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Summary

The Earthdés transition 2z oisaregloredfrasedseismid wede a n d

velocity gradiens separatinghe upper and lower mantknd is also marked by a number of
seismic discontinuitiedMineralogical model$or peridotiticandmid-ocean ridge basalMORB)
lithologiesfail to reproduce thaigh seismic velociesindicated byreference modelfor the base

of the transition zone~p50-660 km), due to the prevalence of majoritic garnet in these
lithologies, which propagates seismic waves relatively slowAy lower average mantle
temperature at the base of thensition zone due to an accumulatiof subducted lithosphere
would be one way to explain the higher velocities. However, a further possibility is that the
mantle at this depth contains melt depleted harzburgite material where majoritic garnet is

replaced by the mineral akimotoite.

Akimotoite is an MgSiOs polymorph stable between 20 and 25 GPa and 900 to 2200 K and
presentit might be responsible foraising the seismic wave velocitieAdditional seismic
discontinuities identified neahe base of the transition zomeight also beattributed to phase
transitions involving akimotoiteas could some seismic anisotropy observatidhg objectives

of this study were to determinethe elastic properties, anisotropic behavior and structural
evolution of MgSiQ akimotoiteup to transition zonerpssures. Furthermore, the efteof Al
andFe on the elasticity of akimotoiteereinvestigated at high presssrand high temperatuse

This enablegeismicwave velocities of relevant mantle lithologiesbe accurately determined at
these conditionsral, through a comparison with seismic reference models, constraints were

placed on the composition of the lower transition zone.

In the first part of thestudy large singlecrystals of MgSi@ akimotoite were synthesizedand
usedto investigate the full elastic tensor by meansingle-crystalBrillouin spectroscopyp to
transition zone pressures. ¢tombination with singlerystal Xray diffraction the bulk and axial
compressibilityof the same crystalsvere studied Results sbw that the wave velocities of

MgSiOs akimotoite are faster than those of majoritic garnet. Furthermore, akimotoite remains a

highly anisotropic mineral at the base of the transition zone even though the anisotropy decreases

with pressure. Akimotoite axiatompressibility is highly anisotropic because oxygens of the
facesharing octahedra lie along taeaxis and form a very stiff unit along that direction.
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In the second part of this study, the crystal chemistry of the Mg8kimotoite i Al20s3
corundum sadl solution was investigated througfaray structure determinations on eight single
crystals ofdifferent composition. The undell volume change across the akimotateundum
solid solution is near linear but the lattice parameters deviate stronglydeatity. Furthermore,
the influence of Al on the elasticity of akimotoite was studied on two polycrystalliieaing
akimotoite samplesip to 25 GPaand 1100 Kusing ultrasonic interferometry combined with
synchrotron Xray diffraction and radiographyn a large volume press. A decrease in wave
velocities was observed with increasing @ntent. This is an unexpected result since wave
velocities incorundumare much faster than in akimotoite. This strongly -id@al behavior
means that corundurproperties cannot be employed as those of the akimotoy®s Adnd
member, as previously assumed. By the same argument it is unlikely that akimotoite is an

effective MgSiQ endmember of corundum.

The effect of F& substitution on the elastic propertiesa polycrystalline akimotoite sample
wereinvestigated in the third part of th&dudyusingultrasonic interferometry and synchrotron
X-ray diffraction up to 26 GPa and 800 Kheincorporation of Favas also found toeduce the
compressional and sheaave velocities. This effect is further increased when substituting both
Fe and Al into the akimotoite structurevhich was investigated up to 23 GPa. Tdwmupled
substitution of F& and Al into MgSiQ; akimotoiteis shownto have a major effect on the
structure most likely as a result okl and Fe* beingrandomly distributed across both cation

sites

Lastly, the obtained elastic properties of Mgs#kimotoite and those of Fand Albearing

solid solutions were used to calculate the elastic properties of fictive FeBiD AbOs
akimotoite enemembers. These data were used both in a thermodynamic model to determine the
phase relations of akimotoit@ a harzburgite assemblage between 20.5 and 23 GPa and to
calculate the seismic velocity for this assemblaggng a mantle adiabat. Above 22 GPa, the
wave velocities for harzburgite, in contrast to peridotite and MORB lithologies, are found to be in
excdlent agreement with seismic reference models. The observation of multiple discontinuities in
the proximity of the 660 km discontinuity is consistent with the sharp transformation of garnet to
akimotoite determined to occur between 600 and 625 km. Thessvalions provide strong

evidence for the accumulation of harzburgitic material at the base of the transition zone.



Zusammenfassung

Die Ubergangszone zwischen dem oberen und unteren Erdnradted bis 660 km Tiefe, ist

eine Region mit erhohten seismischen Wellengeschwindigkeitsgradienten, die mehrere
seismische Diskontinuitaten aufweist. Mineralogische Modelle fiir peridotitische oder basaltische
Zusammensetzungen, die zu grofB3en Teilen auoritagichem Granat mit relativ niedrigen
Wellenausbreitungsgeschwindigkeiten  bestehen, kbnnen die  hohen  seismischen
Geschwindigkeiten der Referenzmodelle im unteren Teil der Ubergangszone66&b3in)

nicht erklaren. Eine durch die Anhdufung subduzierteéithosphéare verringerte
Durchschnittstemperatur in der unteren Ubergangszone kann hohere Geschwindigkeiten
verursachen. Eine weitere Moglichkeit zur Erh6hung der seismischen Geschwindigkeiten ist
zudem die Umwandlung von Majof@ranat zu Akimotoit in eiar harzburgitischen

Zusammensetzung.

Akimotoit ist ein MgSiQ-Polymorph, welches zwischen 20 und 25 GPa und 900 bis 2200 K
stabil ist und sich durch hohe seismische Geschwindigkeiten auszeichnet. Sowohl seismische
Diskontinuitaten an der Basis der Ubergszone als auch Beobachtungen von seismischen
Anisotropien kénnten durch die Prasenz von Akimotoit erklarbar sein. Ziel dieser Arbeit war es
daher, die elastischen Eigenschaften, sowie die Anisotropie und das strukturelle Verhalten von
MgSiOs-Akimotoit bis zu Driicken der Ubergangszone zu untersuchen. Zudem wurde der
Einfluss des Al und FeGehalts auf die Elastizitat von Akimotoit unter hohem Druck und hoher
Temperatur bestimmt. Mit Hilfe der Ergebnisse dieser Arbeit konnten die seismischen
Geschwindigkeite relevanter Zusammensetzungen neu berechneti whach Vergleich mit
seismischen Referenzmodellén die Zusammensetzung der unteren Ubergangszone besser

eingegrenzt werden.

Im ersten Teil dieser Arbeit wurden grof3e MgSRkimotoit-Einkristalle synthesiert, um mit

Hilfe der Brillouin-Spektroskopie den elastischen Tensor dieses Minerals bis hin zu Drucken der
Ubergangszone zu bestimmen. Diese Messungen wurden mit Rontgenbeugung an Einkristallen
kombiniert, um die Volumenund Axialkompressibilitdt zu darsuchen. Die Ergebnisse zeigen

eine deutliche Zunahme der Wellengeschwindigkeiten durch Akimotoit im Vergleich zu Majorit
reichem Granat. Zusatzlich konnte gezeigt werden, dass Akimotoit im Vergleich zu anderen

Mineralen der unteren Ubergangszone einatlitd hohere seismische Anisotropie aufweist,
3



wobei diese mit zunehmendem Druck abnimmt. Auch die axiale Kompressibilitdt in Akimotoit

ist stark anisotrop, da die Sauerstoffatome entlang-d@hse eine relativ starre Einheit bilden.

Im zweiten Teil derArbeit wurden Strukturbestimmungen an acht Einkristallen der MgSiO
Akimotoit - Al2Oz-Korund Mischkristallreihe mit Hilfe von Réntgenbeugung durchgefihrt. Die
Anderung des Einheitsvolumens in dieser Mischkristallreihe ist annahernd linear, die
Gitterparaneter hingegen weichen stark von denen einer idealen Mischung ab. Der Einfluss von
Al auf die elastischen Eigenschaften von Akimotoit wurde mit Hilfe von
Ultraschallinterferometrie kombiniert mit energiedispersiver Rontgenbeugung und Radiographie
in-situ anzwei polykristallinen, Alreichen Akimotoit Proben bis 25 GPa und 1100 K untersucht.
Die seismischen Wellengeschwindigkeiten nehmen mit steigendeGeldlt in der Probe ab.
Dieses Ergebnis widerspricht derErwartunggn, dass sie zwischen den hoheren
Wellengeschwindigkeiten der Endglieder Akimotoit und Korund lieged Korund das effektive
Englied fur Akimotoit bildet Durch diese Erkenntnis ist zudem zu erwarten, dass Akimotoit kein

effektives Endglied fur Korund darstellt.

Der Einfluss von F&-Substitdion auf die elastischen Eigenschaften von Akimotoit wurde mit
Hilfe von Ultraschallinterferometrie und SynchrotrBdntgenbeugung bis 26 GPa und 800 K
untersucht. Dadurch wurde gezeigt, dass die Inkorporation vEnirFeie AkimotoitStruktur
ebenfalls @me Abnahme der Wellengeschwindigkeiten zur Folge hat. Dieser Effekt wird
verstarkt, wenn zusatzlich Al eingebaut wird, was bis 23 GPa untersucht wurde. Die gekoppelte
Substitution von F& und Al hat einen signifikanten Einfluss auf die Akimotoit Struktuas
hochstwahrscheinlich durch die ungeordnete Verteilung véhurel Al auf den beiden Katien

Positionen verursacht wird.

Mit Hilfe der elastischen Eigenschaften aller untersuchtemudd Fereichen Mischkristallreihen
konnten die elastischefParameter der fiktiven FeS4Ound AbOs-Akimotoit-Endglieder
berechnet werden. Anhand dieser Daten konnten sowohl die Phasenanteile in einer
harzburgitischen Zusammensetzung zwischen 20.5 und 23 GPa entlang einer Manteladiabate
bestimmt, als auch die smisschen Geschwindigkeiten fur diese Zusammensetzung berechnet
werden. Im Gegensatz zu peridotitischen und basaltischen Zusammensetzungen stimmen die neu
berechneten Wellengeschwindigkeiten fir Harzburgit mit denen der seismischen
Referenzmodelle Gbereinudem passt die Beobachtung mehrerer Diskontinuitaten in der Nahe

der 660 kmDiskontinuitat zum scharfen Ubergang von Granat zu Akimotoit in 600 bis 625 km
4



Tiefe. Diese Ubereinstimmung unterstitzt die Annahme einer Ansammlung von harzburgitischen

Material n der unteren Ubergangszone.






