three separate runs were performed: Pyr02, Pyr05, and Pyr07. Each sample
was a separate experiment, with multigrain XRD images collected before and after the
transformation to the bridgmanite + davemaoite + ferropericlase assemblage (Figure 4.2).
Pressure during the experiment is tracked using powder diffraction images and the thermal

equation of state of KCI from Tateno et al. [2019]. Temperature in KCI is ill-defined
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Figure 4.2: Pressure vs. temperature path for three experimental runs Pyr02, Pyr05,
and Pyr07. Multigrain images are acquired at 300 K. Open markers are where MCG
diffraction data was collected with filled markers indicating where powder diffraction
images were taken. Dotted potion of lines along the P/T path denote when the
sample is being heated or quenched. Errors in temperature are reported as the
deviation from the average values between the upstream and downstream recorded
temperature. Black dashed line is a visual aid marking 300 K. Red shaded area
marks the geotherm from Katsura et al. [2010]. Pressures in KCl, estimated from
the equation of state of Tateno et al. [2019], pressures reported during laser heating
are corrected to account for temperature (see text for details).
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because of the temperature gradient between the room temperature diamond and the
heated sample, as measured using spectroradiometry. We hence assign the temperature at
the mid-point between the diamonds and sample to KCI.

In the three Pyr02, Pyr05, and Pyr07 runs, ringwoodite 4+ garnet assemblages were
characterized between 17.5 and 21 GPa at 300 K and then compressed and converted at
mantle geotherm temperatures up to pressures between 29 and 33 GPa. Bridgmanite +
davemaoite + ferropericlase assemblages were then characterized using MGC on the quench

run-products (Figure 4.2).

4.2.4 Processing MGC Data

Analysis of the MGC data is performed using a series of software packages discussed below.
Only a brief outline of the process will be provided and more information can be found in
Rosa et al. [2015] as well as Langrand et al. [2017]. A MGC image collection relies on the
measurement of diffraction images at multiple w angles in order to obtain a comprehensive
view of the sample grain orientations in three dimensions. The aim of the procedure is
to link the diffraction spots observed in the diffraction images to individual grains within
the sample and extract microstructural information such as the number of grains and
their orientations. This step is performed using the open-source software package FABLE-
3DXRD Which cn be found at https://github.com/FABLE-MGC. During the first step of
the processing, images are cleaned by subtracting the median background from the pressure
transmitting medium and masking diamond spots.

Figure 4.3a shows the extracted diffraction peaks in sample Pyr05, plotted along the
azimuth against inverse d-spacing. Figure 4.3c is an example of what diffraction spectra
in sample Pyr05 look like when the MGC images are averaged and integrated into a 2D
pattern, as one would use in powder diffraction. Diffraction peaks with lower intensities
are masked by the KCI pressure medium, making it difficult to identify peak locations of
garnet, bridgmanite, davemamoite, and ferropericlase phases. Figure 4.3b, on the other
hand, shows a histogram of the number of diffraction spots against inverse d-spacing.
Peaks from all phases can be clearly identified. Unit-cell parameters of the mineral phases
are then extracted using the software MAUD [Lutterotti et al., 1997]. Note the analysis

of this spectrum is not a true Rietveld refinement because the data in the histogram is
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a number of single grain peaks rather than a true peak intensity. It is, however, very
efficient at detecting peak positions of phases that would otherwise be drowned out by the

KCI pressure medium.
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Figure 4.3: Experimental diffraction data from sample Pyr05 at 29 GPa. a) Extracted
diffraction peaks from the 2D diffraction images plotted as a function of azimuth and
inverse d-spacing. b) Histogram of the number of extracted single-grain diffraction
peaks vs. 1/d. The corresponding phase and Laue indices of each diffraction line are
indicated on the figure. ¢) Diffraction data in MAUD when using an average image
of the MGC data collection. The signal is dominated by the pressure medium (KCl)
and selected diffraction lines of bridgmanite.

After the peaks are extracted and the phases identified, we use ImageD11 to compute
a list of g-vectors using the positions of diffraction peaks, refined unit cell parameters,
and experimental conditions such as wavelength, sample to detector distance, and detector
tilt. In order to avoid incorrectly assigning pressure medium g-vectors to sample grains,
260 ranges that overlap with the pressure medium are excluded from the list.

Finally, we use GrainSpotter [Schmidt, 2014] and the list of g-vectors, to index grains
within the sample by assigning g-vectors with matching orientations. To achieve this,
GrainSpotter generates a series of randomly oriented grains and computes their corre-

sponding g-vectors. GrainSpotter then tries to match each experimentally measured g-
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vector to the generated theoretical g-vectors. A g-vector is assigned to a grain when the
diffraction angles 260, i, and w, shown in Figure 4.1, are within the defined tolerances from
the theoretical values.

One difficulty arises from having multiple crystalline phases in the sample. This is
remedied by running multiple subsequent GrainSpotter indexings for each individual phase,
removing indexed g-vectors from the list of unassigned g-vectors at each step. Additionally,
the number of indexed grains is improved by running multiple iterations of GrainSpotter
with increasing tolerances. In the first iterations, tolerances are set to o9 = 0.02°, 0y =
1.0°, and o, = 2.0° for each phase. In the last iterations, tolerances are set to o99 = 0.08°,
op = 2.0°, and o, = 3.0° for each phase. This results in the indexing of between 35 and 89%
of the g-vectors, corresponding to between 44 and 736 sample grains (Table 4.1). Note that
better indexing performance are obtained for samples including bridgmanite, davemaoite,
and ferropericlase where between 83 and 89% of the g-vectors are assigned. The reason for
the lower indexing performance on garnet + ringwoodite assemblages is unclear, but may be
due to thee large number reflections in both the garnet and ringwoodite structures. Grain
orientations from GrainSpotter are plotted as inverse pole figures (IPF) of the direction of
compression using the MTEX toolbox [Bachmann et al., 2010, Mainprice et al., 2014]. We
use MTEX to fit an orientation distribution function to the list of single grain orientations
and plot the results as IPFs. Each dot on the IPF in Figure 4.4 represents a grain indexed,
with color corresponding to the probability of a specific orientation, which is plotted using

a scale of multiples of random distribution (m.r.d.).

4.2.5 Elasticity and Calculations of Seismic Anisotropy

Phase proportions in pyrolite, both before and after transformation, were calculated us-
ing the software package HeFESTo [Stixrude and Lithgow-Bertelloni, 2010] available at
https://github.com/stixrude/HeFESToRepository. Above the ’660’, at conditions of
22 GPa and 1700 K, pyrolite is composed of 67% ringwoodite, 25% garnet, and 8% other
minor phases by volume. Below the ’660’, at 27 GPa and 1900 K, pyrolite contains 77%
bridgmanite, 17% ferropericlase, and 6% davemaoite by volume. Elastic constants for each
phase are required in order to complete calculations of seismic velocities (Table 4.2).

In this work, garnet and ringwoodite are treated as isotropic materials, which is con-
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sistent with measurements on single crystals in the pressure range of the mantle transition
zone (MTZ) [Sinogeikin and Bass, 2000, Murakami et al., 2008, Zhou et al., 2022]. Studies
report moderate elastic anisotropy of ferropericlase at the condition of the MTZ [Jackson
et al., 2006, Yang et al., 2016, Fan et al., 2019, Immoor et al., 2022]. Additionally, in our
experiments we observe no texture, therefore we also treat ferropericlase as an elastically
isotropic material.

Both bridgmanite and davemaoite are elastically anisotropic at mid-mantle conditions
[Kurnosov et al., 2018, Fu et al., 2019, Criniti et al., 2021, Li et al., 2006b] and will hence
be treated to include the effect of anisotropy. Anisotropic elastic properties for textured
polycrystals, pyrolite assemblage, and the corresponding wave velocities and anisotropy are

then calculated using experimental texture data with MTEX and will be described later.

4.3 Results

4.3.1 Transformation Microstructures in Pyrolite

Grain Indexing Statistics

Grains are indexed before and after the phase transformation takes place in our exper-
iments. Before the transition, we index ringwoodite and garnet phases simultaneously,
which results in between 107 and 120 indexed grains between the two phases. After the
transition we see a marked increase in the amount of grains indexed for phases bridgman-
ite, davemaoite, and ferropericlase. Here we are able to index between 508 and 736 grains
amongst the three phases. Our indexing strategy leads to between 35 and 89% of all rele-
vant g-vectors assigned to individual grains. For instance, 84% of the relevant g-vectors in
Figure 4.3 have been assigned.

Table 4.1 shows grain indexing statistics for ringwoodite, garnet, bridgmanite, dave-
maoite, and ferropericlase in the three experimental runs. The number of grains indexed
for each phase, number of diffraction peaks assigned to each grain, and the percentage of
total g-vectors assigned to grains for each indexing are provided. In sample Pyr02, the
first indexing includes the phases garnet and ringwoodite, at 21 GPa, with 95 grains of
garnet and 232 grains of ringwoodite indexed. In the garnet phase, more peaks are as-

signed per grain due to the multiplicity, which is a result of crystal structure. During this
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Table 4.1: Indexing statistics from GrainSpotter for garnet, ringwoodite, bridgman-
ite, davemaoite, and ferropericlase phases in runs Pyr02, Pyr05, and Pyr07. Pres-
sures, number of grains indexed, average number of diffraction peaks assigned to
grains, and percentage of g-vectors assigned to grains for each indexing are shown.

Exp.  Phase P (GPa) Gr. Ind. Peaks per Gr. Assigned Gve (%)

Garnet 95 88

Ringwoodite 210 232 24 .
Pyr02 Bridgmanite 495 21

Davemaoite 33.0 208 9 89

Ferropericlase 33 9

Garnet 22 85

Ringwoodite 200 89 22 o8
Pyr05 Bridgmanite 334 23

Davemaoite 29.0 54 8 84

Ferropericlase 230 9

Garnet 13 91

Ringwoodite 17:5 31 21 35
Pyr07 Bridgmanite 270 22

Davemaoite 29.5 182 9 83

Ferropericlase 56 9

first indexing, 78% of g-vectors are assigned to grains within the sample. In the second
indexing of sample Pyr02, bridgmanite, davemaoite, and ferropericlase are included, at a
pressure of 33 GPa, with 495, 208, and 33 grains indexed respectively. For this indexing
89% of g-vectors are assigned to grains within the sample. During the indexing of garnet
and ringwoodite phases in sample Pyr05 at 20 GPa, 22 grains of garnet and 89 grains
of ringwoodite are found. For this indexing 58% of the total g-vectors are assigned to
grains. After transformation, another indexing is ran at 29 GPa where we find 334 grains
of bridgmanite, 54 grains of davemaoite, and 230 grains of ferropericlase. For this indexing
84% of g-vectors are assigned to grains. For the last sample, Pyr07, phases of garnet and
ringwoodite are indexed at 17.5 GPa, and yield 13 and 31 grains respectively. Only 35%
of the g-vectors are assigned to grains within the sample. After transformation, however,
83% of the g-vectors are assigned to grains in the sample with 270 bridgmanite grains, 182

davemaoite grains, and 56 ferropericlase grains found.

Experimental Textures in Pyrolite Phases

Figure 4.4 shows grain orientations of ringwoodite and garnet before transformation; and
bridgmanite, davemaoite, and ferropericlase after the transformation. In all samples, ring-

woodite displays a 001 compression texture with m.r.d. values between 1.7 and 2.8. The
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Figure 4.4: Inverse pole figures of the compression direction for samples Pyr02,
Pyr05, and Pyr07 showing individual grain orientations of MgsAly(SiO4)s garnet
and (Mg,Fe)2Si04 ringwoodite before transformation and (Mg,Fe)SiO3 bridgmanite,
CaSiO3 davemaoite, and (Mg,Fe)O ferropericalse after complete transformation in
a pyrolitic composition. Equal area projection. Grains are colored according to an
orientation distribution fitted for each phase and color scale in multiples of random
distribution (m.r.d.). P; indicates the pressure before transformation and Py the
pressure after transformation. The number of indexed grains is indicated above each

inverse pole figure.
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Table 4.2: Density and elasticity of mineral phases and pyrolite. Densities, phase pro-
portions, and isotropic elastic properties for ringwoodite, garnet, and ferropericlase
were calculated using Hefesto [Stixrude and Lithgow-Bertelloni, 2010]. Anisotropic
single-crystal elastic moduli for bridgmanite and davemaoite are from the study of
Luo et al. [2021] and Li et al. [2006b], respectively. Polycrystal elastic properties are
calculated here (see text for details).