1. Introduction

1.1 The Earthoés mantl e

1.1.1 Insights into the Earth

The internal division of the Earth into three main layers, namely the crust, mantle and core with
further subdivision intahe upper mantle, transition zone, lower mantle, outer and inner core can

be directly obtained from the analysis of seismic observations of body waves and normal modes.
Compressional seismic waves-Rves) are waves which give rise to a displacement ef th
medium parallel to the propagation direction. Shear waveg{®s) on the other hand are waves

which give rise to a displacement of the medium perpendicular to the propagation direction and
travel slower than compressional waves. Bottad Swaves ardriggered by earthquakes all

around the globe. After travelling through the Earth, they are detected by seismometer stations

di stributed across the Earthoés surface and th
the most direct and precise imfieation on the structure of the deep interior of the Earth.
Although in most cases the picture of seismic properties that emerges is globally or at best
regionally averaged, the interpretation of such seismic travel time information still provides one

of the only mechanisms through which to determine the composition and temperature of the deep
interior. This 1is important since the Earthosc
factor in determining how and from what the Earth was formed. &ilyilthe chemistry and
temperature distribution in the interior provides information on how mantle convection influences
the chemical evolution of the Earth. The inte
transition zone, between approximgté10 and 660 km depth, has, in particular, been employed

to support models for the | ong term evolution
Bass 1986; Ringwood 1994). The raised velocity gradients (Agee 1998), the proximity of
numerous seismidiscontinuities (Shearer 2000) and observations of the stagnation atsngd

slabs (Fukao et al. 2002013) not only make this region of particular interest but also provide
numerous independent constraints that could be interpreted with suitabdealmpmysical

information.



1.1.2 Seismic reference models

The two seismic reference models mainly referred to are the preliminary Earth reference model
(PREM, Dziewonski and Anderson 1981) and AK135 (Kennet et al. 1995) and are plotted in
Figure 1. They are both radially symmetric velocityepth profiles based on the global
inversion of normal modes, surface wave and body wave data (Dziewonski and Anderson 1981,
Kennet et al. 1995). Both models assume that discontinuities inside the Earth are loeated at
certain depth and therefore refine a set of functions for each layer individually to obtain the
velocities and density t hrough t he Eart hoés
characterized by rapid changes in wave velocities and density (Figlireand are linked to

chemical or structural changes of the mineral assemblages stable at respective pressures and

temperatures.
T T 1
—— PREM (Dziewonski and Anderson 1981)
— AK135 (Kennet et al. 1995)
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Figure 1-1: Seismic reference models PREM (red, Dziewonski and Anderson 1981) and AK135
(black,Kennet et al. 1995) versus depth down to the mid lower mantle. Compressional and shear
wave velocities are shown as well as the density determined from both models that use slightly

different seismic data and constraints.



A different approach waperformed by Cammarano et al. (2005) who fit global seismic data
against a simple mineralogical model assuming a pyrolitic bulk composition with phase
transitions and an adiabatic temperature gradient through the Earth with a whole mantle
convection. Theyound that a pyrolitic upper mantle and transition zone is compatible with the
global seismic data under the set constraints and that coupled variations in velocity gradients and

discontinuity amplitudes in the transition zone can still fit the same sedata set.

1.1.3 Mineralogical models

Xenolith rock samples from the Earthés mant]| e
lithosphere, which in most cases has been altered by the processes of partial melting and
metasomatism compared to the ungied asthenosphere or what might be considered the
pristine mantle. Diamonds containing mineral inclusions from the transition zone and possibly

the lower mantle (g. Stachel et al. 2005, Thomson et al. 2014) have been identified but their
rarity impliesthat it is impossible to judge how typical these minerals are for these regions and
many seem to be derived from nperidotite source rocks. In order to constrain the mineralogy

of the Earthés deeper interi or, atadexperimentallgr al og
by making assumptions on the bulk chemical composition. One of the most generally employed
compositions for this purpose is pyrolite, a proposed primitive mantle composition obtained by
mixing the known products of mantle melting wittetresidue i.e. a mixture comprised of a 1:4

ratio of MORB (mid oceanic ridge basalt) and harzburgite components, respectively (Ringwood
1962, see Table-1) . Using this composition, t he Earth
depth has been found to daeminantly contain the minerals olivine, garnet and pyroxengs (e
Frost 2008) . At the 410 km discont i nphasey, ol
called wadsleyite and to the spirelt r u c {phase ealled singwoodite at 520 km depthe Th
transition zone (410 to 660 km) consists mainly of wadsleyite or ringwoodite, garnets and some
amount of Ceperovskite at greater depthsgeFrost 2008). The 660 km discontinuity marks the
transition between the upper mantle and lower mantle believdgk tmainly caused by the
transition from ringwoodite to bridgmanite and magnesiowdistite. In the lower mantle ranging
from 660 to 2900 km depth mainly bridgmanite is stable coexisting with magnesiowdstite and

Caperovskite (. Frost 2008).



In order to ink seismic wave velocities observed from seismic measurements to specific minerals
stable in the deep Earth, the elastic properties bulk modulus K and shear modulus G of minerals
need to be investigated experimentally. The bulk modulus describes thepnesstility of a
material and the shear modulus describes the rigidity of a material in response to shear stress.
With those two parameters it is possible to calculate the compressighan@ shear wave
velocities {s) through the studied materiaf known densityfollowing the AdamsWilliamson

equations:

1.2 The 660 kmdiscontinuity: boundary between the upper and lower mantle

Studies on whether the upper and lower mantle are composed of the same material led to
conflicting results in the past. While Ringwood (1962) suggested a mantle solely made of a
peridotitic composition, there are geochemica
mantle may have a different composition than the upper mantle wiémrachment in Si (Liu

1982, Hart and Zinder 1986, OO0Neill and Pal me
2012). Many of these studies have implied a chondritic composition for the lower mantle with a
Mg/Si ratio of 1.0, similar to the ratio in chdritic meteorites, instead of a peridotitic
composition with a Mg/Si ratio of 1.3 (Murakami et al. 2012). The most compelling evidence to
support this is that the seismic wave velocities of the lower mantle do not fit experimentally
determined wave veldaes of lithologies with upper mantle compositiong(eMurakami et al.

2012, Kurnosov et al. 2017). Further evidence supporting a compositional stratification of the
Earthdés mantle is the stagnation of hemmimduct i n
Figure 2 (Fukao et al. 2001, 2009, Fukao and Obayashi 2013) indicating a separated mantle

convection in both parts of the mantle.

However, in some cases slabs can also penetrate thaigg®Mtinuity and sink down to the cere

mantle boundary (g. Central American arc) (Fukao et al. 2001, 2009, Fukao and Obayashi
2013) which then trigger upwelling p-slanches fr o
basalts (Ol B) (Campbell and OO6Nei | | 2012) . St

10



whae mantle but still there is the possibility that only the base of the lower mantle is influenced

and the bulk of the lower mantle still remains isolated (Ballmer et al. 2017).

: Downgoi}ig <

KI ‘
—/ \\J ‘

\ §
Bottoming

<>

o Earthquake hypocenter

-1.50 Slow 0 Fast 150
Perturbation (%)

Figure 1-2: Tomographic image of a subductirgiab flattening out horizontally above the
660km-discontinuity (indicated by the thick black line) in the-Banin subduction arc (modified
from Fukao et al. 2009). The blue shaded areas represent fast cold argathéecold slab)
through which wavesravel faster. The areas in red represent the hot surrounding mantle with
slower wave propagation.

Understanding whether the 660 discontinuity is caused by a simple phase transformation or
also represents a boundary between two distinct chemicalvoeseis therefore crucial for

constraining the composition of the lower mantle.

1.2.1 Phase relations at the 660-kiscontinuity

The two main minerals stable in the lower part of the transition zone between 520 and 660 km

depth in a pyrolitic mineralssemblage are ringwoodite and majoritic garngf. erost 2008, see

11



Table 11). When using the elastic parameters of these two minerals to calculate the
mineralogical models of a pyrolitic bulk mantle composition, the resulting velocities fail to
reprodue the seismic velocity profile of the transition zone (Dziewonski and Anderson 1981,
Kennet et al. 1995), especially at its base close to th&r@&fiscontinuity. The mineralogical
models systematically underestimate the wave velocities for both conomadsgt+0.15 km/s)

and shear wave velocities (~0.25 km/s). This discrepancy can be mainly attributed to the
relatively slow wave velocities of majoritic garnetgielrifune et al. 2008, Pamato 2014, Pamato

et al. 2016). One possible explanation is therstign and accumulation of slab material at the
660 kmdiscontinuity that was observed in several tomographic studigs\Wan der Hilst et al.

1991, Fukao et al. 2001, 2009 Fukao and Obayashi 2013), which could raise velocities through
creating globallysignificant chemical or thermal anomalies. Subducting slabs have a distinct
stratification consisting of three layers: a top layer of -ogdanridge basalt (MORB), a
harzburgite middle layer and a pyrolitic bottom layer (see Ringwood and Irifune 1988 Big

3). Proposed average compositions of these three lithologies are reported inTable 1

Table 1. Compositions of the three dry lithologies stable in a slab environment: pyrolite (Sun
1982), harzburgite (Michael and Bonatti 1985) and +magan ridge basalt (MORB) (Green et al.
1979).

pyrolite harzburgite MORB

SiO 445 43.6 50.4
TiO> 0.2 0.6
Al203 4.3 0.7 16.1
Cr03 0.4 0.5

FeO 8.6 7.8 7.7
MgO 38.0 46.4 10.5
CaO 3.5 0.5 13.1
NaO 0.4 1.9
K20 0.1 0.1
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Basalt/gabbro crust
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Residual lherzolite
Ol + Opx + Cpx
40
Depleted pyrolite
62 % Ol
38 % Opx, Cpx, Gnt
80

Figure 1-3: Schematic cross section through a subducting slab, modified after Ringwood and
Irifune (1988). The three main layers in this approximately 80 km thick slab are a basaltic crust
layer on top (MORB), a middle harzburgite layer and a depleted pyrolite layke dottom.

The MORB layer is denser than the harzburgite and pyrolite layers all the way down to 650 km
depth due to a higher ADz content stabilizing the dense garnet component (Ringwood and
Irifune 1988). This stabilization of garnet due to a largeOAtontent, however, leads to a sharp
reversal in the MORB density relative to pyrolite between 650 and 730 km depth because the
ganet component in MORB transforms to the even denser bridgmanite over a wider depth range
than in pyrolite, which contains less>8k (Ringwood and Irifune 1988). The harzburgite layer

on the other hand is less dense than the pyrolite layer due to aiatejefl,Oz and FeO
resulting in the formation of less garnet (Ringwood and Irifune 1988). Between 570 and 640 km
depth, both lithologies form mostly ringwoodite and garnet making their densities very similar.
Harzburgite, however, becomes denser thamlpgrbetween 650 to 690 km depth due to less
amounts of garnet and therefore the formation of bridgmanite whereas the garnet in pyrolite
remains stable to larger depths (Ringwood and Irifune 1988). Due to the density contrasts in these

three layers betwee650 to 700 km depth, it was suggested that harzburgite is gravitationally
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stable in this region and may form globally stratified layers of ancient subducted lithosphere
aroundthe 660k i scontinuity, which were redlefuneed t o
(1988). Following the suggestion of stable harzburgite and MORB layers at the base of the
transition zone, seismic wave velocities were modelled based on the mineral assemblages of
these two lithologies (g. Irifune and Ringwood 1987). It wasuiad, however, that also these
modelled wave velocities underrepresented the compressional and shear wave velocities of the
two seismic reference models PREM and AK135 (Pamato 2014, Pamato et al. 2016).

Another important observation is that subducted sldbsnot equilibrate rapidly with the
environment of the hot mantle (Ringwood and Irifune 1988). This means that in areas where cold
subducting slab material is accumulated around the 66di&oontinuity, the temperature could

be significantly lower (~40X, suggested by Ringwood and Irifune 1988) than the average
mantle geotherm. In this colder environment, majoritic garnet becomes (partially) unstable with
respect to akimotoite (Sawamoto 1987, Gasparik 1990, Hirose 2002, Ishii et al. 2011, Ishii et al.
2019). The amount of akimotoite stable in different lithologies such as pyrolite and harzburgite
has been investigated and it was found that at temperatures arourti8V@7R, akimotoite can

make up to 1¥0l.% of the harzburgitic mineral assemblage (Iréuland Ringwood 1987, Ishii et

al. 2019). For a pyrolitic composition, previous studies reported contradictory results. Hirose
(2002) found 15 v of akimotoite forming at 1873 K, however, Ishii et al. (2011, 2018)
showed that no akimotoite formed fromparolitic composition at these temperatures. The
presence of around M®l.% akimotoite in a pyralic composition was only observed at 1673 K
(Ishii et al. 2011). Although akimotoite is not the major phase in those lithologies, its contribution

to the sesmic properties may still be significant although current data makes this hard to judge.

1.2.2 Observation of anisotropic features and multiple discontinuities around 660 km depth

Another feature that has been observed at the base of the transitioangonppermost lower
mantle is that the 660 kliscontinuity in reality is not one sharp transition but consists of
multiple discontinuities (Niu and Kawakatsu 1996, Simmons and Gurrola 2000, Castillo et al.
2001, Ai et al. 2003, see Figured4l Vacher etal. (1998) computed seismic profiles with the
mineral physis data available at that time and came to the conclusion that the transition from
ringwoodite to Mgperovskite and Mgvistite in combination with the formation of akimotoite at

the expense of gaehwould form a strong 660 kwliscontinuity and smaller seismic gradients at
14



the top of the lower mantle. Based on a systematic phase relation study, Akaogi et al. (2002)
suggested the origin of the multiple discontinuities along the cold mantle geothdyenthe
transformation first of garnet to akimotoite between 610 and 690 km depth followed by a sharp
velocity increase at 690 km depth when the ysp&tel transformation occurs, and another steep
velocity gradient between 700 and 740 km depth that sporeds to the akimotoHaridgmanite
transition. They also proposed a higilocity layer forming when slab material is sitting on the

660 kmdiscontinuity which has also been discussed before by Weidner and Wang (2000). Wang
et al. (2004), however, sugded that this higtvelocity layer is a pure akimotoite layer formed in

colder slab material surroundings and is not a pile up of subducted slab material.
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Figure 1-4: Observation of multiple discontinuities around the 660Gdiscontinuity (modified

from Ai et al. (2003). While the main discontinuity is attributed to the transformation of
ringwoodite to bridgmanite and magnesiowustite, there are two weaker discorsmigtiected
above and below. The shallower one possibly represents the transformation from garnet (gt) to
akimotoite (il) and the deeper one refers to the akimotoite (il) to bridgmanite (pv) transformation.

Such a layer of akimotoite would also likely éaip another feature observed from seismic
studies which is a large wave velocity anisotropy in the lower part of the transition zone (Wookey
et al. 2002, Nowacki et al. 2015) which up until this point had been believed to be mainly
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isotropic. Akimotoite vas found to be a highly anisotropic mineral (Weidner and Ito 1985, Da
Silva et al. 1999, Zhang et al. 2005, Shiraishi et al. 2008) and would be stable in cold slab
environments in preference to garnet, hence the anisotropic behavior of akimotoite at the
pressures of the lower transition zone is of high interest. Several studies investigated its
anisotropic properties using ab initio simulations and molecular dynamics (Da Silva et al. 1999,
Zhang et al. 2005) or experiments on polycrystalline samples (Shietial. 2008). Da Silva et

al. (1999) was the first study to report that the anisotropy of akimotoite at transition zone
pressures is much larger than the anisotropy of other transition zone phases. Zhang et al. (2005)
incorporated his anisotropy resulbf akimotoite into a modelled phase assemblage with
akimotoite, ringwoodite and Qaerovskite and found that the overall wave velocity anisotropy of
this assemblage was significantly lower but had the same anisotropic features as akimotoite.
Shiraishi etal. (2008) investigated the crystallographic preferred orientation of akimotoite
crystals at high pressure and at different temperatures and was able to explain the different
anisotropic features observed in the Northern and Southern segments of thel&brigesed on

the obtained textures of akimotoite.

Akimotoite being stable at the base of the transition zone close to the 6@&dontinuity at

colder temperatures relative to the hot mantle surrounding introduced by subducted slab material
could theefore be the missing link to 1) account for the large deviation of the seismic reference
models for relevant mantle lithologies, 2) explain the anisotropic features and 3) observations of

multiple discontinuities around 660 km depth.

1.3 MgSiGs akimotoite

MgSiOs akimotoite was first synthesized and described by Kawai et al. (1974) and is referred to
as MgSiQ ilmenite (ll) (Horiuchi et al. 1982) because of its FeFilinenitetype structure. It

was given its name after the highessure researeh Syuniti Akimoto once it was identified in

the Tenham chondritic L6 meteorite (Sharp et al. 1997, Tomioka and Fujino 1997). MgSiO
akimotoite crystallizes in thBo space group (No. 147) with a distorted hexagonal closed packed
setting. The Mg®@and SiQ octahedra form alternating faslaring layers as shown by Horiuchi

et al. (1982) (Figure -5). The MgQ octahedra are more distorted than the sSoCtahedra
(Horiuchi et al. 1982) due to a larger shift of the?¥gation from their center.
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Figure 1-5: Crystal structure of MgSi¢akimotoite in the trigonal space grolp . The structure
consists of alternating layers of Mg@nd SiQ octahedra perpendicular to theaxis.

Experiments investigating the phase relatiothiea MgSiQ system showed that akimotoite is a
stable mineral phase at transition zone and uppermost lower mantle conditions dedveseh
25GPa and 900 to 2200 Kito and Yamada 1982, Sawamoto 1987, Gasparik 1990). The
akimotoitegarnet transformation has a positive Clapeyron slope, whereas the akimotoite
bridgmanite transition has a negative Clapeyron slope. The negative slope implies a downward
deflection of theakimotoitebridgmanite phase transition to greater depths relative to the garnet
to bridgmanite phase transition having a positive Clapeyron slapaé/Neidner and Wang 2000).
Sawamoto (1987) interpreted this negative Clapeyron slope between akimotbliddgmanite

as grounds that mantle convection between the upper and lower mantle would be hindered.
Weidner and Wang (2000) argued, on the other hand, that as the volume change from garnet to
akimotoite and akimotoite to bridgmanite is similar, the efégct on the buoyancy is the same

for the garnefy akimotoiteA bridgmanite transition as for the garnet to bridgmanite transition.

Naturally occurring akimotoite was found in the Tenham chondritic L6 meteorite, which mainly
consists of olivine antlypersthene and a network of <1 mm thin shiockiced veins (Sharp et

al. 1997, Tomioka and Fujino 1997, Miyajima et al. 2007). In these veins, akimotoite crystallized
17



next to bridgmanite, majorite and ringwoodite (Sharp et al. 1997, Tomioka and Fujidp 199
Miyajima et al. 2007) having a maximum grain size of ~0.3 to 3 um in length (see Figjre 1
Analyses of the composition of the crystallized akimotoite grains performed found that
akimotoite can incorporate between 3254 wt% FeO, 0.0710.46wt.% Al.Os, 0.16
0.69wt.% Cr.Os and 0.000.38 wt% CaO in its structure (Sharp et al. 1997, Tomioka and Fujino
1997, Miyajima et al. 2007). The formation of akimotoite crystals in the shocked veins of a
meteorite was discussed by Tschauner et al. (2018) wdgested that akimotoite formed by a
prograde soligsolid transformation from orthopyroxene and has not crystallized from a melt

which would require a depletion in Fe.

000 112

102

Figure 1-6: Natural occurring akimotoite crystals in shocked veins of the L6 Tenham chondritic
meteorite (Photograph courtesy of Nobuyoshi Miya)imAkimotoite crystallized next to
bridgmanite, majorite and ringwoodite forming grains up to 3 pum in size. Natagalrring
akimotoite contains varying amounts of FeO angDAland other minor elements (Sharp et al.
1997, Tomioka and Fujino 1997, Miyajima et al. 2007).

Recently, an Fanalogue of akimotoite was also discovered in the same L6 chondritic meteorite
andwas named hemleyite (Bindi et al. 2017). The composition of the naturally crystallized Mg

rich hemleyite in the shocked vein of the L6 chondrite was determined to be
(F€#*0.48Mgo.37Ca0.0N@0.0AMN?*0.05Al 0.04Cr3*0.01)SiOs and was additionally characterizading X%
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ray diffraction, concluding that hemleyite has the same crystal structure as Mgj&ndtoite
(Bindi et al. 2017).

1.3.1 The influence of Fe and Al on the stability of akimotoite

Since both pyrolitic and harzburgitic compositions contain FE®B1 and 7.83 who,
respectively, Irifune and Ringwood 1987) and@d (4.31 and 0.65 who, respectively, Irifune

and Ringwood 1987) and since it has been found that natural akimotoite crystals in meteorites
can incorporate significant amounts of thes&des, it is very likely that the composition of

akimotoite in the Eart hoémembeantl e i s not t hat

The solubility of FeSi@ into the akimotoite structure was experimentally investigated (see
Figure 17) using the multanvil apparatus andlaimed to be limited to 10 méb (Ito and
Yamada 1982) although the only singlease akimotoite sample synthesized in their study
contained 5 mo% FeSiQ. Also, in the mentioned study, the phase boundaries among different
high-pressure phases are naliwconstrained (Figure-I). With increasing pressure above ~25.5
GPa, Ito and Yamada (1982) proposed a-fihase field of coexisting akimotoite, perovskite,
ringwoodite and stishovite or akimotoite, perovskite, magnesiowistite and stishovite with very
narrow stability fields which makes it challenging to investigate the Fe partitioning between
akimotoite and these other phases (Ito and Yamada 1982, Kato 1986, Ohtani et al. 1991).
Preliminary studies, however, showed that Fe favors the coexisting rinfjgv@ai majorite

garnet over akimotoite (Irifune and Ringwood 1987).