Material P (g/cm?’) C11 Clg 013 CQQ 033 C44 C55 066

Above 660’ Random Gt polycrystal 3.9297 382 169 169 382 382 106 106 106
22 GPa Random Rw polycrystal 4.002 417 169 169 417 417 124 124 124
1700 K Un-textured pyrolite 3.9823 407 169 169 407 407 119 119 119
Single-crystal Bm 4.4930 540 200 189 611 548 209 178 161

Below 660’ Textured Bm polycrystal 4.4930 564 196 208 560 564 185 178 185
97 GPa Single-crystal Dm 4.4646 423 217 217 423 423 201 201 201
1900 K Textured Dm polycrystal — 4.4646 500 171 186 515 500 143 157 143
Random Fp polycrystal 4.4296 399 142 142 399 399 129 129 129

Textured pyrolite 4.4806 528 184 194 526 528 172 167 172

garnet phase, however, is randomly oriented in all samples. After the transformation,
bridgmanite exhibits strong preferred orientation in 001 along the compression axis with
m.r.d. values between 2.7 and 3. Transformation textures in davemoaite varies between
the three experimental runs. In samples Pyr02 and Pyr05, weak 101 orientations can be
observed. Whereas in sample Pyr(07, the orientations are more diffuse, with the majority of
grains oriented in 111. M.r.d. values of the davemaoite phase across all three samples are
the same; with maximum values of 1.6. Finally, ferropericlase exhibits a random texture

throughout all three samples.

4.3.2 Seismic Wave Velocities Above and Below the 660’ Discontinuity

Seismic Wave Velocity Calculations

Single-crystal elastic constants for bridgmanite and davemaoite were interpolated to 1900 K
and 27 GPa from the results of [Luo et al., 2021] and [Li et al., 2006b]. The corresponding
velocities in the single crystal are shown in Figure 4.5 as upper hemisphere projections.
Maximum S-wave splitting in bridgmanite is 12.95% (0.83 km/s) for waves traveling along
[010]. The mean P-wave velocity is 11.22 km/s and ranges from 10.94 km/s parallel [100]
to 11.68 km/s along [010], which leads to 6.65% P-wave anisotropy. Maximum S-wave
splitting in davemaoite is 33.16% (1.91 km/s) for waves traveling along (110). The mean
P-wave velocity is 10.64 km/s and ranges from 9.74 km/s parallel to (100) to 11.14 km/s

along (111), which leads to 13.2% P-wave anisotropy.
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In order to evaluate the polycrystal elastic tensors and wave velocities for bridgmanite
and davemaoite, we first use MTEX to generate a model texture matching the results
of our experimental data (Figure 4.5) and the expected symmetry. Our experiments are
conducted in uniaxial compression, that should result in a fiber symmetry along the com-
pression axis. Considering there are only on the order of 50-500 grains in our measurements,
potential artifacts that hide this expected fiber symmetry can arise. For bridgmanite we
create a 001 texture aligned with compression and for davemaoite we average two separate
orientations at 101 and 111, based on the two different transformation textures observed
in run Pyr02 and Pyr07.

Polycrystal anisotropy plots of bridgmanite and davemaoite are also shown in Fig-
ure 4.5. Maximum S-wave splitting in the bridgmanite polycrystal is 2.05% (0.13 km/s) for
waves traveling perpendicular to compression. Fast S-waves are vertically polarized where
splitting is maximum. Mean P-wave velocity is 11.20 km/s and ranges from 11.17 km/s for
waves traveling parallel to compression to 11.21 km/s at approximately 45° to compres-
sion, resulting in 0.41% P-wave anisotropy. Maximum S-wave splitting in the davemaoite
polycrystal is 6.33% (0.38 km/s) for waves traveling approximately 45° to compression
with a secondary maximum perpendicular to compression. Fast S-waves are horizontally
polarized perpendicular to compression and vertical 45° to compression, where splitting is
maximum. Mean P-wave velocity is 10.50 km/s and ranges from 10.38 km /s for waves trav-
eling approximately 45° to compression to 10.76 km/s parallel to compression, resulting in

3.63% P-wave anisotropy.

Anisotropy in a Compressed Pyrolite Polycrystal Before and After Transfor-
mation

As mentioned in section 2.5, garnet and ringwoodite phases are both seismically isotropic in
Vp and Vg at 22 GPa and 1700 K. Ferropericalse is also assumed to be elastically isotropic
at 27 GPa and 1900 K based on the lack of texture in our experimental data. Nevertheless,
they contribute to seismic velocities in the pyrolite polycrystal. We use MTEX and the
phase proportions in section 2.5 to compute the velocities in a pyrolite polycrystal both

above and below the ’660’.

For the pyrolite polycrystal above '660’ (Figure 4.6), there is zero anisotropy in Vg
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Figure 4.5: Seismic velocities in single (left column) and polycrystals (right column)
of bridgmanite and davemaoite at 27 GPa and 1900 K. Both Vg splitting and Vp
anisotropy are plotted in units of km/s. Black tick marks in Vg splitting plots indicate
the fast wave polarization direction. Single crystal elastic constants and densities are
from Table 4.2. Textures used to model polycrystal properties are shown as inverse
pole figures of the compression direction in the insets. Direction of compression for
polycrystal velocities plot is shown in the figure.

and Vp with mean P-wave velocity of 10.08 km/s. For the pyrolite polycrystal below the
transition, however, maximum S-wave splitting is 1.28% (0.08 km/s) for waves traveling
perpendicular to compression. S-waves are vertically polarized where splitting is maximum.
For P-waves, mean velocity is 10.83 km/s, ranging between 10.82 km/s for waves traveling
parallel to compression to 10.84 km/s for waves traveling perpendicular to compression,

resulting in 0.17% P-wave azimuthal anisotropy.

4.4 Discussion

4.4.1 Pre-transformation Textures

At mantle conditions above the 660 km discontinuity, ringwoodite and garnet make up
approximately 93% by volume of phases within pyrolite samples at pressures and temper-
atures of 22 GPa and 1700 K respectively, as calculated by HeFESTo. Ringwoodite is
67% by volume of the total, making it the dominant phase. When comparing ringwoodite
textures between samples, all three display preferred orientation in 001, where (001) planes

align perpendicular to the compression axis; however, the texture strength in sample Pyr07
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Figure 4.6: Seismic velocities in pyrolite at conditions above and below the 660 km
discontinuity. Both Vg splitting and Vp anisotropy are plotted in units of km/s.
Black tick marks in Vg anisotropy plots indicate the fast shear wave polarization
direction. Plots are oriented so that compression is in the vertical direction.

is much stronger, with a m.r.d. value of 3 in Figure 4.4. It is likely that the stronger tex-
ture observed in sample Pyr07 is a result of only 31 indexed grains compared to 232 in
Pyr02 and 89 in Pyr05. This can lead to an overestimation of intensity in the orientation
distribution function. With a larger number of grains, orientations are distributed amongst
more grains resulting in lower texture strengths. Therefore, we conclude the stronger tex-
ture in sample Pyr07 is due to the low number of grains and not representative of the
true texture strength. The difference in amount of ringwoodite grains indexed between
the Pyr02, Pyr05, and Pyr(07 is probably a result of grain size differences in each sample,

which would lead to a different number of indexed grains.

Past DAC and D-DIA experiments have reported 101 compression textures in ringwood-
ite [Wenk et al., 2004b, 2005]; however, in a study by Miyagi and Wenk [2016] ringwoodite
displays a maximum in 101 with a weaker maximum in 001 orientations before the trans-

formation to (bridgmanite + ferropericlase). Although we do not observe the same 101
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textures in the ringwoodite phase of our experiments, DAC experiments in Wenk et al.
[2004b] and D-DIA experiments in Wenk et al. [2005] were conducted at room temperature.
Additionally, none of these experiments use a pyrolitic starting material.

The garnet phase of our pyrolite accounts for 25% by volume of the phases at pre-
transformation conditions. Across all three samples garnet remains isotropic in texture
(Figure 4.4). Recent radial diffraction experiments investigating texture development in
garnet report weak texture in (001) orientations perpendicular to compression at ambient
temperatures [Vennari et al., 2021]. Other studies on the plasticity of garnet have been
conducted and found the resistance to plastic flow in garnet to be significantly higher than
in other mantle minerals [Karato et al., 1995], while others argue garnet to actually be
weaker than other mantle phases such as ringwoodite within the transition zone [Kavner,
2007]. Our explanation for the lack of texture development in garnet during compression is
simply due to the weak deformation textures in garnet and the fact that we did not apply

much strain in this sample.

4.4.2 Post-transformation Textures

The three dominant phases in pyrolite after transformation at the ’660’ are bridgmanite,
davemaoite, and ferropericlase. Bridgmanite makes up 77% by volume of pyrolite at con-
ditions of 27 GPa and 1900 K as reported by HeFESTo. Bridgmanite exhibits texture in
(001) planes (Pbnm setting) perpendicular to the compression axis with m.r.d. values up
to 3. Few studies have investigated transformation textures in bridgmanite; however, our
results compare well with textures observed in radial diffraction experiments by Miyagi
and Wenk [2016], where bridgmanite transformed from enstatite displays 001 texture at
31 GPa. Transformation from pure olivine to (bridgmanite + ferropericlase), however,
results in a diffuse maximum spread between 001 and 100 orientations at 33 GPa as seen
in figure 3b of Miyagi and Wenk [2016]. Another study by Wenk et al. [2006], also shows
a difference in bridgmanite transformation textures depending on the pre-transformation
phase. Bridgmanite transformed from olivine in a DAC, reveals 100 orientations perpendic-
ular to compression at 25 GPa; however, when bridgmanite is transformed from enstatite
at 44 GPa there is a strong maximum in 001 orientations. Additionally, in the same

study, Wenk et al. [2006] observes an intermediate maximum in 101 orientations when
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bridgmanite is transformed from pure ringwoodite at 43 GPa.

Experimental transformation textures of bridgmanite are unrelated to known slip sys-
tems. Past multianvil deformation studies have documented (100) slip in [001] in pure
bridgmanite at conditions of the uppermost lower mantle [Tsujino et al., 2016]. At higher
pressure, but below 55 GPa, the dominant slip plane is reported to be (100) resulting in
a 100 deformation texture at 300 K [Merkel et al., 2003, Miyagi and Wenk, 2016]. X-
ray diffraction analysis of dislocations by Cordier et al. [2004] on recovered bridgmanite
samples, deformed in the multianvil press, report slip in (001)[100] and (001)[010]. Few
of these previous results on deformation and slip systems in bridgmanite would result in
preferred orientation of (001) planes perpendicular to compression as observed here. In
addition, we applied very little strain in the sample post phase transformation. We hence
conclude that our measured experimental textures are a result of oriented growth under
stress rather than deformation.

Davemaoite also exhibits transformation textures in 101 and 111 orientations pyrolite.
The strongest of these textures is observed in sample Pyr02 where (101) planes orient
perpendicular to compression. This same texture is found in sample Pyr05, however,
significantly less grains are indexed; 208 grains in Pyr02 versus 54 grains in Pyr05. Sample
Pyr07 displays a different texture with 111 planes oriented perpendicular to the compressive
axis. Textures in these experiments differ from deformation textures reported in radial
diffraction DAC experiments by [Miyagi et al., 2009, Immoor et al., 2022], who report a
100 texture in deformed pure CaSiOs. Again, our experiment are measuring transformation
textures in a pyrolitic assemblage and could differ from deformation experiments in a pure

phase.

4.4.3 Implications for Anisotropy in Subducting Slabs

It is believed that subducting slabs in the mantle collide with a more viscous layer around
660 km depth, which would initially apply a compressive stress on the slab [Wookey et al.,
2002, Mao and Zhong, 2018]. Compositionally, the top outermost portion of the slab is
made up of a thin layer of mid-ocean ridge basalt with an underlying layer of harzburgite;
however, the majority of the slab is pyrolitic in nature [Faccenda and Zilio, 2017]. There-

fore, we can consider that our transformation experiments on pyrolite at mantle P/T under
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Figure 4.7: Scenarios for anisotropy in a subducting slab below the '660’. Blue arrows
denote shear wave propagation directions with corresponding splitting values. Black
arrows indicate compression direction. a) Subducting slab impinging on the more
viscous upper-lower mantle below 660 km depth. b) Subducting slab bending along
the 660 km discontinuity creating a horizontal compressive stress.

compressive stresses are relevant for observations of anisotropy inside subducting slabs.
Our model does not predict anisotropy above the 660 discontinuity. Below 660 km
depth, seismic observations report that anisotropy is weak in comparison to shallower
depths [Montagner and Kennett, 1996, Ohuchi et al., 2011], where olivine, the dominant
mineral in the upper mantle, exhibits significant crystallographic preferred orientation and
anisotropy. Nevertheless, anisotropy has been observed below the 660’ in studies using
surface waves [Yuan and Beghein, 2013, Montagner et al., 2021], body waves [Wookey et al.,
2002, Agrawal et al., 2020], and seismic tomography [Ferreira et al., 2019]. Where exactly
anisotropy is observed, however, remains largely debated with some literature suggesting
it is developed mostly around rigid subducting slabs due to high induced strain in the
surrounding hot mantle [Ferreira et al., 2019] and others arguing anisotropy is strongest
within the slabs where they are most contorted; as the surrounding mantle is largely
isotropic [Agrawal et al., 2020]. In the discussion below we will try to construct a model to
understand these observations and show how our data can help reconcile these observations.
For a vertically compressive stress, we predict that S-waves will show no splitting for
waves traveling parallel to compression and 1.28% splitting in waves traveling perpendicular
compression (Figure 4.6). Some observations suggest average anisotropy values of 3%
just below the ’660’ assuming anisotropy is confined to a 100 km layer [Wookey et al.,
2002]; however, in another study by Yuan and Beghein [2013], the root mean square model

amplitude at 800 km depth has approximately 1% anisotropy. This is comparable to
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observations of radial anisotropy within the deep upper mantle in Beghein et al. [2006]
and Panning and Romanowicz [2006a]. Additionally, Montagner et al. [2021], observe fast
vertically polarized S-waves (Vsy > Vsp) at 800 km depth below western America, central
Africa, and central Asia using surface-wave overtone datasets to generate 3D anisotropy
models. In a separate study, Visser et al. [2008] created a 3D model of velocity and radial
anisotropy that resulted in Vgy > Vgy with 1-2% amplitude below the MTZ. Both the
results of Visser et al. [2008] and Montagner et al. [2021] are consistent with the scenario
proposed in Figure 4.7a, where a ”vertical” compressive stress is generated within the
slab as it passes through the '660’ and impinges on the more viscous surrounding mantle
material. In this scenario Vgy > Vgp for S-waves traveling in near horizontal direction,
with no splitting in Vg for waves traveling parallel to the slab.