The incorporation of Al into akimotoite follows a coupled substitution>MgSi** = 2 AP* and

was studied extensively (Irifune and Ringwood 1987, Kubo and Akaogi 2000, Akaogi et al.
2002). Al incorporation into the détructure (Figure -B) was found to be possible up to the
pyrope composition Mghl2SisO12 (25 mol.% Al203) between 25 to 27 GPa and 1173 K (Kubo
and Akaogi 2000) or around 26 GPa at 1273 K (Akaogi et al. 2002).ik¢ithasing temperature

to 1873 K, the stability field of akimotoite is limited to an-®4 content of 2.5 mo% at
pressures between 21 and 23 GPa (Kubo and Akaogi 2000, Akaogi et al. 2002).
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Figure 1-7: Stability field ofakimotoite in the MgSi&FeSiQ-joint at pressures of the transition

zone and uppermost lower mantle at 1373 K (modified after Ito and Yamada 1982). The stability
field of akimotoite is not well defined at the Fe&i@h end. Aki: akimotoite, Pv: bridgméa,

Sp: ringwoodite, St: stishovite, mw: magnesiowdustite.
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Figure 1-8: Stability of akimotoite in the MgSiMgsAloSkO12 joint at 1173 K (left) and 1873 K
(right) modified after Kubo and Akaogi (2000) and Akaogi et al. (2002). At lower temperatures
pure akimotoite is stable also with the pyrope composition. With increasing temperature, the
stability field of akimotoite becoes narrower and at 1873 K akimotoite can have a maximum
Al20Os component of ~2.5 m&b. Aki: akimotoite, Ga: garnet, Sp: ringwoodite, St: stishovite, Pv:
bridgmanite, Cor: corundum.
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1.3.2 Elastic properties of the MgSi@kimotoite enénember

The elastidy of the MgSiOz akimotoite enemember has been investigated by several
experimental and computational studieg(&/eidner and Ito 1985, Reynard et al. 1996, Wang et

al. 2004, Zhou et al. 2014, Da Silva et al. 1999, Zhang et al. ZDB&)first study taletermine

the full elastic tensor at room pressure and temperature was performed by Weidner and Ito (1985)
who investigated a singlerystal of MgSiQ akimotoite using Brillouin spectroscopy. These are

the only measurements performed on a siegystal d akimotoite that experimentally determine

the elastic coefficients. Reynard et al. (1996) performed agrggsure equation of state study

on MgSiQ akimotoite on a powdered sample in the diamond anvil cell (DAC) up to 28 GPa
using HO as pressure trangiting medium. They fixed the bulk modulustiio = 212 GPa that

was previously determined by Weidner and Ito (1985) and fitied=a5.6(10) using the ice VII
equation of state (Hemley et al. 1987) for pressure determination. The first thermabregati
state was determined by Wang et al. (2004) who conducted synchrotranp diffraction
experiments on polycrystalline akimotoite in the large volume press up &a%nd 137K.

Also in this study, the bulk modulus was fixedito = 212 GPalf = 210GPa) which resulted

in 0 = 5.6(8), in excellent agreement with Reynard et al. (1996). The latest study that
successfully determined both bulk and shear moduli of the MgSi®member experimentally

was conducted by Zhou et al. (2014) using ultrasonic measurements on a polycrystalline
akimotoite sample performed up to the actual stability field of akimotoite, 25.7 GPa and 1500 K.
The adiabatic bulk modulus was determined to be219.4(7)GPa which is larger than the bulk
modulus obtained by Weidner and Ito (1985) with a= 4.62(3). The shear modul(® =
132.1(7) GPa"Q = 1.63(4)) is instead in excellent agreement with the shear modulus GfR82
reported by Weidnerral Ito (1985). Since the elastic parameters of akimotoite are larger and the
wave velocities faster than those reported for majoritic gannet £ 167(2) GPa and =

91.8(7) GPa for PyMj24, Pamato et al. (20)6the incorporation of MgSi®akimotiteinto the

phase assemblages of pyrolitic and harzburgitic lithologies for wave velocity calculations appears

to give a better fit of the seismic velocity profiles (Zhou et al. 2014).

Up to now, however, the elastic properties of akimotoite at high peedswe been only
investigated on polycrystalline samples. Therefore, no information on the anisotropic behavior or

structural evolution of akimotoite has been obtained, which requires the investigation of a single
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crystal of akimotoite. Additionally, thenfluence of Fe and Al eachembers on the elasticity of
akimotoite is unknown but of importance since akimotoite inside the Earth will contain these
components. Furthermore, determining the effects of these components on the equation of state of
akimotoiteis essential for thermodynamic calculations of its stability field. Due to experimental
uncertainties and difficulties under the conditions of akimotoite stability such calculations are
essential for combining and interpreting the results of various exeets to arrive at firm
conclusions concerting its stability field.

1.4 The objectives of this thesis

In order to investigate the elasticity of MgSi@kimotoite as well as the effect of Fe and Al on
the elastic properties of akimotoite at high pressure and temperature, the objectives of this thesis

are the following:

(1) Synthesis of large highuality singlecrystals of MgSi@ akimotoite containing @ impurities
and inclusions to allow singlerystal Xray diffraction and Brillouin spectroscopy measurements

to determine the equation of state and elastic tensor of this material as a function of pressure.

(2) To determine the full elastic tensor of akiwite at pressure and use this to derive aggregate
compressional and shear wave velocities at the pressure conditions of IVsiabtoite
stability at the base of the transition zone. Also to constrain the anisotropic behavior ofsMgSiO
akimotoite in orér to allow the interpretation of regions of seismic anisotropy observed near the

660 kmdiscontinuity.

(3) To determine the structural evolution of akimotoite at high pressure by making full intensity

measurements on a singlgystal as a function gdressure.

(4) To determine the mixing behavior in the MgS#Rimotoite- Al20Oz-corundum solid solution
and the structural evolution between the isostructural akimotoite and corundumesrizers by

performing singlecrystal Xray diffraction measurements at ambient conditions.

(5) To determine the influence of Al and Fe on the wave velocities and elasticity of MgSiO

akimotoite at higkpressures and temperatures.
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(6) To examine the impations for the state of the mantle at the base of the transition zone
through the interpretation of seismic velocity profiles taking specific account of akimotoite
stability.
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2. Methods

2.1 Synthesis of the starting materials
2.1.1 Singlecrystals

In order to perform singlerystal elasticity measurements at both ambient and high pressure
conditions and to characterize the crystal chemistry of the (Mg,Al)(Al;&yStem, it is crucial

to synthesize higiguality singlecrystalsof several tens of um in size. Eight singlgstals in the

solid solution MgSi@ akimotoite- Al20z corundum were synthesized (Tabld R The starting
material for synthesizing pure MgSi@kimotoite singlecrystals was produced by mixing the

two synthéic oxides MgO and Si@in a 1:1 ratio and grinding it under ethanol for 1h to obtain a
homogeneous mixture. This mixture was then placed into a Pt crucible and heated in a high
temperature furnace up to 1873 K where it was kept for 3h. The startingahagsithen rapidly
guenched in an icy water bath to obtain a glass. The glass was ground again for 1h under ethanol
and held at 1473 K for 2h to crystallize enstatite. The crystallized starting material was mixed
with 15% excess MgO to avoid the growthstishovite crystals as reported by Shatskiy et al.
(2007). The starting mixture was filled into a 3.5 mm long Pt capsule and a dro®oivés

added as flux material to enhance crystal growth.

For all other singlerystal syntheses, starting materialgeverepared from synthetic MgO, SiO
Al>0s and Al(OH} oxides ground in an agate mortar under ethanol for one hour to produce fine
grained homogenous mixtures. Water in the form of Al({©kgs added to facilitate the growth

of large singlecrystals. Thetarting materials were heated at 1873 K for 3h and then quenched in
an icy water bath into glasses two experiments MgGlwas added as flux material to test
whether it would enhance the crystal growth even further (see TableAso thesestarting

mixtures were filled into Pt capsules.

All capsules were weldk carefully with a Lampert PUK U3 welding device in micro mode
(power: 7 %, time: & ms). The capsules had to be perfectly sealed to prevent the leakage of the

solvent or melt produced duriniget synthesis experiments.
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Table 21. Multi-anvil synthesis conditions, resulting run products and sample compositions.

crystal
experiment starting material pressure (GPa) temperature (K) heating (h) run products Composition . y( )
size (uUm
S6925 Ak100 MQ1.155i03.15+ ~15% HO 22 1873* 4 akimotoite + melt Mgo.9931511.003103 <500
Al2Os-rich akimotoite + garnet Mgo.9758Al 0.016(3Si1.001(403
S7179 Ak99 Ak90Corl0 + ~10% kD 22 1773 23 ) . <30
(+ stishovite)
MgSiOs-rich corundum + MgO )
1796 Cor75 Ak40Cor60 + MgCt 27 2300* 3.3 it Al1.501(9Mo.239(5510.260(6f3 <100
+ me
MgSiOs-rich corundum + MgO )
1789 Cor80 Ak40Cor60 + MgCt 27 2100* 2 it Al1.59911M00.192(8Si0.209(43 <100
+ me
MgSiOs-rich corundum + MgO .
S7237a Cor81l Ak40Cor60 +MgCl2 24 1673* 2 it Al 1.628(12M0o.162(4550.186(503 <250
+ me
MgSiOs-rich corundum + Al 1.847(4Mgo.0733SI0.080(203
S7156b Cor92 Ak20Cor80 + ~10% Al(OH) 24 1873 22 <250
hydrous Atphases + melt
MgSiOs-rich corundum + Al 1.947(3Mgo.025(2510.028(203
S7156a Cor97 Ak10Cor90 +~10% Al(OH} 24 1873 22 <200
hydrous Atphases + melt
corundum + hydrous Al phase
S7203 Cor100 Al203:Al(OH)3 (6:4) 24 1873 255 it Al1.96220s3 <250
+ me
S6741 Ak97.5 Ak2.5Cor97.5 glass 27 1173 1 akimotoite Mgo.977(11Al 0.043(125i0.980(803 <3
1444 Ak80 Ak20Cor80 glass 26 1123 1 akimotoite Mgo.820(7Al 0.405(7Si0.775(1103 <5
1436 Fel0 Mgo.oFe.1SiOs glass 25 1123 1 akimotoite Mgo.918(8F€0.080(10511.000(703 <10
1594 FelOAI10 Mgo.oFe.1Sio.eAl0.103 glass 27 1073 10 akimotoite Mgo.so0(6F€*0.089(2Si0.911(7Al 0.102(203 <5
1788 FelOAI10 Mgo.oF&n.1Si0.9Al 0.103 glass 27 1173 24 akimotoite Mgo.911(6F€0.000(3Sl0.895(7Al 0.104(203 <5