In contrast, the study of Wookey et al. [2002] observes horizontally polarized shear
waves leading vertically polarized shear waves, albeit with larger values of Vg anisotropy.
Agrawal et al. [2020] reports maximum splitting within the slab for nearly vertically prop-
agating waves. These two are not compatible with a vertical compressive stress geometry.
These observations could be remedied by considering a scenario where a horizontal com-
pressive force is generated within the slab as it bends and travels along the '660°, as shown
in Figure 4.7b. In this scenario Vgy < Vgg for S-waves traveling perpendicular to the
horizontal slab, with no splitting in Vg for waves traveling parallel to the slab. Other
studies investigating anisotropy deeper within the mantle (660-1000 km) suggest fast hor-
izontally polarized waves (Vgy < Vgpr) imaged near subducting slabs below 660 km depth
[Ferreira et al., 2019] which is consistent with Figure 4.7b. For such reports of deep mantle
anisotropy, however, deformation textures resulting from slab subduction should also be
taken into account as the microstructural imprint of phase transformation is likely to be

erased or modified by further deformation.

4.5 Conclusions

In this chapter we presented the results of phase transformation experiments at the pres-
sure and temperature conditions of the 660 km discontinuity on pyrolite. Compression

was carried out in a laser-heated DAC at pressures ranging from 17.5 to 33 GPa and tem-
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peratures between 1500 and 2000 K; implementing multigrain X-ray diffraction to study
the sample. We successfully observe the phase transition from (ringwoodite + garnet) to
(bridgmanite 4+ davemaoite + ferropericlase) in all three samples along with the associated

microstructures.

Multigrain data processing techniques resulted in the assignment of single crystal
diffraction peaks to individual grains within the sample. Our indexing capability ranges
from 508 to 736 grains post transformation in a multiphase material. Prior to transfor-
mation, garnet is isotropic and ringwoodite is weakly textured with 001 planes oriented
perpendicular to the compressive stress. After the transformation is induced, bridgmanite
displays strong texture in 001 across all experiments as a result of oriented growth under
stress. Davemaoite is moderately textured with 101 orientations in one experiment, and

111 orientations in another. Ferropericlase remains largely untextured in all experiments.

Using single grain elastic constants, calculated at pressures and temperatures relevant
to the MTZ, and our measured microstructures we computed P and S-wave anisotropy in
a pyrolitic polycrystal both above and below the 660 discontinuity. Our models predict
no anisotropy in Vg and Vp above the '660.” Below the 660’ S-wave splitting is 1.28%
(0.08 km/s) for waves traveling perpendicular to compression and null for waves traveling
parallel. P-wave velocities range from 10.82 km/s for waves traveling parallel to compres-
sion to 10.84 km/s for waves traveling perpendicular to compression, resulting in 0.17%
azimuthal P-wave anisotropy. Our predicted amplitudes of anisotropy below the 660’ in
our models are consistent with observations by Beghein et al. [2006], Panning and Ro-
manowicz [2006a], Visser et al. [2008], Yuan and Beghein [2013]. Our prediction for fast
S-wave polarization depends on compression geometry with Vgy > Vgpg for a vertically

compressed subducting slab and Vgg > Vgy for a horizontally compressed slab.

Seismic anisotropy observed below the 660’ is still a much debated topic. Here we show
that bridgmanite within a pyrolitic material can develop strong textures when formed un-
der stress. Based on these experimental observations, we can then attribute the bulk of
anisotropy below the 660’ to bridgmanite oriented growth and establish how anisotropy
can be used to map stress within a subducting slab in those regions. This study also

demonstrates the relevance of high pressure and high temperature multigrain crystallog-
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raphy in the diamond anvil cell for understanding mantle processes. Future work using
this technique would prove useful in understanding anisotropy deeper in the mantle, where
further plastic deformation would play an important role, which will be discussed in the

following chapter.
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Chapter 5

Anisotropy and Microstructures
Induced by Deformation of
Pyrolite in the Upper and Lower
Mantle

5.1 Introduction

Pyrolite, a mantle rock containing a mixture of olivine, pyroxene, clinopyroxene, and gar-
net [Ringwood, 1962a], is generally considered the average composition of the Earth’s
upper mantle [Irifune and Ringwood, 1987]. Below 660 km depth, however, this mineral
assemblage consists predominately of (Mg,Fe)SiO3 bridgmanite, CaSiO3 davemaoite, and
(Mg,Fe)O ferropericlase [Murakami et al., 2007, Komabayashi et al., 2010, Wang et al.,
2015]. Under high pressure and temperature conditions, bridgmanite and davemaoite de-
velop crystallographic preferred orientations (CPO) that could be responsible for observa-
tions of seismic anisotropy below the mantle transition zone (MTZ) [Wookey et al., 2002,
Ferreira et al., 2019]. Our ability to interpret these seismic observations, however, rely
on understanding texture development and active slip systems at these conditions assum-
ing that it is indeed the controlling deformation mechanism. The development of texture
requires the deformation, preferably at mantle pressures and temperatures. Mineral physi-
cist use an array of experimental devices to perform in-situ deformation experiments at
relevant pressures and temperatures, including the diamond anvil cell (DAC), the multi-
anvil press, and the rotational Drickamer apparatus paired with high energy x-rays from a

synchrotron source. While the deformation behavior of bridgmanite [Merkel et al., 2003,
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Wenk et al., 2004b, Cordier et al., 2004, Miyagi and Wenk, 2016, Tsujino et al., 2016],
davemaoite [Miyagi et al., 2009, Immoor et al., 2022], and ferropericlase [Merkel et al.,
2002, Miyagi and Wenk, 2016, Immoor et al., 2018] have been investigated under high
pressures and temperatures in the past, few have performed these types of experiments
on polycrystalline pyrolite samples. Results of deformation experiments are also used to
study plasticity of mantle minerals [Cordier et al., 2004, Miyajima et al., 2009, Miyagi
et al., 2010]. Insights on deformation mechanisms are gleaned from this information and
applied to numerical models, allowing for studies on the effect of chemistry and strain rate
of bridgmanite [Carrez et al., 2007, Ferré et al., 2007, Mainprice et al., 2008, Boioli et al.,
2017, Carrez et al., 2017] that otherwise cannot be directly measured using present day

experimental techniques.

While it has been stated that observations of seismic anisotropy below the 660 km
discontinuity (’660’) is a result of texture in bridgmanite, anisotropic anomalies are largely
confined to depths between 660-1200 km [Ferreira et al., 2019]. Although dislocation glide
can be seen as responsible for observed textures, and hence seismic anisotropy within
the deep mantle [Miyagi and Wenk, 2016], other deformation processes may be at play at
greater depths that do not produce such textures [Meade et al., 1995]. Seismic observations
within the lower mantle appear to be largely isotropic [Meade et al., 1995, Chang et al.,
2014] with observations of anisotropic structures heavily relying on corrections of crustal
anisotropy [Panning et al., 2010]. It is debated whether dislocation creep is active in the
lower mantle; however, with some suggesting it may be present [Ferreira et al., 2019] while
others cite diffusion creep [Karato and Li, 1992] or dislocation climb [Cordier et al., 2004,
Boioli et al., 2017] to be the dominant deformation mechanism. If diffusion creep is the
dominant deformation mechanism at depths greater than 1200 km, one would expect little
to no seismic anisotropy as diffusion creep is unlikely to produce any CPO [Karato, 1988].
In order to provide constraints on deformation and mantle flow processes, high pressure
and temperature experiments must be conducted to observe texture forming processes in

pyrolitic materials.

In the previous chapter we discuss textures that resulted from phase transformations

in pyrolite. Here, we implement the same multigrain x-ray diffraction (MGC) techniques
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to observe the development of texture beyond 660 km depth on 3 polycrystalline pyrolite
samples. These textures are then used to model plasticity in bridgmanite at pressures up
to 108 GPa, or depths of 2400 km, using Visco-Plastic Self-Consistent modeling (VPSC).
These models can then be applied to mantle convection scenarios that take into account

texture evolution and differences in elastic anisotropy with pressure and temperature.

5.2 Methods and Data Analysis

Methods and data analysis implemented in this section are outlined in the previous chapter
Transformation Microstructures in Pyrolite and Implications for Amnisotropy Below the
’660° Discontinuity. Any changes in the experimental set-up will be discussed below. Two
pyrolite samples, Pyr05 and Pyr07, are those of the previous section. An additional pyrolite
sample of identical composition, PyrOl, was ran during a separate series of experiments

and will also be discussed in this chapter.
5.2.1 High Pressure/Temperature XRD Experiments

The following experiments were performed at the Extreme Conditions beamline P02.2 at
PETRA III (DESY, Hamburg). Beamline conditions for samples Pyr05 and Pyr07 are
identical to those in the previous chapter. Sample Pyr01, however, was ran at a later date
using a monochromatic x-ray beam with a wavelength of 0.2904 A and beam dimension of
1.2 pm (V) x 1.9 pm (H) FWHM. The same Perkin-Elmer XRD 1621 flat panel detector is
used with 2048 x 2048 pixels and a 0.2 x 0.2 mm pixel size. A CeOs powder standard from
the National Institute of Standards and Technology (NIST; 674b) was used to calibrate
the detector tilt, beam center, and calculate the sample to detector distance (403.3228 A).
Double-sided laser heating was carried out using a Yb-fiber laser to reach the necessary
temperatures as installed by default on the beamline [Liermann et al., 2015].

Our objective during these experiments is to observe the evolution of texture during
deformation in pyrolite in-situ at conditions beyond the '660’. MGC images are collected,
providing information on the phases present and their associated textures. Multigrain
image collections are taken every 5-10 GPa pressure increase in samples Pyr05 and Pyr07
and every 10-20 GPa in sample Pyr0l. We use phases diagrams from Ishii et al. [2018§]

as a reference for targeting pressures and temperatures during the experiments. Pressures
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Figure 5.1: Pressure vs. temperature for three experimental runs Pyr05, and Pyr07.
Multigrain image collections are acquired at 300 K. Open markers are where MCG
diffraction data was collected with filled markers indicating where powder diffraction
images were taken. Dotted potion of lines along the P/T path denote when the
sample is being heated or quenched. Errors in temperature for runs Pry05 and
Pyr07 are simply the deviation from the average values between the upstream and
downstream recorded temperature. Errors in temperature for run Pyr01 are set to
+60 K. Black dashed line is a visual aid marking 300 K. Red shaded area marks the
geotherm from Katsura et al. [2010]. Pressures in KCI (runs Pyr05 and Pyr07) and
MgO (run Pyr01), estimated from the cell parameters of Tateno et al. [2019] and
Speziale et al. [2001], respectively are reported during laser heating and corrected to
account for temperature.
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and occurrence of the corresponding phases are identified during the experiment using
powder XRD and the computer software Dioptas [Prescher and Prakapenka, 2015]. The
starting point of these deformation experiments is after the phase transformation where
ringwoodite and garnet decompose to form bridgmanite + davemaoite + ferropericlase
which occurs at ~ 24 GPa at 1800 K. Experimental pressure and temperature path of runs
Pyr01, Pyr05, and Pyr07 are shown in Figure 5.1. Images are collected using the same
method as previously described by rotating the DAC in w by 0.5° steps from —28° to 28°
with collection times of 1 second per image, resulting in a total of 112 images for each

MGC scan. Samples are quenched before MGC images are collected.
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Figure 5.2: Experimental diffraction data from sample Pyr01 at 77 GPa. a) Diffrac-
tion peaks extracted from the 2D diffraction images plotted as a function of azimuth
and inverse d-spacing. b) Histogram of the number of extracted single-grain diffrac-
tion peaks vs. 1/d. The corresponding phase and Laue indices of each diffraction
line are indicated on the figure.