* temperature estimated from powemperatureelationships

Ak: akimotoite, Cor: corundum
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All synthesis experiments were performed in the Sumitomo 1200t Kigpaiarge volume press
or the Iris15 Voggenreiter LPH 150840/200 at the Bayerisches Geoinstitut. Pressures between
22-24 GPa were reached using FO8 WC anvils with 4 mm truncation ledgéh (TEL)
employing the maximum oil pressure load of 480 to 500 bar in the Sumitomo press. Pressures of
up to 27 GPa were reached in synthesis runs in the Iris press using 3 mm truncated TFO5 WC
anvils. Assemblies consisting of a 10 mm edgegth MgOoctahedron doped with &Ds that
acts as pressure medium and 4 mm truncated WC anvils (10/4) (FiguedtPwere employed.
Each Pt capsule was placed into a MgO sleeve to separate the sample from theflua@o®.
In addition, a Zr@ sleeve was placdoetween the LaCr&heater and the octahedron acting as a
thermal insulator. Connection between the heater and the WC anvils is provided by a Mo ring and
disk placed on the top and bottom of the assembly, respectively. No thermocouples were used in
runs S@®25 and S7237a due to the length of the Pt capsules (T-dbJd8wever, reliable power
temperature relationships were used from previously conducted experiments performed at exactly
the sameP-T conditions. For all other singlerystal synthesis runs, éhtemperature was
monitored using a Bype thermocoupléWo7Re-W7sRexs) o f 0. 00506 0 SyotHesisd i a me t
details are reported in Tablel2

10/4 /3
MgO + Cr,0,
MgO

Zr0,
ALO, D-type TC

D-type TC

LaCrO; furnace
Mo electrode

sample in Pt capsule

pyrophyllite 3 mm

d
O
(]
=

5mm

Figure 2-1: Schematic setup of the 10/4 and 7/3 assembly types used forcsysgs and
polycrystalline sample syntheses. For sirglgstal syntheses and one polycrystalline sample
synthesis, the 10/4 assembly (left) has been used. The 7/3 assembly (rightedvés o
singlecrystal syntheses at pressures of 27 GPaype thermocouples were inserted into both
assemblies, but failed at reading the temperature at-prgsure.

Two further experimentd796 and 1789, were performed in thés-15 Voggenreite press using
a 7/3 assembly consisting of a 7 mm etigegth MgO octahedron doped with@; (Figure 21
right). Two Pt capsules were placed on top and bottom of ftyp®thermocouple inserted into

the center part of the assembly where any void space was filled with MgO powder. The capsules
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were again surrounded by a MgO sleeve, a LaCwaterand a ZrQ spacer acting as thermal
insulator. On top and bottom, LaCy@isks were placed to provide connection between heater
and WC anvils. During both experiments, the thermocouples failed to read the temperature at
high pressure, hence, reliable powemperature relationships were used to estimate the
temperatures inside the assembly. After recovering the Pt capsules from thearwiulti
experiments, they were polished sideways from one side to approximatélpflide capsule
diameter to get an evwview of the crystallized phases without removing the majority of the run

product.

2.1.2 Polycrystalline samples

The synthesis of polycrystalline samples was needed to conduct high pressure and temperature
elasticity studies using the ultrasonic inteof@etry method. The samples have to be single
phased without any contamination of other minor phases. In addition, they have to be well
sintered and large enough to be dotditked polished to have parallel faces in order to perform
ultrasonic experiment$olycrystalline akimotoite samples having different &ed Al contents

were synthesized from mixtures of synthetic MgO, 5iE»03 and AbOz oxides finely ground

in ethanol in an agate mortar for one hour. These mixtures were then heated up to 1&3 K in
high-temperature furnace, kept there for 4 hours and then quenched in an icy water bath to
produce glasses. The glasses were subsequently ground in order to obtajraifiee
homogeneous starting materials. Powdea¥X diffraction was performed onl @lass samples to

ensure that no crystallization occurred during quenching.

The synthesis experiments were performed using thel3ri¥oggenreiter LPH 150840/200
multi-anvil press and the Sumitomo 1200t Kauygie large volume press at BGIl. To reach
pressures of up to 2Z8Pa in the Irisl5 Voggenreiter press, a modified 7/3 assembly has been
used (Figure 2) which consists of a 7 mm edge length of thgdgdoped MgO octahedron and

of a 3mm TEL of the TFO5 WC anvils. The starting materials were gsdated by Mefoil

capsules that also acted as furnaces and were then inserted intosée£u® and a @Ds-doped

MgO octahedron that served as pressure medium. Connection between the furnace and the anvils
was ensured by 0.5 mm thick Mo electrodes Wete put inside two Zr@spacers placed at the

top and bottom of the Mo capsule (Figur2)2 The temperature was monitored using-tyje
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thermocouple (WRes-W7sRexs) that was inserted through pdeilled holes at the center of the
octahedron. One experent was performed in the Sumitomo 1200t Katype large volume

press using a 10/4 BGI standard assembly as described above (Fihuedt)2 All synthesis
experiments to produce polycrystalline samples were performed between 24 and 28 GPa and
temperatees between 1073 to 1243 K for heating durations between one hour and 24 h (see
Table 21) before being rapidly quenched by switching off the power. After the -auui
experiments, the Mo capsules were carefully opened to avoid breaking the run prbauct.
extracted cylinders were glued with super glue on a glass slide or fixed in epoxy asidezhe

polished for further characterization.

7/3 modified

D MgO + Cr,0,

D-type TC 710,
mmm Mo electrode
sample in Mo capsule
3 mm

Figure 2-2: Schematic setup of the modified 7/3 assembly type used for the poliioey/stal
sample syntheses above 24 GPa. To make the sample size as large as possible, the assembly has
been modified from the original BGI standard 7/3 (see Figuteright) by removing the LaCrO

heater and MgO sleeves and by using the Mo capsule as furoanected by two Mo electrodes

to the anvils. In this way, the capsule diameter could be increased from 1 mm to 1.7 mm.

2.2 X-ray diffraction

X-ray diffraction is a powerful tool to determine the wrell lattice parameters and atomic

structures otrystalline materials and it is based on the Bragg equation:

€ _ ¢Qi Q¢ — (eq. 1)
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which describes the relationship between the wavelesgththe incident radiation, the lattice
spacingd of crystalline materials and the scattering andleWhen an incoming beam is
diffracted from two successivil planes, the path difference between the beams scattered from
the twohkl planes i©® 6 0 6 ¢Qi "QgFigure 23). In addition, Bragg found that the path
difference for diffraction from twdkl planes are an integral numberof the wavelength. In
polycrystalline samples the Bragg equation is satisfied for all diffekrspacing at once since the
different crystallites are randomly distributed. For singjigstals, different Bragg anglesrche
satisfied only by rotating the samplegePutnis 1992). In this study, one powder diffractometer
and two foufcircle diffractometers have been used to characterize the synthetized samples as

described in the following.

A C (hkl)
B

Figure 2-3: The condition for a Bragg reflection from plane (hkl) with a d spacingad a
scattering angle of d. The path difference be
pl anes is AB+BC whi ch Thisimagenhas been engdified IfromnPutm$ e r ¢
(1992).

2.2.1 Powder Xay diffraction

Experimental run products that contain polycrystalline samples were polished from one side after
being recovered from the mulinvil experiment either embedded in epoxyglred with super

glue on a glass slide. They were characterized {gyXdiffraction using a Bruker Discover-X

ray microdiffractometer equipped with a tadimensional soliestate detector (VANTEC500)

and amicref o cus s our ckdradidtienSperatem fat 4CkV and 580A. The X-ray
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beam was focused to 50 pum using a IFG polycapillama)X minitlens. Data collections were
performed in a & range between 18° and 102° for a total measurement time ranging between
600s and 12,008 per framen order to exclude the presence of minor phases using the software
DIFFRACMC-V3.3.43 Several points on different parts of the {pnoducts were measured to
investigate the homogeneity of the sample throughout the capsules. The colleaiegatterns

were inegrated using the DIFFRACEMX 3. 1 package and compared t ¢
Open Datao data base ( www.-cell pasmrhetrd of tbegMbeafingy . net
(Table 41) were determined using full profile LeBail refinements with the GSABware

package in the EXPGUI interface (Toby 2001, Larson and Von Dreele 2004).

2.2.2 Singlecrystal diffractometers with area detector

An Oxford Xcalibur diffractometer equipped with a graphite monochromator and a Sapphire 2
CCD area detector (992 mmdiagonal, 1024x1024 pixels) (Figure42 was used in order to
determine the orientation matrices of the selected sorglals and to perform full intensity data
collections for structural refinements both at room conditions and at high pressures in the
di amond anvil cell (DAC). The di fd&079%4 Hmet er
monochromated using a graphite crystal ak80and 40 mA. The singlerystals measured at

room pressure were glued to the tip of a glass capillary. Complete amblegd intensity data
(redundancy of 5) were collected usmgcans with a width of 1° and a default time of 5to 10 s
ina2lr ange between 2 and 75A. For measurements
with a width of 1° and a default time of 80n a 2l range between 2 and 70° were employed. In

addition, the cell was not tilted or reversed during the data collection.
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omega

Figure 2-4. Singlecrystal Oxford Diffraction Xcalibur diffractometer with a foeaircle
goniometer having a kappa geometry. It is equipped with a Mo ceramag Xibe, a graphite
monochromator and a Sapphire 2 CCD area detector9®dnm diagonal, 1024x1024 pixels)

One intensity data collection on a very small crystal of sample®Biaving each size less than
300m was perfor med on a Bruker | OS l nsi de
( &=0. A %dvidéd through a microfocusing-day tube operated at 50 kdhd 880 pA and

having a beam size of %0n. The crystal was measured indrange between 4 and 29° using an

exposure time of 48.

2.2.3 Singlecrystal diffractometers with point detectors

Accurate unicell lattice parameters of singbeystals belonging to the akimotoiterundum
system were measured on a Huber foimle diffractometer with a Eulerian cradle geometry
(Figure 25). It is equipped with a point detector, that can maxintieesignal to noise ratio in

intensity measurements by <coll i mat i-mgtubé he di
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operated at 50 kV and 40 mA. The diffractometer is driven by the SINGLE software described in
Angel and Finger (2011).

theta omega phl chi

Figure 2-5. Huber fourcircle Eulerian cradle diffractometer equipped with a point detector.
This diffractometer has been used to perform eight positions centering of several reflections on
akimotoitecorundum singlerystals to determine accural&tice parameters as well as to orient
three singlecrystals on opportune planes for Brillouin spectroscopy.

The eight position centering method described in King and Finger (1979) and Angel et al. (2000)

has been used where each reflection is centarexight equivalent positions. In this way it is

possible to account for experimental aberrations such as crystal offsets or incorrect zero positions

of the 2d, v, ¢ and (U -y difftactiensmeastireméntseat rabimf f r a .
pressure werperformed on eight samples (S6925, S7179, 1796, 1789, S7237a, S7156 a and b,
S7203, see Table-D) using up to 28 reflections for each singtgstal. Accurate unitell lattice

parameters were then obtained by means of the vector least squares meljntociRainger

1982) and were constrained the trigonal system (Tablel. Constrained and unconstrained

unit cell parameters were identical within the uncertainties. Sirgktals having the sharpest
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reflections with a fulwidth at half maximum beteen 0.05 and 0.09 were used for further

investigations such a Brillouin spectroscopy measurements or structural refinement studies.

This diffractometer has also been used to oribréde MgSiQ akimotoite singlecrystals of the
MgSiOs akimotoite enémember sample (S6925) according to the planes (0 0 1), {B.28
8.91) and {3.084.60-2.36), respectively. The oriented crystals were then fixed inside a drop of
UV glue whichwas dried using a UV light lamp for about 30 min. After the glued hardened i

was possible to doubksde polish the singlerystals down to a 15 um thickness.

In-situ singlecrystal Xray diffraction measurements at highessure using a diamond anvil cell
(DAC) were performed using a Huber fexircle Eulerian cradle diffractoeter equipped with a
high-brilliance rotating anode Xay source FFE  + SuperBright using
(5=0.70784A) operated at 55 kV and 45 m@igure 26). A multilayer opticsVaryMax™ is

used to focus the -Xay beam at 800 mm distance. The detectmsists of a YAP:Ce scintillator
coupled to a photomultiplier, amplifier and two discriminatdrkis diffractometer is preferred

over the conventional Huber diffractometer described above because the rotating anode setup can

increase the reflection intsity by up to 80 time (Trots et al. 201 Pamato 2014).

Figure 2-6: Eulerian cradle foucircle diffractometer in combination with the Brillouin
spectroscopy setup at BGI. The diffractometer has a-liidjlance rotating anode and a point
detectorallowing the measurements also of small sifaylestals.
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This makes it possible to measure also several small singgeals in the DAC as done for
DAC1 and DAC2 where two crystals of different orientations were loaded into the DAC together.
Figure 27 shows the unicells of the two singlecrystals in DAC2 having the orientati@§0.43-

3.28 8.91) and-8.084.60-2.36), respectively. The eight positions centering method as described
in the previous section has also been used to center up to 14 individual reflections for each
sample. Due to the complekU/K, ratio due to the foaing mirrors, after the centering
procedure, each reflection was individually fitted using the software WinintegrStp 372 (Angel
2003) that allows the integration of singley/stal intensity data using pseudoigt functions.

The integrated intensity, thalf width at half maximum (FWHM) of each individual reflection as
well as the position of the reflections, th&ith/K( ratio and the background were refined for
MgSiOs akimotoite loaded into DAC1, 2 and 3 (Tabld )3

Figure 2-7: Unit-cells of twosinglecrystals having the orientations (0.43.28 8.91) (red) and-(
3.084.60-2.36) (green) loaded together in a DAC. This measurement has been performed in the
Xcalibur diffractometer having an area detector in order to determine the orientatiorcesatf

the two singlecrystals.

2.3 Focused ion beam device

Previously oriented and polished MgSi@kimotoite singlecrystals were cut using the focused

ion beam device (FIB) to ensure an efficient loading into the diamond anvil cell. The-single
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crystls were firstly glued with a small drop of super glue onto a polished WC holder pin paying
attention not to cover the surfaces with the glue. Moreover, care has been taken to ensure that the
singlecrystals were in contact to the sample holder in ordexn&gure electrical conductivity

during the cutting procedure. The Focused lon Beam machine FEI Scios DualBeam has then been
used to cut two to three halircles out of each singlerystal using a Gaion beam at 20 kV and
0.80nA. The resulting haltircles have a diameter between 88 to 100 um (Figie 2

% HV curr det | mode mag WD tilt HFW
20.00kv 0.80nA T1 A+B 1000x 7.0mm  52.0° 207 pm

Figure 2-8: Half circles were cut from previously polished and oriented stnglstals using the
focused ion beam device. It operates with d ®a beam at 20 kV and 0.80 nA producing half
circleswith diameters of 88 to 100 pm.

2.4 Full intensity data handling

2.4.1 Data integration

The intensity data collected in the Xcalibur Oxford diffractometer and the Bruker IuS Inside
diffractometer werentegrated using the CrysAlis 171.36.28 software. First, a peak hunting was
performed searching for all possible reflections in all measured frames. Then, the best possible
lattice parameters for the individual samples were searched with an automaticngndex
procedure. Once the orientation matrix and the correctcefiitiattice parameters have been
obtained, an automatic integration which also takes into account the background is run over all
collected frames, so that the intensity of each reflectioralisulated. During this integration,
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Lorentz and polarization corrections as well as an empirical absorption correction are included.
For data collections performed on crystals in a diamond anvil cell, all diamond peaks were
rejected manually. Furthermoran additional analytical absorption correction was taken into
account due to the partial absorption of the incident and diffractedy ¥eams by the diamond
anvils, the Re gasket, the pressure transmitting medium neon and the crystal itself. A numerical
absorption correction called Absorb6.0 by Angel (2004) is implemented into the Crysalis
absorption correction software. It performs path length calculations over a Gaussian grid of
unequally spaced points to determine differences between the incidemiaéedesl Xray beams

(Angel 2004). The absorption coefficient for the diamond anvils of 2.03 @@reagh and
Hubbell 1992) is integrated into the Absorb6.0 package, the pressures transmitting medium neon
on the other hand can be neglected due to its low absorption coefficient. The Re gasket plays a
crucial role for the absorption correction procedanece its shape changes with increasing
pressure and comes closer to the shugyestal. At high pressures, therdy beams can therefore

be absorbed also by the Re gasket at low inclination angles (Angel 2004). To determine the shape
of the sample, facemre manually drawn around the sample to estimate its shape. After inserting
the sample thickness and specifying whether it is positioned on the incident or the diffracted side
of the diamond anvil cell, the absorption correction runs during the intagratiocedure
described above. The resultihgl-files provide a list of all reflections with their Miller indices,

their observed intensities and standard deviations. These are further used in the structural
refinements as described in the following secti@ngood indication of a good, higluality

crystal is the discrepancy factBit value calculated according to the following equation which

should lie close to O:

BSO O aQws
BO (eq. 2)

whereF,? represents the observed intensity.
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2.4.2 Structural refinements

The intensity data were used for structural refinements in the ShelX software (Sheldrick 2008)
integrated in the WinGX program system (Farrugia 1999). For the structural refinements in the
akimotoitecorundum solid solutiomeutral scattering factors for Mg, Al, Si and O were used.
The occupancies of Mg, Al and Si on the octahedral sites were constrained using the chemical
composition obtained from microprobe analyses and were not refined due to the similar scattering
factorsof Mg, Al and Si. In the akimotoite structure (space groap RRg and Si were perfectly
ordered in the two distinct octahedral sites, whereas Al was distributed among the two sites
according to a coupled substitution. In the corundum structure (spage ooy Mg and Si

were incorporated into the Alctahedra maintaining a random distribution. In addition, all
cations and oxygen sites were refined anisotropically. Between 136 and 378 unique reflections
were used to refine 10 parameters for corundgiem sample (1796, 1789, S7237a, S7156b,
S7156a and S7203) to 16 parameters for akimetmitesamples (S6925 and S7179). Structural
refinements converged to discrepancy val&ds,in the range between 0.0185 and 0.0275 (Table
2-2a) with:

v B S0s <SG
p ~ BSOs (eq. 3)

whereF, represents the observed drgthe calculated structural factors larger tdad (. Fhe
weighted discrepancy indexes (which are the quantities minimized during the structural
refinements) are usually much larger than the conventional R1, given that they are bBsed on

according to:

Bo 'O O

0% BO O (eq. 4)

wherew stands for weightwR2 values obtained from the structural refinements lie between
0.0462 to 0.0731. The goodnesisfit parameter GooF) is an indicator for the distribution of the
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difference between the calculated and the measured intensities tottieitii; expected from

the weight of the refinement and should lie close to 1.

BO ¢0s ¢
€ a

"0O¢ €O (eq. 5)

n describes the number of data points amthe number of refined parameters. The structural

refinements converged to GooF values frorh26 to 1.273. The weighting scheme in ShelX is

simplified to
o P
., 0 &0 oo (eq. §
with 0 _n and where a and b are parameters chosen by the program.

Details of the structural refinements conducted on siagistalsin the MgSiQ akimotoite -
Al203 corundum solid solution are reported in Tabl€2&®2 The atomic coordinates and
displacement parameters are shown in Tabakd the resulting bond distances and octahedral

volumes in Table 2.

For the structuratefinements of MgSi@akimotoite up to 10.8 GPa, performed in tfespace

group, neutral scattering factors for Mg, Si and O were used. The occupancies of Mg and Si at the
octahedral sites were fixed and not refined based on the perfect ordering ofiNgg iato the

two distinct octahedra. The cations were refined anisotropically whereas the oxygen was refined
isotropically in order to decrease the number of refined parameters, since the number of
observable reflections is reduced due to the DAC obstrucBetween 147 to 151 reflections

were used to refine 11 parameters at each pressure point. The structural refinements converged to
discrepancy valuesRl, in the range between 0.0324 and 0.0403. All refinement details are
reported in Table -2b, the atmic coordinates and displacement parameters are shown in Table

A-1 and the resulting bond distances and octahedral volumes in Téble 3
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Table 22a. Details of the singlerystals structural refinements of samples belonging to the Mg&i@otoite- Al2Oz corundum solid

solution.
) No. refined No. unique No.
experiment ) Rint Ru ) WR2 GooF
parameters reflections Fo>4sigma(ko)

S6925 16 378 0.0544  0.0275 367 0.0731 1.160
S7179 16 285 0.0192  0.0185 272 0.0462 1.126
1796 10 161 0.0328  0.0249 156 0.0660 1.143
1789 10 162 0.0459  0.0251 155 0.0675 1.273
S7237a 10 162 0.0371  0.0271 161 0.0689 1.205
S7156b 10 136 0.0432  0.0219 135 0.0605 1.266
S7156a 10 157 0.0270  0.0259 155 0.0678 1.133
S7203 10 163 0.0446  0.0247 160 0.0639 1.190

Table 22b: Structural refinement details of four data collections performed on Mg&iiotoite up to 10.8(1) GPa.