Figure 5.2a shows the extracted diffraction peaks in sample PyrO1, plotted along the
azimuth against inverse d-spacing. Figure 5.2b shows a histogram of the number of diffrac-
tion spots in counts which allows peaks from all phases to be clearly identified. Unit-cell
parameters of the mineral phases are extracted using the software MAUD [Lutterotti et al.,

1997]; however, the analysis of this spectrum is not a true Reitveld refinement because the
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data in the histogram is the number of single-grain peaks rather than a true peak intensity.
Nevertheless, it is efficient at detecting peak positions of phases that would otherwise be

drowned out by the MgO pressure medium (as shown in 4.3 in the previous chapter).

5.3 Deformation Microstructures in Pyrolite up to a Megabar

5.3.1 Grain Indexing Statistics

Tables 5.1,5.2, and 5.3 show grain indexing statistics for bridgmanite, davemaoite, and
ferropericlase in the 3 experimental runs. The number of grains indexed for each phase,
number of diffraction peaks assigned to each grain, and the percentage of total g-vectors
assigned to grains for each indexing are provided. In experimental run Pyr0O1, only bridg-
manite and davemaoite are indexed, as MgO was used as a pressure medium in this exper-
iment. For the other 2 runs, Pyr05 and Pyr07, bridgmanite and davemaoite are indexed in
addition to ferropericalse as KCI was used as the pressure medium in these experiments.
Assigned g-vectors in run PyrOl are less than those in the other two runs due to larger

strains on the sample at higher pressures.

Table 5.1: Indexing statistics from GrainSpotter for bridgmanite and davemaoite in
run PyrO1. Pressures, number of grains indexed, amount of diffraction peaks assigned
to grains, and percentage of g-vectors assigned to grains for each indexing are shown.
MgO used as pressure transmitting medium and hence was not included in our grain
indexings. Pressures are determined using the equation of state of MgO in Speziale

et al. [2001].

Exp.  Phase P (GPa) Gr. Ind. Peaks per Gr. Assigned Gve (%)
A .
T, @@ 0
R ,

N S R
R z
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Table 5.2: Indexing statistics from GrainSpotter for bridgmanite, davemaoite, and
ferropericlase phases in run Pyr05. Pressures, number of grains indexed, amount of
diffraction peaks assigned to grains, and percentage of g-vectors assigned to grains
for each indexing are shown. Pressures are determined using the equation of state of
KCl in Tateno et al. [2019].

Exp.  Phase P (GPa) Gr. Ind. Peaks per Gr. Assigned Gve (%)
Bridgmanite 334 23
Davemaoite 29 54 8 84
Ferropericlase 272 9
Bridgmanite 241 24
Davemaoite 35 36 8 84
Ferropericlase 144 9

Pyr05 5 demanite 273 22
Davemaoite 39 124 8 79
Ferropericlase 20 8
Bridgmanite 160 21
Davemaoite 50 22 8 63
Ferropericlase 2 8

Table 5.3: Indexing statistics from GrainSpotter for bridgmanite, davemaoite, and
ferropericlase phases in run Pyr07. Pressures, number of grains indexed, amount of
diffraction peaks assigned to grains, and percentage of g-vectors assigned to grains
for each indexing are shown. Pressures are determined using the equation of state of
KCl in Tateno et al. [2019].

Exp.  Phase P (GPa) Gr. Ind. Peaks per Gr. Assigned Gve (%)
Bridgmanite 270 22
Davemaoite 29.5 182 9 83
Ferropericlase 56 9
Bridgmanite 442 23
Davemaoite 34.0 140 9 86
Ferropericlase 62 9
Bridgmanite 316 22

Pyr07 Davemaoite 53.0 100 9 74
Ferropericlase 26 8
Bridgmanite 207 22
Davemaoite 55.0 105 9 76
Ferropericlase 14 8
Bridgmanite 137 22
Davemaoite 57.5 65 9 70
Ferropericlase 9 9
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Figure 5.3: Inverse pole figures of the compression direction for sample Pyr01, show-
ing individual grain orientations of bridgmanite in pyrolite at various pressures.
Equal area projection. Grains are colored according to an orientation distribution
fitted to the grain orientations and color scale in multiples of random distribution
(m.r.d.). The number of indexed grains is indicated above each inverse pole figure.
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Figure 5.4: Inverse pole figures of the compression direction for sample Pyr05, show-
ing individual grain orientations of bridgmanite, davemaoite, and ferropericlase in a
pyrolitic composition at various pressures. Equal area projection. Grains are col-
ored according to an orientation distribution fitted for each phase and color scale in
multiples of random distribution (m.r.d.). The number of indexed grains is indicated
above each inverse pole figure.
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Figure 5.5: Inverse pole figures of the compression direction for sample Pyr07, show-
ing individual grain orientations of bridgmanite, davemaoite, and ferropericlase in a
pyrolitic composition at various pressures. Equal area projection. Grains are col-
ored according to an orientation distribution fitted for each phase and color scale in
multiples of random distribution (m.r.d.). The number of indexed grains is indicated
above each inverse pole figure.
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5.3.2 Experimental Deformation Textures in Pyrolite

A total of 3 separate samples were analyzed using synchroton x-ray diffraction; Pyr01,
Pyr05, and Pyr07. Each sample was a separate experimental run, with MGC images
collected at various pressures. Bridgmanite in all 3 runs displays a strong 001 texture,
m.r.d. of 3, upon transformation. As pressures increase the 001 texture in Pyr05 and
Pyr07 begin to weaken with (100) planes in run Pyr07 beginning to orient perpendicular to
compression at 34 GPa. As compression continues in run Pyr07 the 001 maximum remains
present, although a girdle forms between 100 and 010 by the end of the experiment at
55 GPa. In run Pyr05 we also observe a slight girdle between 100 and 010 with weak
maxima at pressures between 35 and 39 GPa although occurring at lower pressures than
in run Pyr07. At 49 GPa, in run Pyr05, planes are oriented perpendicular to 010 with
no maximum at 001. Experimental run Pyr0O1 begins at 34 GPa with a strong maximum
in 001 orientations, which weakens with compression to 48 GPa and gains a secondary
maximum at 010; both with m.r.d. of 2.1. At 65 GPa the maximum at 001 is gone,
leaving a strong preferred orientation of (010) planes perpendicular to compression; m.r.d.
of 3.0. Texture remains largely unchanged until 105 GPa where the 010 maximum begins
to weaken with m.r.d. values dropping to 2.0. The last multigrain acquisition is taken at

108 GPa with (010) planes oriented perpendicular to compression.

In experimental runs Pyr05 and Pyr07 davemaoite and ferropericlase were also in-
dexed. In run Pyr05 davemaoite displays a 101 maximum throughout compression with
m.r.d. values between 1.7 and 2.0. Davemaoite in run Pyr07, however, shows maximums
in 111 orientations with m.r.d. values ranging just above 1.0 to 2.2. Ferropericalse remains
randomly oriented in both runs during compression with the exception of run Pyr(07 at
34 GPa. Davemaoite was not plotted for sample PyrOl due to the low number of grains
indexed in the multigrain images. This is due to the weaker intensity of davemaoite diffrac-
tion peaks compared to the surrounding phases, which lead to instances of peak overlap

(Figure 5.2).
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Table 5.4: CRSS and slip system activity in bridgmanite modeled using VPSC. Two
stages of compression are performed in order to recreate the textures observed in the
experimental data.

Stage 1 Stage 2
Slip System CRSS  Activity (%) CRSS Activity (%)
(100)[010] 2 18.0 1 0.6
(100)[001] 1 34.7 4 9.0
(100)(011) 3 7.0 5 5.9
(010)[100] 4 2.2 1 36.9
(010)[001] 2 11.3 1 34.4
(010)(101) 3 9.4 4 1.4
(001)[100] 2 4.3 5 14.6
(001)[010] 2 11.3 3 1.3
(001)(110) 5 1.2 5 43
{111}(110) 30 1.6 30 1.6

5.4 Plasticity of Bridgmanite

Texture development depends on a number of factors including deformation geometry,
total strain, starting texture, and plastic deformation mechanisms. While the deformation
geometry is known in a DAC experiment, inferring the active deformation mechanism is
less straightforward. In order to interpret our experimental textures, we implement VPSC
modeling to simulate the deformation of polycrystalline bridgmanite. We then compare
the results, using experimental textures to constrain the deformation mechanism, in order
to identify the slip systems responsible for plastic behavior of our sample. Details on VPSC

modeling have been outlined in the section on methods.

5.4.1 VPSC Modeling

To construct these models, a critical resolved shear stress (CRSS) must be assigned to each
slip system. The CRSS is a threshold value of stress, upon when exceeded, the plane can
slide in a given direction. These stresses can be calculated in a single crystal by relating
the orientation of the plane and direction relative to the direction of maximum stress. In
a polycrystal, however, all of the grains and their respective orientations must be taken
into consideration, which requires us to test multiple possible CRSS values on a series of
chosen slip planes and directions. The values are assigned by the user and are only relative

values to one another, however this is enough to simulate the experimental texture.

A literature review on slip systems in bridgmanite is provided in the Introduction of
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Figure 5.6: Inverse pole figures (a, b, ¢) of axial compression in VPSC simulation.
Starting from transformation texture (a) applying 30% axial strain and allowing
dominant slip on (100) planes generates (Fig. 5.6b). Second stage of deformation (c)
starting from (Fig. 5.6b), allowing 70% strain with dominant slip along (010) planes.
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the thesis. Here we test the following deformation mechanisms in bridgmanite, (100)[010],
(100)[001], (100)(011), (010)[100], (010)[001], (010)(101), (001)[100], (001)[010], (001)(110),
and {111}(110), based on our experimental results and the results of others in literature
[Mainprice et al., 2008, Miyagi and Wenk, 2016, Couper et al., 2020, Kasemer et al., 2020].
The final models that most accurately replicate our experimental results are shown in
Table 5.4 with corresponding CRSS values and slip activity.

Compression in bridgmanite was carried out in 2 stages in order to produce the observed
textures in our experiments. Starting from a 001 transformation texture, we allow slip along
(100)[010] and (100)[001] at 30% strain to deplete 001 orientations while generating a weak
100 texture, shown in Figure 5.6. Additionally, we observe the formation of a weak girdle
between 100 and 010. In the second stage, we allow slip along (010)(101), (010)[100], and

(010)[001] to produce a concentrated 010 texture when strained to 70%.

5.5 Discussion

5.5.1 Textures of Pyrolitic Phases

At condition below the '660’ there are 3 major mineral phases within our samples; bridg-
manite, davemaoite, and ferropericlase. First, we will discuss the differences in texture
between our experimental runs, followed by a comparison of what is found in literature for

each of the 3 phases.
5.5.2 Bridgmanite

We identify 3 regimes of texture development in these experiments: 001 transformation
textures, a reorientation to 100 with deformation, and then a shift to 010 orientations.
Comparing the texture evolution of bridgmanite between the samples reveals some key
differences however. While all samples display a strong maximum in 001 at the beginning of
deformation, this maximum only remains in Pyr07 by the end of the experiment at 55 GPa.
A possible explanation for this is simply that this sample was not subjected to sufficient
deformation to completely reorient all of the grains. It is not until 49 GPa in run Pyr05
and 65 GPa in run Pyr01 that the 001 maximum disappears. We do see a gradual shift
to 100 orientations in bridgmanite, which can first be observed at 34 GPa, throughout the

compression in Pyr05, leading to a somewhat weak maximum in 100 at 39 GPa. Texture
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in bridgmanite, where 100 planes are oriented perpendicular to compression, has been
documented in past experiments including bridgmanite + ferropericlase transformed from
olivine at 61 GPa and ringwoodite at 51 GPa [Miyagi and Wenk, 2016], in pure bridgmanite
[Merkel et al., 2003], and when transformed from olivine at 25 GPa [Wenk et al., 2004b].
A deformation texture not observed in past deformation experiments of bridgmanite
however, is the orientation of 010 planes seen in experimental runs Pyr0l and Pyr05 at
49 and 65 GPa respectively. The difference in these 2 runs, however, is the formation
of a girdle between 100 and 010 in Pyr05 before a strong maximum in 010 orientations.
In run Pyr01, orientations go from 001 straight to 010, with 001 orientations absents at
65 GPa. This girdle is also observed in sample Pyr07 at 55 GPa, although orientations in
Pyr07 never completely reorient to 010. We reason that pressure increase in Pyr01 is less
gradual, allowing for faster reorientation of bridgmanite grains, explaining the absence of

an intermediate 100 texture.
5.5.3 Davemaoite

Davemaoite, in the cubic structure Pb3m, was only indexed in runs Pyr05 and Pyr07. In
sample Pyr05 davemaoite displays moderate texture in 101 orientations throughout the
entire experiment. Sample Pyr07, however, shows comparatively stronger 111 orientations
at 53 and 55 GPa. Past deformation experiments in the DAC have lead to observations
of 001 orientations in davemaoite at pressures between 25.5 and 49.3 GPa with no change
in strength [Miyagi et al., 2009]. The study by Immoor et al. [2022] reports texture in
001 planes perpendicular to compression with texture strength increasing from 31.1 to
52.5 GPa at 1150 K. This is inconsistent with both of our experimental runs; however, it
is important to note that experiments carried out in Miyagi et al. [2006, 2009], Immoor
et al. [2022] where performed on pure CaSiO3 wollastonite and ignore the interaction with
bridgmanite and ferropericlase.

There is a distinct difference in preferred orientations in CaSiOs between runs Pyr05
and Pyr07 despite being deformed over similar pressure ranges. We propose 2 separate
reasons for this. First, is the effect of strain on the sample, which leads to changes in
grain shape during compression and hence how grains align themselves [Kocks et al., 2000].

Strain can be distributed differently across the sample in each run leading to the possibility
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of different textures. Second, is the effect of the surrounding phases on davemaoite. The
strength of the surrounding material will largely impact how a crystal may deform and

orient itself [Kaercher et al., 2016, and references within].

5.5.4 Ferropericlase

Ferropericlase in both runs, Pyr05 and Pyr07, does not display texture during compression
with the exception of run Pyr07 at 34 GPa, where a moderate 001 texture is observed.
The amount of grains indexed is low, ranging from 14 to 56 grains. As previously discussed
about ringwoodite in Chapter 4, the texture observed in ferropericlase is likely a result of
an overestimation of intensity in the orientation distribution function due to the overall
lower amount of grains indexed.

Past resistive heated DAC experiments on ferropericlase by Immoor et al. [2018], con-
ducted between 20-80 GPa and 1400 K, have reported strong textures in 001 and 101
orientations. In contrast, other experiments in the DAC on bridgmanite + ferropericlase
aggregates have shown little to no texture in the ferropericlase phase [Miyagi and Wenk,
2016] when compressed between 33-61 GPa. These results align with what we observe in
our experiments leading to the conclusion that coexisting phases have an impact of the

resulting texture during deformation.

5.5.5 Plastic Behavior of Bridgmanite

Understanding the plastic behavior of bridgmanite is largely motivated by the fact that
(Mg,Fe)SiOg in the perovskite structure makes up 80% of the Earth’s lower mantle by vol-
ume [Hirose, 2002, Murakami et al., 2007, Ishii et al., 2011, Wang et al., 2015]. Additionally,
texture development resulting from mantle convection has resulted in past observations of
seismic anisotropy [Wookey et al., 2002, Beghein et al., 2006, Long and Silver, 2008, Ferreira
et al., 2019] and hence is important for the interpretation of deep mantle processes. Tex-
ture evolution is generated through plastic deformation caused by dislocation glide and /or
twinning within the crystal. Other processes including diffusion creep or dislocation climb
may also be active, but neither result in the development of strong texture.

While many studies have investigated deformation textures and mechanisms in bridg-

manite [e.g. Wang et al., 1992, Merkel et al., 2003, Wenk et al., 2004a, Cordier et al.,
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2004, Wenk et al., 2006, Ferré et al., 2007, Mainprice et al., 2008, Miyagi and Wenk, 2016,
Kraych et al., 2016, Boioli et al., 2017], and others taking into consideration multiple phases
[Girard et al., 2016, Kaercher et al., 2016], none have studied the deformation behavior
of bridgmanite within a pyrolitic material. Here, we will discuss deformation mechanisms
in bridgmanite based on modeled textures using VPSC. Texture in davemaoite does not
evolve with deformation and ferropericlase remains isotropic through out the experiments.
Adding these phases will not impact the results of our VPSC models. Hence, we only
consider the plastic deformation of bridgmanite and try to understand how to generate our

experimental textures.

5.5.6 Modelling Deformation Mechanism of Bridgmanite

Below 50 GPa

The first stage of axial compression in our models requires dominant slip activity (34.7%)
on (100)[001] with minor contributions (11.3%) from (010)[100] and (110) [010], in order to
deplete orientations in 001 and generate gradual migration of orientations to 100. VPSC
modeling has been used in the past to investigate deformation of perovskites at lower mantle
conditions [Mainprice et al., 2008, Miyagi and Wenk, 2016, Kaercher et al., 2016]. VPSC
simulations in Miyagi and Wenk [2016] determine [100], [010], and (110) on (001) planes
to be the most active at pressures below 55 GPa, which is in agreement with first principal
calculations in Ferré et al. [2007], who suggest the (001)[100] slip system as the easiest
to activate in bridgmanite, owing to dislocation glide. Shear deformation experiments
in Tsujino et al. [2016], however, report 100 deformation textures, also observed in our
experiments, that are compatible with dominant slip on (100)[001]. Furthermore, using
the Peierls-Nabarro model in addition to first-principle methods [Mainprice et al., 2008]
finds (100)[010] to be the most active slip system at all pressures in MgSiO3 bridgmanite.
It is possible that the (001) slip assigned by Miyagi and Wenk [2016] could be an effect of
transformation rather than deformation, as we observe strong 001 textures in bridgmanite

upon transformation.
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Above 50 GPa

In our experiments, we observe 010 textures at pressures greater than 50 GPa, which
requires slip along (010) planes and little to no activity (0.6%) in (100)[010]. This is
contrary to what Mainprice et al. [2008] models at pressures above 30 GPa. Modeling of
dislocations in MgSiOg bridgmanite, indicate (100)[010] edge dislocations are most mobile
at pressures between 30 and 50 GPa, with Peierls stress increasing significantly at pressures
beyond 60 GPa [Hirel et al., 2014]. Additionally, (100)[010] screw dislocations also have
a large rate of increase in Peierls stress up to 50 GPa. In another study by Kraych et al.
[2016], (010)[100] and (100)[010] dislocation glide in bridgmanite is modeled at 30 and
60 GPa. CRSS values of (100)[010] are much lower at 30 GPa and 2000 K than that of
(010)[100]; however, when pressures increase to 60 GPa, CRSS values of (100)[010] becomes
larger than that of (010)[100]. These results compare well to the slip system activities in
our VPSC simulations, where we observe little to no slip activity in (100) planes when
generating 010 orientations in bridgmanite and an increased activity of (010) slip with

pressure.

Deformation Mechanism Summary

Based on our VPSC modeling results, we determine that there are 2 separate deformation
mechanisms at play during uniaxial compression of bridgmanite. Below 50 GPa we model
dominant slip of (100) planes in [001] which is responsible for the depletion of 001 orienta-
tions and gradual reorientation to 100. Above 50 GPa we model dominant slip of (010) in

[100] and [001] in order to generate (010) orientations.

The gradual reorientation from 001 to 100 in bridgmanite of our VPSC models com-
pare favorably to experimental observations in Miyagi and Wenk [2016]. Bridgmanite +
ferropericlase, transformed from either olivine or ringwoodite, when deformed displays in-
termediate textures across 001 and 100 between 36 and 53 GPa. Dominant slip systems
determined by VPSC simulations in their experiments were reported as [100], [010], and
(110) on (001) planes at pressures below 55 GPa and (100) at pressures greater than
55 GPa. In contrast, we model 100 textures below 50 GPa which require large contribu-

tions of slip along (100) planes with only minor contributions (11.3%) along (010) and (001)
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planes. This is due in part that 100 orientations in bridgmanite are not observed in Miyagi
and Wenk [2016] until above 55 GPa in their experiments, which could be attributed to
compression at ambient temperatures. Textures from shear deformation experiments in a
study by Tsujino et al. [2016] are compatible with dominant slip on (100)[001] at 25 GPa

and 1872 K however.

Although, first-principal calculations of Mainprice et al. [2008] agree with our results
below 50 GPa, they are not compatible with our observations of 010 textures in bridgmanite
at high pressures. Slip system modeling in bridgmanite by Hirel et al. [2014] and Kraych
et al. [2016] are in agreement with one another, in which (100) dislocations are easier
to activate at pressures below 50 GPa; however, Kraych et al. [2016] observes a shift in
dominant slip plane from (100) to (010) once pressures exceed 60 GPa. This supports the
results of our VPSC modeling based on observed 010 experimental deformation textures in
bridgmanite, where slip along (010) planes is dominant above 50 GPa. Nzogang et al. [2018§]
observes (010) dislocations in recovered bridgmanite, deformed at 27 GPa and 2130 K using
orientation mapping in the TEM. They conclude the observed dislocations are a result of
(010)[100] slip. Although twinning is observed in Nzogang et al. [2018], they determine it is
not pervasive enough to be considered a significant deformation mechanism in bridgmanite.
Twinning was also considered in the VPSC modeling of Miyagi and Wenk [2016]; however,
the textures generated are much stronger than their experimental textures and hence were

not included in our simulations.

5.6 Implications for the Earth’s Lower Mantle

Most anisotropy within the lower mantle is attributed to texture caused by the progres-
sive deformation of pyrolite through the convective mantle flow. Whether or not there is
anisotropy in the lower mantle is still highly debated. Here, we model a slab that pen-
etrates the 660’ and descends to depths of 2600 km and calculate how much anisotropy
is produced in the process. This work is a starting collaboration done with John Keith
Magali who is a postdoc working in the TIMEIleSS project, combining his expertise on
numerical modeling of anisotropy in the mantle and our experimental results. All results

presented below are preliminary and will be updated with improvements to the models.
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Figure 5.7: a) Effective viscosity 7 in the mantle. The dashed line illustrates the
viscosity contrast between the transition zone and lower mantle. b) Resulting velocity
field resulting from a slab stagnating at 2600 km.

5.6.1 Global Mantle Model

Two dimensional models of compositionally driven subduction were computed using the
software Aspect [Kronbichler et al., 2012], which solves for the incomprehensibility, momen-
tum, and energy equations in the Cartesian domain. Model dimensions are 7800 x 2600 km
and with the help of adaptive mesh refinements, spatial resolutions vary from 5 km x 5 km
across the slab and regions with large viscosity contrasts up to 325 km x 325 km far from
the said regions. The mantle rheology used in this model is viscoplastic, where dislocation
creep, diffusion creep, and plastic yielding are harmonically averaged. To allow for the
decent of the slab into the lower mantle, we impose a viscosity contrast at the '660’ by
a factor of 10; although we acknowledge this contrast can be larger [e.g. Quinteros et al.,
2010]. Figure 5.7 shows the effective viscosity and velocity of the flow in the mantle at 72
million years (Ma).

Coupling geodynamic models with tomographic images through texture evolution in
bridgmanite requires the VPSC calculations performed in the previous section. From the
72 Ma state of the mantle, flow lines have been traced backwards in time until 80 percent
strain accumulation has been reached. At each time step along the flow line a local velocity

gradient tensor is estimated. These velocity gradients are then used as an input for VPSC
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to calculate how much strain is accrued in 3000 bridgmanite grains. We restrict our VPSC
calculations to a domain of 1200-6500 km horizontally and 660-2600 km vertically to avoid
boundary effects. We use the 001 transformation texture in bridgmanite as the starting
texture for the slab immediately below 660 km, whereas the bridgmanite aggregates in the
surrounding mantle are initially randomly oriented. Using the active slip systems deduced
from the experiment we are able to compute the resulting texture at each point in space.
For instance, above 2000 km we impose dominant (100) slip within the slab, whereas below
this depth (010) slip is dominant. The latter scenario is analogous to experiments in Pyr01,
where we observe 001 compression textures reorient to 010 in bridgmanite at lower mantle
pressures (Figure 5.3).

To obtain the full elastic tensor (i.e. tensor of elasticity with 21 independent coeffi-
cients), we use a Voigt-Reuss-Hill averaging scheme given the single crystal elastic constants
of bridgmanite that vary with pressure and at a constant temperature of 1900 K. Often-
times it is easier to interpret the elastic tensor using conventional elastic decomposition
methods. Here we decompose the full elastic tensor into a vertically-transverse isotropic
medium (VTI) using the method of Montagner and Nataf [1986]. In this way, we can
determine the strength of S-wave anisotropy £ (i.e. dependence of speeds to polarization
orientation for horizontally propagating S-waves), and the P-wave anisotropy ¢ (i.e. ratio

between the speeds of horizontally and vertically-propagating P-waves).

5.6.2 Results

Immediately below the ’660’ our S-wave anisotropy models (i.e. £ = %) show faster
vertically polarized shear waves (Vgy ) than horizontally polarized shear waves (Vsg) for
horizontally traveling waves (Figure 5.8a). The surrounding mantle at the same depths
also displays Vgy leading Vs (Vsy > Vsp), although not as strong as within the slab.
The surrounding mantle far from the slab, however, shows Vgg > Vgy. With increasing
pressures, the S-wave radial anisotropy varies in the surrounding mantle whereas it ap-
proximately stays the same within the slab. Overall, Vgy continues to lead Vgg above
2250 km. Beneath this depth however, we observe a shift in trend of £ (i.e. Vg > Vgy)
within the slab. In this area the slab begins to bend and travel horizontally along the D”

layer. The surrounding mantle, on the other hand, exhibits prominent Vgy > Vgp below
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Figure 5.8: a) S-wave anisotropy () in the mantle defined as the ratio & = ‘—‘;“:;5

where Vgg and Vgy are horizontally and vertically polarized S-waves, respectively, for

horizontally propagating S-waves. In the slab dominant slip in bridgmanite changes

from 001 to 100 between 700 and 2000 km depth. b) P-wave anisotropy (¢) in
2

the mantle defined as the ratio ¢ = “;"TH where Vpgy and Vpy are horizontally and
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vertically propagating P-waves, respectively.
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2250 km.