No. refinement No. unique No.

Pruby (G Pa) i Rint Rl i WR2 GOOF

parameters reflections Fo>4sigma(o)

0.0001(1) 11 151 0.0387 0.0391 138 0.1064  1.145
2.12(11) 11 154 0.0414 0.0324 143 0.0826  1.155
8.04(1) 11 150 0.0399 0.0403 141 0.0952 1.254
10.83(3) 11 147 0.0456 0.0378 136 0.0942 1.171
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2.5 Electron microscopy

For the mineralogical and chemical characterizationswtithetized samples were fixed with
epoxy in a plastic holder, were eaeled polished and subsequently coated with a 10 nm thick
graphite layer to perform scanning electron microscopy (SEM) and electron microprobe (EMP)

analyses.

Scanning electron microgpy (SEM) was firstly used on all recovered samples to image the
polished samples and to identify the crystallized phases byemiitatively determining the

mineral compositions. To conduct these analyses, a focused electron beam is produced by a gun
and scanned over the sample. Interactions between the electron beam and the sample produce
backscattered electrons (BSE) originating from elastic interactions between the beam and sample.
Since BSE are strongly dependent on the average atomic numberthapeiale an image that

varies in brightness depending on the molar mass of the crystallized phases. Moreover, inner
shell electrons are ejected when the electron beam collides with the sample. When electrons from
the outer shell fill up the produced vacees, characteristic Xay radiation is emitted. These
characteristic energies depend on each element present in the sample and can be recorded in

energy dispersive mode providing a qualitative chemical composition of the individual phases.

Preliminary @ergydispersive Xray spectroscopy (EDS) analyses on the composition were
performed using a GEMINI LEO 1530 scanning electron microprobe operated at 20 kV, a
working distance of 14 mm and a Si(Li) detector by Oxford INCA. In this way, an overview of
the aystallized phases inside the run product, their crystallite size and compositions was

achieved.

The electron microprobe is a common tool to measure accurately the composition of major
elements in a sampl@dhe JEOL JXA8200 electron microprobe (EMP) aetBGI was used to
determine the composition of the different singigstals as well as the polycrystalline samples.
Similar to the SEM, interactions between the focused electron beam which is produced by a
tungsten filament and the sample, characteri¥tiay radiation is emitted depending on the
average atomic mass of the crystallized phases. The wavetisgdrsive mode uses different
crystal spectrometers such as synthetic LiF, TAP and PET crystals with a known d spacing that
allows the intensity andosition of the spectral lines to be compared by those emitted by standard

materials. In this way, a quantitative analysis of the composition of each phase in possible.
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The electron microprobe was calibrated using enstatite as standard for Mg anahedj, F3pi

metal and Ptnetal as standards for Al, Fe and Pt, respectively. Pt was measured to check for any
contamination of the capsule material inside the crystallized phases. A minimum of 20 points was
measured on each phase per sample. During the meesusethe voltage and current were set to

15 kV and 15A, respectively, and a focused beam with a beam size betw2emilwas used

on regular samples. If sample damage was observed during the measurement, the beam was
defocused to up to 10 pum in diamet€he measured compositions averaged among all points are

reported in Table-2.

2.5.1 Singlecrystals of AlOs-bearing akimotoite and MgSg®earing corundum

In total, eight experiments were successful in synthesizingduaglhty singlecrystalsbelonging

to the MgSiQ akimotoite- Al>.O3 corundum solid solution. One /learing akimotoite single
crystal (Ak99) has been synthesized coexisting with garnet (Fig@ref). As expected, almost

all Al was incorporated into the garnet structure §M@)Al1.50175i3.240012), whereas the
composition of akimotoite was MgrssAlo.o1s@ESinoois (see Table ) The crystals were
relatively small even at a synthesis temperature of 1773 K having a maximum size of 30 um.
Another test experiment at lower temperature was performed to obtain an akimotoite with a
higher Al composition, however, the dease in temperature to 1673 K led to a-equailibrated
mixture of akimotoite and garnet with no clearly identifiable gain boundaries in spite of the
experiment being held at temperature for 26 hours in the presence of a flux material (Figure 2
right). Unfortunately, it was nopossible to synthetize singéeystals of akimotoite with larger
amount of Al, because the stability field of akimotoite is relatively narrow at high temperatures

especially when Al is included into the system.

Synthesis of MgSi@bearing corundum on the other hand has been more successful. One
corundum endanember (Corl00) and five MgSiearing corundum singlerystals (Cor81
Cor97, see Table -2) were synthesized. SEM analyses showed that the Md&®&ing
corundum single cryats were coexisting with hydrous -Ath phases (totals of EMPA were

~ 80 %) due to the presence of Al(QHI) the starting material and with Mgch melt (Figure 2

10). By using Al(OHj as a flux, it was possible to grow singlg/stals between 200 and®pm

in size (Table 21).
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The capsules containing the run products Cor75 and Cor80 have been opened immediately to
extract the singlerystals that were directly tested with the singigstal Xray diffractometers
and have not been investigated with B®EM. Singlecrystals that were not chosen forry

diffraction were fixed in epoxy and polished from one side to perform EMP analyses (T8ble 2

20 pm* EHT =20.00 kv Signal A = RBSD Date :6 Dec 2018

WD = 15.8 mm Photo No. = 6186 Mag= 368X ﬁ

Figure 2-9: Backscattered electron images of coexistindpddring akimotoite (Ak99, dark grey)

and Albearing garnet (bright grey) in addition to melt pockets that were lost during sample
preparation (black). The experiment on the left has been performed at 1798 &3 fh,
crystallizing Atbearing akimotoite up to 30 pm in size in equilibrium with garnet. The
experiment on the right has been performed 100 K lower for 26 h in order to try to introduce a
larger amount of Al into the akimotoite structure, however,qulibrium was obtained since no
clear grain boundaries are visible.

20 pm* EHT =20.00 kV Signal A = RBSD Date :23 Nov 2018
1 WD = 14.0 mm Photo No. = 5683 Mag= 258X

(4

100 pm* EHT = 15.00 kv Signal A= RBSD Date :31 Oct 2018
WD = 14.4 mm Photo No. = 5249 Mag= 156X

% 7 . ! i
2 ¥ ) = 7
20 pm* EHT =20.00kV Signal A = RBSD Date :22 Jan 2019
1 WD = 13.0 mm Photo No. = 6765 Mag= 204X

Figure 2-10: Successful syntheses of large sirglestals of the enchember AOs corundum
Cor100 (bright grey) (left) and MgSibearing corundum Cor92 (bright grey) (right). These
backscattered electron images show that the MgBé&aring corundum crystals were coexisting
with hydrous Alich phases (dark grey) and large amounts of-fiep melt (black) visible
especially in sample S7156b (right). The crystals had dimensions uf o125
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2.5.2 Polycrystalline samples

Well-sintered polycrystalline samples having the composition.ob@iAlo.043(12510.980803
(Ak97.5), Ma.s207Al0.405(7510.7751103 (Ak80), Mp.o188f&.08010S11.000703 (Fel0) and
Mgo.s99(6F€**0.089(25i0.911(7Al 0.101203 and Mg.e11(6F€**0.0003Si0.895(7Al 0104203 (both Fe10AI10

and being identical within the uncertainties) were successfully synthesized as described in section
2.1.2. The grain sizeniall samples was smaller thha@um which isthe perfect grain size to
conduct ultrasonic measurements (FigwEL2 Grain sizes above 10n are problematic due to
possible reflections of the ultrasonic waves at the grain boundaries. XRD analyses confirmed the
presence of just one singidase of ailknotoite in all run products as it also can be seen from the
backscattered electron images taken with the SEM. The cylindrical samples weresilbedble
polished ensuring that both faces were perfectly parallel to each other. One or two disks were

obtainedfrom the different run products depending on the length of the recovered cylinders.

Ak97.5

2ym’ Signel A=RBSD  Dste:20Nov2018 [ 3 ZEISS
1 WD = 14.6 mm Photo No. » 5658 Meg= 216KX 1 WD = 16.1 mm Photo No. = 4034 Mag= 499X

FelOAI10

20 pm' EHT = 20,00 kV Signal A = RBSD Date 10 Apr 2018

J ZEISS
| i WD =147 mm Photo No. = 8414 Meg= 631X

Figure 2-11. Backscattered electron images of four polycrystalline akimotoite samples
containing different amounts of Al and/or Fe. No other phases are visible next to akimotoite.
Cracks through the samples (as visible for Ak80) were only located close to the togttand of

the recovered cylinders and were removed with further polishing.

£ w ZEISS |
t 1 WD=147mm Photo No. » 4044 Mag= 842X
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2.6 MOssbauer spectroscopy

Mossbauer spectroscopy is commonly used in geoscience in order to examine the oxidation state
of Fe in a solid specimen. The conventional Méssbauecsdacated at the BGI uses the decay

of °’Co to®°’Fe having a halfife of 270 days>’Fe is used to perform Mossbauer measurements
although the’’Fe isotope makes up only 2.2 % of natural Fe atoms (Dyar et al. 2006). After
decaying fron?'Co to the 136.&eV-level of >’Fe, 9 % of the time, deexcitation directly to the
ground level occurs emitting a 136.3 keV gamma photon whereas 91 % of the time, decay is to
the 14.4 keV state and then to the ground state (Figa®).2~-89% of the 14.4keV transitions
transfer the energy to an atomic electron, however, thé/e-dithe 14.4&eV state left result in

the emission of characteristic gamma rays having an energy of 14.4 ke\Dyar et al. 2006,

Figure 212). MoOssbauer spectroscopy uses the Mossbauer effgich vis the recoifree
absorption and emission of gamma rays from the nucleus of a specific atom incorporated into the
sample of interest. The nuclear energy levels of the atom of interest are modified by its nuclear
electronic environment known as hypee interactions. An isomer shift (IS) is created due to
different local environments in the source and absorber atoms leading to a shift in Méssbauer
transition energies (@ Dyar et al. 2006). Moreover, a quadrupole splitting (QS) occurs due to
the inteaction of the nuclear quadrupole moment of the atom with the electric field gradients
around the nucleus, resulting in a splitting of the exited state into two different excited layels (e
Dyar et al. 2006). Hyperfine interactions yield characterisfiarmation about the oxidation state

and coordination of Fe in the investigated sample.