P-wave anisotropy (¢ = ‘;’éi ) within the subducting slab immediately below the 660’
is slightly anisotropic with vertically propagating waves (Vpy ) traveling faster than hor-
izontally propagating waves (Vpp) (Figure 5.8b). The surrounding mantle in this same
area displays weak anisotropy with Vpg > Vpy. With increasing depth (between 1000 and
1500 km) the slab appears to have weaker P-wave anisotropy with Vpy slightly leading
Vpr. Across the same depth range, we observe no considerable change in the surrounding
mantle. Below 1500 km however, both the surrounding mantle and the slab become more
anisotropic with depth, with an apparent switch in P-wave anisotropy patterns in both
regions. As soon as the slab bends and travels horizontally along the D” layer, the P-wave

anisotropy within the slab again reverts back to Vpy > Vpgy. The surrounding mantle

beneath the slab shows strong amplitudes of P-wave radial anisotropy with Vpg > Vpy .

In order to illustrate how the P-wave radial anisotropy structure would appear as a
tomographic image, we perform a tomographic filtering technique that involves a homog-
enization of an elastic medium with no scale separation such as the Earth. Even with
a homogeneous distribution of source-station pairs, seismic tomography only outputs a
smooth version of the Earth due to finite-frequency seismic data. Because of this, to-
mographic filtering is essential for our anisotropic models to be compatible with existing
tomographic models. Here we use the Fast-Fourier Homogenization algorithm developed
by Capdeville et al. [2015]. In this method, small-scale spatial variations in the elastic
medium are removed based on a minimum wavelength A, of the observed wavefield, and
are instead replaced with effective properties. Thus homogenization can be viewed as the
best possible image one would recover from seismic tomography assuming perfect data cov-
erage [Capdeville and Métivier, 2018]. As a demonstration, we choose a homogenization
wavelength \;, = 300 km corresponding to the wavelength of long period P-waves sampling
the lower mantle (Figure 5.9). Upon homogenization, we observe how the small-scale fea-
tures in the original P-wave anisotropy model have been smoothed out. For instance, it
is now difficult for us to delineate the subducting slab in Figure 5.9. We anticipate that
selecting a homogenization wavelength shorter than the thickness of the slab would recover

its small-scale features. Nevertheless, the general patterns of P-wave radial anisotropy in
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our mantle model is preserved.
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Figure 5.9: Homogenized P-wave anisotropy in the mantle. We use the non-periodic
homogenization of Capdeville et al. [2015] to spatially average the set of elastic
tensors obtained from VPSC modeling. Homogenization can be viewed as the best
possible image one could retrieve from seismic tomography assuming perfect ray-path
coverage [Capdeville and Métivier, 2018]. Here we use a homogenization wavelength
Ap = 300 km corresponding to the wavelength of P-waves sampling the lower mantle.

5.6.3 Discussion

In our geodynamic models, the slab geometry is subvertical as it penetrates the '660’.
S-wave anisotropy is large in this region with Vgy > Vgg, which we attribute to strong
001 transformation textures in bridgmanite (Figure 5.8a). We do not see a change in this
pattern until depths of 2250 km as the slab impinges and bends along the D” layer. As the
slab migrates horizontally along this boundary, we now observe Vgg > Vgy. We also see
a shift in the fast propagation direction in P-waves within the slab as it subducts. This
could be a result of a change in the dominant slip systems of bridgmanite above 50 GPa.
The study of Ferreira et al. [2019] does not consider texture in a subducting slab as, it is
implied that texture development is impeded in a cold and highly viscous material.

In the lower mantle, Sturgeon et al. [2019] and Ferreira et al. [2019] only consider a
single dominant slip system in their texture calculations of bridgmanite. Here we expanded
upon their work by implementing pressure dependent slip systems of bridgmanite where we
have demonstrated, how P-wave anisotropy increases with depth in the lower mantle. For
instance, 100 orientations in bridgmanite are weak in comparison to the 010 orientations
that are eventually generated at pressures beyond 50 GPa (Figure 5.4). This may provide

a potential explanation as to why P-wave anisotropy increases below 1900 km depth in the
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average lower mantle as observed by de Wit and Trampert [2015]. Note, however, that
inconsistencies remain as we do not observe the stronger Vgg > Vgy in the slab as is seen
in the study of Ferreira et al. [2019].

We lay the groundwork of providing transformation and deformation textures observed
in our experiments that can potentially be upscaled to lower mantle conditions. Being
at the proof of concept stage, these models have their own set of limitations: i) A steady
state assumption is made when back tracing flow stream lines. One must be cautious when
making interpretations of anisotropy such as convergent margins [Faccenda and Capitanio,
2012], or in our case adjacent to regions where slab bending occurs. ii) Viscosity does not
take into consideration temperature. iii) We assume that all of the deformation in bridg-
manite is accommodated by the entire velocity gradient field, which would overestimate
anisotropy. iv) We only consider deformation of a single phase (bridgmanite). v) The elas-
tic constants of bridgmanite are calculated at varying pressures, but constant temperature
(1900 K). Nevertheless we demonstrate how modeled textures from experimental observa-
tions in deformation experiments might be used to interpret seismic anisotropy from real

geodynamic scenarios in the lower mantle.

5.7 Conclusion

In this chapter we presented the results of deformation experiments at the pressure and
temperature conditions ranging from the 660 km discontinuity down to a depth of 1400 km
on pyrolite. Compression was carried out in a laser-heated DAC at pressures ranging from
29 to 108 GPa and temperatures between 1500 and 2000 K; implementing multigrain X-ray
diffraction to study the sample. We successfully observe deformation of (bridgmanite +
davemaoite + ferropericlase) in all three samples along with the associated microstructures.

Multigrain data processing techniques resulted in the assignment of single crystal
diffraction peaks to individual grains within the sample. We are able to index between
107 and 442 grains in bridgmanite, 4 to 182 grains of davemaoite, and 2 to 272 grains
of ferropericlase in a multiphase material. At the beginning of deformation, bridgmanite
displays a strong 001 texture that weakens and slowly shifts to orientations in 100. As

pressure increases beyond ~50 GPa, bridgmanite reorients to a 010 texture. Davemaoite
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is only moderately textured with 101 orientations in one experiment, and 111 orientations

in another. Ferropericlase remains largely untextured in all experiments.

Using our experimental textures, we implement VPSC to model potential slip systems
responsible to the texture evolution seen in bridgmanite. We separate deformation into
two stages, with 30% strain applied in compression for the first stage and 70% strain ap-
plied in the second. Starting from a 001 transformation texture, we find that (100)[001] is
the dominant active slip system with minor contributions from (010)[001] and (001)[010].
During the second stage of compression, dominant slip is nearly evenly distributed between
(010)[100] and (010)[001]. This is consistent with experimental observations observations
in Miyagi and Wenk [2016] where they also observe a gradual shift from 001 to 100 orien-
tations between 36 and 53 GPa for cold compressed bridgmanite. It is also consistent with
the simple shear deformation experiments of Tsujino et al. [2016] with dominant slip on

(100)[001] at 25 GPa and 1872 K.

First-principal calculations of Mainprice et al. [2008] agree with our results below
50 GPa. Slip system modeling in bridgmanite by Hirel et al. [2014], Kraych et al. [2016]
find (100) dislocations are easiest to activate at pressures below 50 GPa and Kraych et al.
[2016] observes a shift in dominant slip plane from (100) to (010) once pressures exceed 60
GPa. This is in agreement with the results of our experiments and VPSC modeling above

50 GPa, where slip along (010) planes is the dominant.

In this work we demonstrate that texture evolves from 100 to 010 orientations in bridg-
manite within a pyrolitic material when deformed at lower mantle pressures and temper-
atures. Observations of seismic anisotropy are largely absent in the Earth’s lower mantle,
however. To address this we implement our VPSC calculations to model anisotropy within
a subducting slab at lower mantle conditions. Within the subducting slab, we observe a
change in S-wave radial anisotropy from Vg, > Vg to Vog > Vgy when the slab bends
along the D” layer. P and S-wave radial anisotropy models show no clear correlations with
mantle deformation and flow patterns. Additionally, anisotropy is weak in our models and
does not correlate with flow, which may explain why anisotropy is not often observed in the
lower mantle. Here, we have demonstrated a promising method, if only a starting point,

to implement experimental results in anisotropy models. In the future, the development of
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such integrated model, implementing results of experimental deformation experiments and
numerical models of mantle, will help the interpretation of seismic signals and how they

can be used to constrain flow and dynamic processes in the deep mantle.
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Chapter 6

Transformation and Deformation
Microstructures in Bridgmanite
formed from Majoritic Garnet

6.1 Introduction

Subducting oceanic slabs are chemically stratified, containing a 6-7 km thick crust with
enriched mid-ocean ridge basalt (MORB) composition, overlying a 5-20 km thick depleted
harzburgitic layer, and deeper pyrolitic layer [Ringwood, 1982, Faccenda and Zilio, 2017].
Phase transformations and physical properties such as wave velocities in these compositions
have been investigated experimentally in the past in order to determine which composi-
tion best matches observed seismic velocity profiles [Ita and Stixrude, 1992]. Calculations
of seismic anisotropy will be directly impacted by the bulk composition of the material
due to the elastic properties and preferential orientations of the phases it contains. We
demonstrated an example of this in Chapter 4 where we calculate anisotropy both above
an below the 660 km seismic discontinuity.

Up until this point, this thesis has focused on perovskite/post-perovskite analogues,
phase transformations in pyrolite at conditions of the 660 km discontinuity (’660’), and
the subsequent deformation of pyrolite at conditions corresponding to depths of 2400 km.
In this chapter, we will try to understand the effect of aluminum on transformation and
deformation microstructures starting from a pyrolitic garnet composition, pyrolite-minus-
olivine, by performing deformation experiments in the laser-heated DAC combined with
multigrain X-ray diffraction techniques. Many studies have been conducted in the past that

aim to address the impact aluminum may have on the physical properties of bridgmanite
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including the effect of elasticity [Nishiyama et al., 2007, Fu et al., 2019], phase transfor-
mation kinetics [Lessing et al., 2022], thermal conductivity [Okuda et al., 2017], electrical
conductivity [Yoshino et al., 2008], compressibility and spin state of iron [Brodholt, 2000,
Ballaran et al., 2012, Okuda et al., 2020], cation substitution [Fukui et al., 2016, Huang
et al., 2021, Nakatsuka et al., 2021], aluminum solubility [Liu et al., 2021}, and seismic
anisotropy [Fukui et al., 2016, Fu et al., 2019]. This raises the question of the impact alu-
minum might have on observed microstructures presented in the previous chapters. More
specifically, we aim to address whether or not the transformation and deformation textures
in bridgmanite and CaSiO3 davemaoite differ from those observed in our experiments on

pyrolite.

6.2 Methods

Methods and data analysis implemented in this section are outlined in the previous two
chapters. Any changes in the experimental set-up will be discussed below. Sample prepa-
ration of the pyrolite-minus-olivine samples are described in detail in the Methods chap-
ter. Two pyrolite-minus-olivine samples, Pyr-Ol-1 and Pyr-Ol-2, were analyzed at the
Extreme Conditions beamline P02.2 at PETRA III (DESY, Hamburg) using the same
beamline setup from the muligrain X-ray diffraction experiments presented in the previous

two chapters.

The first experiment, sample Pyr-Ol-1, was ran using an incident monochromatic X-
ray beam focused to 1.9 pum x 1.9 pm paired with a PerkinElmer XRD 1621 detector with
200 pm x 200 pum pixel size. A CeOq standard from the National Institute of Standards
and Technology (NIST; 674b) was used for calibration in order to correct for detector tilt,
beam center, and calculate a sample to detector distance of 404.5133 mm. The wavelength
for this experiment was fixed at 0.2891 A. In the second experiment, sample Pyr-Ol-2, an
incident monochromatic X-ray beam focused to 1.2 pm x 1.9 pym paired with a PerkinElmer
XRD 1621 detector with 200 pm x 200 pm pixel size. A CeOs2 standard from the National
Institute of Standards and Technology (NIST; 674b) was used for calibration and calculate
a sample to detector distance of 403.4252 mm. The wavelength for this experiment was

fixed at 0.2904 A. Double-sided laser heating was carried out during compression using a
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Yb-fiber laser to reach the necessary temperatures as installed by default on the beamline

[Liermann et al., 2015].

The goal of these experiments is to observe transformation and deformation textures
in bridgmanite and CaSiO3 davemaoite at conditions of the ’660’ when starting from a py-
rolitic garnet. Multigrain image collections are taken upon transformation to bridgmanite
and then every 2-5 GPa up to 40 GPa. Experimental pressure and temperature path of
Pyr-Ol1-2 are shown in Figure 6.1. Images are collected using the same method as previ-
ously described by rotating the diamond anvil cell (DAC) in w by 0.5° steps from —28° to
28° with collection times of 1 second per image, resulting in a total of 112 images for each
MGC scan. Samples are quenched before MGC images are collected. Unit-cell parameters
of the mineral phases are again extracted using the software MAUD [Lutterotti et al., 1997]

using the histogram method described in the previous chapters.
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Figure 6.1: Pressure vs. temperature for samples Pyr-Ol-1 and Pyr-Ol-2. Multigrain
image collections are acquired at 300 K. Open markers are where MCG diffraction
data was collected with filled markers indicating where powder diffraction images
were taken. Dotted potion of lines along the P/T path denote when the sample is
being heated or quenched. Errors in temperature are set to £60 K. Black dashed line
is a visual aid marking 300 K. Red shaded area marks the geotherm from [Katsura
et al., 2010]. Pressures in KCl and MgO are estimated from the equations of state
of [Tateno et al., 2019] and [Speziale et al., 2001], respectively. We first observe the
transformation to bridgmanite at 25 GPa in both samples as marked by the vertical
red line.
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6.3 Deformation Microstructures in pyrolite-minus-olivine

6.3.1 Grain Indexing Statistics

Table 6.1 shows grain indexing statistics for bridgmanite and davemaoite in experimental
runs Pyr-Ol-1 and Pyr-Ol-2. The number of grains indexed for each phase, number of
diffraction peaks assigned to each grain, and the percentage of total g-vectors assigned to
grains for each indexing are provided. Our indexing capabilities for these experiments are
similar to those in our previous work on pyrolite. Similar 26 ranges, i.e. 8.2° to 8.3°, 11.6°
to 11.7°, were filtered in order to avoid incorrectly assigning pressure medium g-vectors to
sample grains.

Table 6.1: Indexing statistics from GrainSpotter for bridgmanite and davemaoite
in run Pyr-Ol-1 and Pyr-Ol-2. Pressures, number of grains indexed, amount of
diffraction peaks assigned to grains, and percentage of g-vectors assigned to grains
for each indexing are shown. KCI used as pressure transmitting medium in run Pyr-
Ol-1 and MgO used as pressure transmitting medium in run Pyr-Ol-2. Pressures are
determined using the equation of state of KCl and MgO in Tateno et al. [2019] and
Speziale et al. [2001], respectively.

Exp. Phase P (GPa) Gr. Ind. Peaks per Gr. Assigned Gve (%)
Bridgmanite 434 25
Pyr-Ol-1 Davemaoite 25 235 10 88
Bridgmanite 220 23
Davemaoite 25 96 8 80
Brldgmar}lte 24 240 24 85
Pyr-OL2 Davemaoite 136 8
Y Bridgmanite . 212 23 -
Davemaoite 171 8
Bridgmanite 144 21
Davemaoite 40 142 9 67

6.3.2 Experimental Deformation Textures

Two samples were analyzed using synchroton x-ray diffraction; Pyr-Ol-1 and Pyr-Ol-2.
Each sample was a separate experimental run, with MGC images collected at various pres-
sures. Here we will focus on textures from the experiment on sample Pyr-Ol-2 (Figure 6.2),
as the experiment on sample Pyr-Ol-1 was ended after the observation of the transforma-
tion to bridgmanite. Bridgmanite again displays a strong 001 texture, m.r.d. of 3, upon
transformation in addition to a weak 010 maximum at 25 GPa. With further compression
the 001 maximum weakens significantly and we observe the appearance of 100 orientations,

m.r.d. of ~1.9, at 34 GPa. As pressures increase to 40 GPa, we are left with only 001 and
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Figure 6.2: Inverse pole figures of the compression direction for sample Pyr-Ol-2,
showing individual grain orientations of bridgmanite and davemaoite in a pyrolitic
garnet composition at various pressures. Equal area projection. Grains are colored
according to an orientation distribution fitted for each phase and color scale in mul-
tiples of random distribution (m.r.d.). The number of indexed grains is indicated
above each inverse pole figure.

100 orientations. Davemaoite, on the other hand, does not display an initial transforma-
tion texture. With further compression to 34 GPa, however, we observe same dominant
101 orientations as in sample Pyr05. Textures in davemaoite shift to 111 at 38 GPa and

remain as such until the end of the experiment with no change in strength.

6.3.3 Bridgmanite Unit Cell Parameters

Figure 6.3 details the unit cell volumes of bridgmanite in all of our experimental runs.
Bridgmanite in all of the samples fit a similar trend in unit cell parameters with the
increase of pressure. Furthermore, we add trend lines that represent the equation of state
for two separate compositions: 13% iron-rich pyrolite [Wolf et al., 2015] and aluminum-
bearing pyrolite [Nishiyama et al., 2007]. Regardless of composition, both equations of
state show no significant difference in the elastic properties of bridgmanite. In addition,
our unit cell volumes for both a pyrolitic or aluminum-rich bridgmanite are consistent with
both these equations of state. Implications of this will be covered in the Discussion section

of this chapter.
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Figure 6.3: Unit cell volumes of bridgmanite in pyrolitic and pyrolitic garnet compo-
sitions used in multigrain X-ray diffraction indexings plotted vs. pressure. Lines are
Vinet equation of state for 13% Fe bridgmanite [Wolf et al., 2015] and third-order
Birch-Murnaghan equation of state for aluminum bearing bridgmanite [Nishiyama
et al., 2007] at 300 K and used to illustrate compression behavior vs. experimental
values.

6.4 Discussion

Textures in both bridgmanite and davemaoite resemble those in our previous experiments
on pyrolite with only minor differences. Upon transformation to bridgmanite, we observe
a strong 001 transformation texture along with weak orientations in 010. Above 34 GPa
in Pyr-Ol-02, orientations in 001 become weaker and we observe the appearance of a weak
100 texture, which are present from 34 to 40 GPa (Figure 6.2). This shift in texture with
deformation from 001 at 25 GPa to 100 orientations at 38 GPa in bridgmanite formed from
pyrolite-minus-olivine is consistent with textures observed in our pyrolite experiments,
both in strength and pressure occurrence. Based on these observations, one could expect
similar active glide planes in bridgmanite under plastic deformation and little change in
anisotropic properties based on texture alone. For these reasons, we do not see an effect of
composition on the plasticity of bridgmanite and hence do not model active slip systems or
anisotropy in pyrolite-minus-olivine. Furthermore, we observe 010 textures in bridgmanite

in our pyrolite samples at pressures above 50 GPa that are not observed during these
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experiments. We reason that the absence of these 010 orientations is due to the fact we
never reached large enough pressure to reorient the grains. Nevertheless, one could expect,
based on the consistencies between our pyrolite and pyrolite-minus-olivine composition
samples, that grain might reorient as pressures exceed 50 GPa.

Davemaoite is very consistent with our other experiments on pyrolite in both texture
and strength. Although we do not observe texture immediately after the transformation,
we do observe 101 orientations at 34 GPa which compares favorably with both sample
Pyr05 and Pyr07. Furthermore, we see 111 orientations in pyrolite-minus-olivine, which
are also observed in sample Pyr07 at 53 and 55 GPa. The change in orientations here
is again attributed to the effect of strain on the sample, which can lead to changes in
grain shape during compression and hence how grains align themselves. Strain can be
distributed differently across the sample, so it is possible with further heating during

compression strains could have redistributed, hence account for the shift in texture.

It has long been debated how aluminum might impact the physical properties of bridg-
manite at lower mantle conditions, as well as observations of seismic anisotropy. In Fig-
ure 6.3, we can see there is a negligible difference in composition on the impact of elastic
properties in bridgmanite. Here we argue, based on our experimental results and the equa-
tions of state presented in Wolf et al. [2015] and Nishiyama et al. [2007], that the presence
or lack of aluminium in a pyrolitic system would not greatly impact observations of seis-
mic anisotropy in the mantle. While temperature may have an impact on microstructures
present in the mantle and hence observations of anisotropy, one could argue that the values
of P and S-wave anisotropy within a subducting slab and the surrounding material would

be similar.

6.5 Conclusion

In this chapter, we perform deformation experiments in the laser-heated DAC on a modi-
fied composition of pyrolite that does not contain olivine (pyrolite-minus-olivine) i.e. py-
rolitic garnet. Experiments were carried out at pressures ranging from 25 to 40 GPa and
temperatures of ~1800 K. We present an extreme case, where the model composition of

pyrolite is rich in aluminum, in order to determine if aluminum would have an impact
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on transformation and deformation microstructures within our sample. Multigrain data
processing techniques resulted in the assignment of single crystal diffraction peaks to in-
dividual grains within the sample. We are able to index between 144 and 434 grains in
bridgmanite and 96 to 235 grains of davemaoite in a multiphase material. We find that
the 001 transformation textures observed in pyrolite-minus-olivine after transformation to
bridgmanite are the same as those seen during our experiments on pyrolite. This indicates
that the mechanism for grain growth in bridgmanite under stress after transformation is
only weakly sensitive to the staring composition. Additionally, we observe 100 orientations
with further deformation to pressures up to 40 GPa, indicating that the plastic behavior
of bridgmanite is identical in both pyrolite and pyrolite-minus-olivine compositions. Fur-
thermore, davemaoite does not display texture upon transformation in these experiments.
With deformation, however, we see the appearance of 101 orientations that end up reori-
enting to orientations in 111. These textures also compares well with those seen in our
experiments on pyrolite in the previous chapters. As the textures observed in these exper-
iments are similar in both strength and pressure occurrence, we did not model active slip
systems or anisotropy in bridgmanite formed in a composition of pyrolite-minus-olivine.
We do suggest, however, that observation of seismic anisotropy, both within and outside
of a subducting slab, will not be effected due to aluminum in the system.

Overall, we find that the incorporation of aluminum in a pyrolitic composition does
not have a considerable impact of the physical properties of bridgmanite or davemaoite.
Although, in this chapter we only compare orientations in bridgmanite and davemaoite
to those observed in the previous chapters, further work could be done investigating the
effect of aluminum on stress or strength of bridgmanite, which we do not address here.
Additionally, experiments where deformation is carried out to higher pressures would an-
swer remaining questions on what textures are present in aluminum enriched bridgmanite

at lower mantle conditions.
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General Conclusion

In this thesis we investigate microstructures in mantle minerals and the deformation mech-
anisms for which they are associated with. We use this information to make improved
interpretations of seismic anisotropy observed in the Earth’s upper and lower mantle. In
order to predict which deformation mechanisms are active in these regions of the Earth, we
perform deformation experiments that allow us to observe the development of microstruc-
tures at the relevant pressures and temperatures. These deformation mechanisms are then

used to model seismic anisotropy in the mantle and be compared to observations.

A phase transformation in the bridgmanite analogue NaCoFs from the perovskite to
post-perovskite structure takes place between 20.1 and 26.1 GPa in a resistive-heated di-
amond anvil cell. This transformation results in both deformation textures in perovskite
and transformation textures in post-perovskite. Initial deformation of perovskite results
in strong 100 orientations at 7.3 GPa, with a weak secondary 001 maximum appearing at
13.4 GPa. Visco-plastic self-consistent (VPSC) simulations were used to determine that
orientations in 100 are a result of slip along (100) paired with important contributions from
{110} twins. We determine NaCoF3 is a good analogue for plasticity studies relevant for
the Earth’s mantle as both 100 and 001 textures have been observed in natural composi-
tions. Note, however, that the slip system in (010) we identify in bridgmanite at pressures
above 50 GPa is not observed in NaCoF3 which is stable over a more reduced pressure
range. Transformation from perovskite to post-perovskite structure in NaCoFs3 involves
orientation relationships, determined by simulating a post-perovskite texture that matches
our experimental results, where the vector hh0 (normal to (110) in post-perovskite) is

parallel to [010] in perovskite and [001] in post-perovskite is parallel to [001] in perovskite.

The phase transformation from (ringwoodite + garnet) to (bridgmanite + davemaoite

+ ferropericlase) was observed in four pyrolitic samples using multigrain X-ray diffraction
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in a laser-heated diamond anvil cell (DAC). Compression was carried out between 17.5
and 108 GPa at temperatures between 1500 and 2000 K. Indexing capabilities of these
multiphase systems ranges between 107 to 736 grains post transformation depending on
the sample. Prior to the transformation, ringwoodite displays a weak texture with 001
planes oriented perpendicular to the compressive stress, while no texture is observed in the
garnet phase. Post transformation, bridgmanite displays strong transformation texture
in 001 across all experiments as a result of oriented growth under stress. Davemaoite is
moderately textured with both 101 and 111 orientations depending on the experiment.
Ferropericlase remains largely untextured in all experiments. Further deformation of the
sample results in the weakening of 001 orientations and a slow shift to orientations in 100
below 50 GPa. As pressure increases beyond ~50 GPa, however, bridgmanite reorients
to a 010 texture. Davemaoite is only moderately textured with 101 orientations in one
experiment, and 111 orientations in another. Ferropericlase remains largely untextured in

all experiments.

In order to determine the deformation mechanisms at play, we use VPSC to model
our experimental textures in bridgmanite. We separate deformation into two stages, with
30% strain applied in compression for the first stage and 70% strain applied in the sec-
ond. Starting from a 001 transformation texture, we find that (100)[001] is the dominant
active slip system with minor contributions from (010)[001] and (001)[010]. During the
second stage of compression, dominant slip is nearly evenly distributed between (010)[100]
and (010)[001]. These simulations are not only able to reproduce the texture evolution of
bridgmanite observed in our experiments, but also match textures observed in other de-
formation experiments where (100) slip is most active below 50 GPa and (010) slip active

at pressures above 50 GPa.

Using single crystal elastic constants, calculated at pressures and temperatures rele-
vant to mantle transition zone and lower mantle pressures and temperatures, we are able
to calculate seismic anisotropy corresponding to the microstructures observed in our de-
formation experiments. We first consider the case of a near vertical subducting slab under
compressive stresses penetrating the 660 km discontinuity (’660’). Above this boundary,

our models predict no anisotropy in S and P-wave anisotropy. Below, however, S-wave
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splitting is 1.28% (0.08 km/s) for waves travelling perpendicular to compression and null
for waves travelling parallel. P-wave azimuthal anisotropy is 0.17% in the same region.
Additionally, we implement our VPSC calculations into large scale models of mantle flow
to model anisotropy within a subducting slab and the surrounding mantle at lower mantle
conditions. Within the subducting slab, we observe a change in S-wave radial anisotropy
from vertically polarized shear waves leading horizontally polarized waves (Vsy > Vspr) to
horizontally polarized shear wave leading vertically polarized waves (Vs > Vsy) when the
slab bends above the D” layer. In the surrounding mantle, our models predict Vgy > Vgg
at all depths surrounding the slab. Although our implementation of experimental results
in anisotropy models are only a starting point, the development of an integrated model
will help the interpretation of seismic signals and how they can be used to constrain flow

and dynamic processes in the deep mantle.

In closing, we determined the mechanisms of high pressure and temperature transfor-
mation and deformation in bridgmanite, while also covering the geophysical implications
of our experimental results. Deformation experiments have not been performed at such
pressures and temperatures. Moreover, it is the first time that the plastic behaviour of
bridgmanite has been studied within a pyrolitic composition, which is more representative
of the mantle than experiments on pure bridgmanite or bridgmanite and ferropericlase
assemblages that have been used in previous studies. We provide new mineralogical data
on analogue and pyrolitic materials within the Earth’s mantle. Results of the pyrolite
experiments can be further used to improve interpretations of seismological observations,
although future work is needed to address remaining questions. The effects of grain size on
deformation after the phase transformation have not yet been investigated in a pyrolitic
composition. Furthermore, when modeling plastic deformation in the lower mantle, we
only consider a bridgmanite aggregate (as it makes up the majority of the lower mantle)
even though there are other phases within the pyrolite polycrystal that exhibit deformation
textures. We also have a poor understanding on the impact of strain rate, as compression
experiments cannot realistically be carried out at strain rates of the Earth. Additionally,
there is no evaluation of the stress levels in our samples. Multigrain crystallography should

allow us to map out grain by gain stain and stress distributions, but we were not able to
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evaluate those methods and their reliability within the time frame of this PhD. Finally,
we are missing postmortem analysis using SEM and TEM techniques which, most likely
would have brought a wealth of information on the microstructures at the micron and sub-
micron scale. This work continues to build upon the foundation of integrating experimental
mineral physics with seismological studies, with the goal of constraining deformation and

mantle dynamics in a planet we call Earth.
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corrected to account for temperature. . . . . ... ... ..

Experimental diffraction data from sample Pyr0O1 at 77 GPa. a) Diffraction
peaks extracted from the 2D diffraction images plotted as a function of
azimuth and inverse d-spacing. b) Histogram of the number of extracted
single-grain diffraction peaks vs. 1/d. The corresponding phase and Laue

indices of each diffraction line are indicated on the figure. . . . . .. .. ..

Inverse pole figures of the compression direction for sample Pyr01, showing
individual grain orientations of bridgmanite in pyrolite at various pressures.
Equal area projection. Grains are colored according to an orientation distri-
bution fitted to the grain orientations and color scale in multiples of random
distribution (m.r.d.). The number of indexed grains is indicated above each

inverse pole figure. . . . . . ... L

Inverse pole figures of the compression direction for sample Pyr05, show-
ing individual grain orientations of bridgmanite, davemaoite, and ferroperi-
clase in a pyrolitic composition at various pressures. Equal area projection.
Grains are colored according to an orientation distribution fitted for each
phase and color scale in multiples of random distribution (m.r.d.). The

number of indexed grains is indicated above each inverse pole figure.
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9.5

5.6

5.7

5.8

5.9

Inverse pole figures of the compression direction for sample Pyr07, show-
ing individual grain orientations of bridgmanite, davemaoite, and ferroperi-
clase in a pyrolitic composition at various pressures. Equal area projection.
Grains are colored according to an orientation distribution fitted for each
phase and color scale in multiples of random distribution (m.r.d.). The

number of indexed grains is indicated above each inverse pole figure.

Inverse pole figures (a, b, ¢) of axial compression in VPSC simulation. Start-
ing from transformation texture (a) applying 30% axial strain and allowing
dominant slip on (100) planes generates (Fig. 5.6b). Second stage of defor-
mation (c¢) starting from (Fig. 5.6b), allowing 70% strain with dominant slip

along (010) planes. . . . . . ... . Lo L

a) Effective viscosity 1 in the mantle. The dashed line illustrates the vis-
cosity contrast between the transition zone and lower mantle. b) Resulting

velocity field resulting from a slab stagnating at 2600 km. . . . . . .. ..

2
a) S-wave anisotropy (&) in the mantle defined as the ratio £ = K%H where
A%
Vs and Vgy are horizontally and vertically polarized S-waves, respectively,
for horizontally propagating S-waves. In the slab dominant slip in bridgman-

ite changes from 001 to 100 between 700 and 2000 km depth. b) P-wave

2
anisotropy (¢) in the mantle defined as the ratio ¢ = ‘;’EH where Vpy and
PV

Vpy are horizontally and vertically propagating P-waves, respectively.

Homogenized P-wave anisotropy in the mantle. We use the non-periodic ho-
mogenization of Capdeville et al. [2015] to spatially average the set of elastic
tensors obtained from VPSC modeling. Homogenization can be viewed as
the best possible image one could retrieve from seismic tomography assum-
ing perfect ray-path coverage [Capdeville and Métivier, 2018]. Here we use
a homogenization wavelength A, = 300 km corresponding to the wavelength

of P-waves sampling the lower mantle. . . . . ... ... ... .......
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6.1

6.2

6.3

Pressure vs. temperature for samples Pyr-Ol-1 and Pyr-Ol-2. Multigrain
image collections are acquired at 300 K. Open markers are where MCG
diffraction data was collected with filled markers indicating where powder
diffraction images were taken. Dotted potion of lines along the P/T path
denote when the sample is being heated or quenched. Errors in temperature
are set to +60 K. Black dashed line is a visual aid marking 300 K. Red shaded
area marks the geotherm from [Katsura et al., 2010]. Pressures in KCI and
MgO are estimated from the equations of state of [Tateno et al., 2019] and
[Speziale et al., 2001], respectively. We first observe the transformation to
bridgmanite at 25 GPa in both samples as marked by the vertical red line.
Inverse pole figures of the compression direction for sample Pyr-OIl-2, show-
ing individual grain orientations of bridgmanite and davemaoite in a pyrolitic
garnet composition at various pressures. Equal area projection. Grains are
colored according to an orientation distribution fitted for each phase and
color scale in multiples of random distribution (m.r.d.). The number of
indexed grains is indicated above each inverse pole figure. . . . .. ... ..
Unit cell volumes of bridgmanite in pyrolitic and pyrolitic garnet compo-
sitions used in multigrain X-ray diffraction indexings plotted vs. pressure.
Lines are Vinet equation of state for 13% Fe bridgmanite [Wolf et al., 2015]
and third-order Birch—Murnaghan equation of state for aluminum bearing
bridgmanite [Nishiyama et al., 2007] at 300 K and used to illustrate com-

pression behavior vs. experimental values. . . . ... ... ... ... ...
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Microstructures and anisotropy of pyrolite in the Earth’s lower mantle:
insights from high pressure/temperature deformation and phase

transformation experiments

Plain Language Summary

The Earth’s interior has been gradually cooling through heat exchange from the core
to the surface, which leads to many of the physical processes observed on the surface
of the planet including plate tectonics and the underlying mantle convection. Seismic
observations provide a mean to observe structures within the Earth’s interior through
features such as anisotropy or the detection of boundaries through changes in wave velocity.
At the rock scale, seismic waves are sensitive to microstructures (i.e. grain size, shape, and
orientation) created by ongoing deformation or mineralogical transformations. Here, we
implement experimental transformation and deformation experiments at the conditions of
the upper and lower mantle on rocks in a pyrolitic composition. We quantify how these
microstructures are developed and the deformation mechanisms that may be active in
dominant mantle minerals such as bridgmanite, providing an avenue to constrain mantle

processes from observations.

Keywords: Diamond anvil cell, high pressure, pyrolite, multigrain X-ray diffraction, tex-

ture, seismic anisotropy, deep earth, Earth’s mantle

Microstructures et anisotropie de la pyrolite dans le manteau inférieur :
expériences de déformation et de transformations de phase sous hautes
pressions et températures

Résumé grand public

L’intérieur de la Terre se refroidit gace aux échanges de chaleur du noyau vers la surface,
ce qui se manifeste par des processus tels que la tectonique des plaques et la convec-
tion sous-jacente du manteau. Les observations sismiques (vitesses de propagation d’onde,
anisotropie, ou discontinuités de vitesses) permettent de sonder les structures a l'intérieur
de la Terre. A Déchelle de la roche, les ondes sismiques sont sensibles aux microstruc-
tures (la taille, la forme et orientation des grains) générées par la déformation ou les
transformations minéralogiques. Ici, nous utilisons des expériences de transformation et
de déformation aux conditions de pression et température du manteau sur une composi-
tion pyrolitique. Nous quantifions la facon dont ces microstructures se développent et les
mécanismes de déformation sous-jacents dans des minéraux tels que la bridgmanite, four-
nissant ainsi les données nécessaires pour contraindre les processus mantelliques a partir

des observations.

Mots clés: cellule diamant, hautes pressions, pyrolite, diffraction multigrains, texture,

anisotropie sismique, terre profonde, manteau terrestre

201



	Contents
	General Introduction
	Mineral Microstructures and Their Impact on Mantle Dynamics
	The Interior of the Earth
	Layers of the Earth
	Mineralogy of Pyrolite

	Mantle Dynamics
	Mantle Convection
	Seismic Anisotropy
	Observations of Seismic Anisotropy

	Microstructures in Mantle Minerals
	Microscopic Origins of Anisotropy
	Plastic Deformation
	Phase Transformation
	Experimental Approach to Deep Earth Mineralogy

	A Focus on the Lower Mantle
	Bridgmanite
	Other Mantle Minerals
	Transition to Post-perovskite


	Methods
	High pressure experiments
	Diamond anvil cell
	Choice of pressure medium
	Pressure calibrant
	Equations of state

	Sample preparation
	Loading conditions

	In situ measurements at the synchrotron
	Characterization using X-ray diffraction
	Heating in the DAC
	Beamline parameters
	Radial X-ray diffraction
	Multigrain X-ray diffraction

	Data processing
	Radial diffraction
	Multigrain diffraction

	Data interpretation
	Texture modeling with VPSC
	Wave propagation models with MTEX


	Deformation and Phase Transformation in NaCoF3
	Introduction
	Methods
	Summary of Results
	Stress
	Deformation Textures
	Discussion

	Conclusions

	Transformation Microstructures in Pyrolite and Implications for Anisotropy Below the '660' Discontinuity
	Introduction
	Methods and Data Analysis
	Sample Preparation
	Diamond Anvil Cell
	High Pressure/Temperature XRD Experiments
	Processing MGC Data
	Elasticity and Calculations of Seismic Anisotropy

	Results
	Transformation Microstructures in Pyrolite
	Seismic Wave Velocities Above and Below the '660' Discontinuity

	Discussion
	Pre-transformation Textures
	Post-transformation Textures
	Implications for Anisotropy in Subducting Slabs

	Conclusions

	Anisotropy and Microstructures Induced by Deformation of Pyrolite in the Upper and Lower Mantle
	Introduction
	Methods and Data Analysis
	High Pressure/Temperature XRD Experiments

	Deformation Microstructures in Pyrolite up to a Megabar
	Grain Indexing Statistics
	Experimental Deformation Textures in Pyrolite

	Plasticity of Bridgmanite
	VPSC Modeling

	Discussion
	Textures of Pyrolitic Phases
	Bridgmanite
	Davemaoite
	Ferropericlase
	Plastic Behavior of Bridgmanite
	Modelling Deformation Mechanism of Bridgmanite

	Implications for the Earth's Lower Mantle
	Global Mantle Model
	Results
	Discussion

	Conclusion

	Transformation and Deformation Microstructures in Bridgmanite formed from Majoritic Garnet
	Introduction
	Methods
	Deformation Microstructures in pyrolite-minus-olivine
	Grain Indexing Statistics
	Experimental Deformation Textures
	Bridgmanite Unit Cell Parameters

	Discussion
	Conclusion

	General Conclusion
	List of Figures
	List of Tables
	Bibliography