The Febearing akimotoite sample (Fel0O, T2082) has been polished to a thickness of 400 um
which was calculated to be the thickness giving an ideal Mdssbauer signal (Long et al. 1983).
The source was moved with a maximum velocity of 5 mm/s for a total mesasnt time of five

days. The spectrum was then fitted using Lorentzian profiles in the software MossA 1.01f
(Prescher et al. 2012).
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Figure 2-12: Nuclear decay path for th€Co to>’Fe transition from Dyar et al. (2006) modified
after De Grave et al.2005). Of the 14.4 keV transitions, ~% result in the emission of
characteristic gamma rays.

2.7 Elasticity measurements on singlerystals at high-pressure

2.7.1 Diamond anvil cell technique

The diamond anvil cell (DAC) technique is a powerful tool to study materials at pressures of

hundreds of GPa using both spectroscopic emX diffraction techniques. It is based on the
simple relationn i Qi i 6+-Q hence high presses of the deep Earth can be reached

experimentally by decreasing the pressurized area and as a consequence the sample size (Figure
2-13). BX90 style DACs (Kantor et al. 2012) were prepared to perform-griggsure
experiments up to 25 GPa, correspondmghte lower transition zone and the uppermost lower
mantle where akimotoite is stable. Diamonds with a culet diameter of 400 um were glued into
BoehlerAlmax seats having an opening angle of 90° using super glue. To obtain exactly parallel
diamond culetsthe first diamond is fixed with super glue and the second diamond is aligned

relative to the first directly in the DAC before being glued onto the seat. Re gaskets with an
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original thickness of 200 um were piredented to a thickness of 58 um to 61 pumoltite center

of each indentation, a hole with a diameter of @80 was lasecut to produce the sample

v
LA

.

diamond anvil

chamber.

Re gasket

sample cavity

ol S
A

Figure 2-13: Schematic setup of the diamond anvil cell where two diamond anvils with polished
tips are pressurizing a small area in betweée tulets by applying force (red arrows). The
sample cavity is produced by lasartting a hole through a Re gasket.

Two different DACs were prepared to perform Brillouin spectroscopy and ssnggeal X-ray
diffraction measurements up to transition zpnessures. Two akimotoite singteystals (sample
S6925) with the different orientations obtained as described in section 2.2.3 and cut into half
circles as described in chapter 2.3 (FigwB42 were placed next to each other into the center of
the sampm@ chamber. Additionally, a small ruby sphere of 10 um diameter was placed next to the
two crystals to be able to determine the pressure inside the DACs using the ruby fluorescence
bands during the experiment (see next section). Another DAC was loadeshlyittne polished
singlecrystal having dimensions of 100x100x15 pm and random orientation to collect intensity
data for structural refinements. Also in this case, a small ruby sphere was placed next to the

crystal to measure the pressuresitu. The DACswere gas loaded with neon gas as pressure
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transmitting medium using the gkmding system installed at the BGI (Kurnosov et al. 2008)
using 1.5 kbar gas pressure. Neon as pressure transmitting medium can prodtiogdgostsitic
conditions in the pressel range planned for all experiments. After each pressure increase the
DACs were left to stabilize for at least one day to avoid any pressure changes during XRD or

Brillouin measurements.

Figure 2-14: Optical image of a loaded diamond anvil cell samgtamber at a pressure of
4.1(1)GPa. The two hal€ircles X1 and X2 have different orientations as shown by the different
extinction colors. The small ruby sphere used fesiin pressure determinations visible close

to the gasket.

2.7.2 Insitu pressure determination

The pressure has been measureditin before and after each singlg/stal Xray diffraction
measurement or Brillouin data collection using the fluorescence lines of the rulaf orystted

into the DAC sample chamber. A Raman mispectrometer equipped with a red-Ne-laser 6

= 632.8 nm) with 20 mW laser power was centered at 695 nm to measure the ruby fluorescence
lines. For reference, a ruby at ambient conditions was alwegsured for each higiressure

data collection (Figure-25). The fluorescence spectra were then fitted using the program Igor
Pro 6A with two Lorentzian profiles for the fluorescence lines R1 and R2, respectively. Pressures
were then calculated using thaby fluorescence calibration by Dewaele et al. (2004) following

the relation:

48



b =z p — P (eq. 7

wheremas the difference between the wavelengths of the R1 peaks of the fluorescence band at
pressure and the R1 peak of the ruby at room condition (Figl$g¢, 2ndA = 1904GPa andB =

9.5 as determined by Dewaele et al. (2004) by calibrating the R1 rubgdtemce bands against

the equations of state of tantalum, gold and platinum up to 94 GPa and against aluminum, copper

and tungsten up to a maximum pressure of 153 GPa.
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Figure 2-15: Ruby fluorescence bands at room pressure (red) and at 24.9(1) GP&)(blae
shift of the R1 fluorescence bands to higher wavelengths with increasing pressure at room

temperature was calibrated by Dewaele et al. (2004) and can be used to determine the pressure
inside the DAC.
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2.7.3. Elastic behavior of singlaystals

Hookeds | aw describes the relationship betwe
applied stress acting on a solid body. If the stress applied remains sufficiently small and stays

below the elastic limit, the strain is proportional to the stregs Kge 1985):
” W - (eq. §

Gj represent the general homogenous stress tengaare the stiffness coefficients atiilis the
strain tensor. In total, there are 81 possijiethat can be described by #-tank tensor (Nye

1985). Since both stress and strain tensors are symmetric it follows that:

@ @ (eq. 9,
& & (eq. 10
and & & (eq. 12

It is therefore possible to reduce the amount of independent stiffness coefficients from 81 to 36

(Nye 1985). In addition, the change in energy results from a set of stragmsl is given by the
sum-B & - - over all strain ad tensor components (Angel et al. 2009). The energy is

independent of in which order the strains appear in the summation: - andw - - are
therefore equal (Angel et al. 2009). Since six of the 36 independent compomegitsthe
criterion® @ (e.g.00 ), the number of independent stiffness coefficients further reduces
to 21 (Nye 1985). Once the symmetry of a singlgstal is applied, the amount of independent
elastic coefficients decreases furtherthe case of akimotoite which is trigonal (space groop R
the final number of independent elastic coefficients isi141, C3333 C2332 C1122 C1133 C1123 C2213

The tensor notation with four indices can be replaced by a matrix notation with two indices
following Voigt (1928): 11 = 1; 22 = 2; 33 = 3; 23,32 = 4; 31,13 = 5; 12,21 = 6. The seven
independent elastic coefficients of akimotoite can therefore be wait€m, C33, Ca4, C12, C13, C14,

cs. The full elastic tensor for the trigonaloRpace group written in Voigt notations is (Nye
1985):
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apply to aggregates because stress and strain are not infinitesimal anymore. In order to calculate
the average bulk and shear moduli of a shpjlase aggregatevo limits were defined. The
upper limit is called Voigt bound which assumes that in a phase aggregate, the strain is equal
throughout the material. Grain boundaries, however, are locked, leading to unequal stresses on
the individual grains that can belaaslated from the stiffness coefficients (e.g. Poirier 2000).
For the trigonal & space group the bulk and shear modilsigt and Gvoigt can be calculated

following the equations:

. 0. 13

o
o
o
e
e-
e
2
o
o

0 O e ' ¢ (eq. 19

The lower limit is the Reuss bound assuming all stress to be uniform on tiphaseaggregate.
Since the grains are free and can slide along the grain boundaries, the stragmastdibf each
individual grain and can be calculated from the compliance coeffigg(g. Poirier 2000). For
the trigonal R space group the bulk and shear moduli of the Reuss Howsastand Greusscan

be calculated following the equations:
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0 : . . - - , (eq. 19

0 —— — ——— (eq. 16

Note that the compliance coefficients are obtained by inverting the elastic stiffness matrix (

@ ) (Nye1985).

In an elastically isotropic aggregate, every individual grain will have the same strain and is under
the same stress which results in no difference between the Reuss and Voigt bounds. In the case of
akimotoite, there is a large discrepancy betwéen\toigt and Reuss bounds due to the highly
anisotropic elastic behavior of this mineral. For anisotropic materials, usually, the\Regiss

Hill (RVH) average, an arithmetic average between the Voigt and Reuss limits is calculated.
Once the RVH averagautk and shear moduli are determined, it is then possible to calculate the

aggregate velocities of the sample following the Adakiliamson equations:

o LS (eq. 17

(eq. 19

with } being the density of the investigated sample.

2.7.4 Equation of state

Equations of state (EoS) describe the change in volume of a given material as a function of

pressure and temperature. They are used to derive elastic parameters like the incompressibility or
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bulk modulus) @ — and its @rivativesu — ando — . When studying

Earth material s, Hooko6és | aw cannot be appliect
geosciences, the Birdldurnaghan (BM) EoS is commonly used which is vétidcompressions

large than 10% (Angel 2000) in comparison to the earlier Murnaghan EoS (Murnaghan 1937).

To obtain the BirckMurnaghan EoS, Birch (1947) suggested a finite strain EoS which is derived

from the assumption that the strain energy of a solid under compressite clscribed as a

Taylor series in finite Eulerian stralih In order to deal with positive values during compression,

the negative of the Eulerian strafp, is used:

(eq. 19

N 1O
e e
o

The resulting relationship between pressure\aidme at a reference temperature which in this
study was chosen to be 298 K is the followifigotler BirchMurnaghan EoS:

(eq. 20
o . . , . ovu,
E L U L T U o — Q

This expression is usually truncatedthe 29 or 39 order depending on the data quality, i.e. on
whether they are precise enough to determine accurateKgthe A good way to v
order of truncation to use, is represented by the plot of the normalized prEssteesus the

negative Eulerian straife. The normalized pressure can be calculatethb following equation

(Angel 2000):

o — (eq. 23
c0p co-
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If the data points of the-f plot follow a straight line, the slope of such line can give information

about the value df' according to the relationship: & ¢ n-@——. It follows that a horizontal

line is consistent with & 6= 4 and therefore th®-V data can be fitted usj a 2%order
truncation of the strain energy, whereas a slope different from zero requifeerdes Birch
Murnaghan(BM) EoS. In this casK 6d@pends on thi, andK dralues and can be calculated by

using the equation:

p , ou

5 5 (eq.22)

If the data points are described by a parabolic curve, theR-thdata need to be fitted with a

fourth-order equation of state, letting all four parametérdo, K @ndK ovary.

The program EoSfitGUI (Angel et al. 2014) has been used to fpréssuré unit-cell lattice
parameters using BireMurnaghan equations of state following a lesgpiares method which is

a reliable tool for data sets which are normally distributed. The goal of thestpasts fitting is

to minimize the sum of squar®f the differences between the observed and calculated pressures

at a given volume which is described by

1 0 0¢ % AY (eq. 23

Thew parameter represents the weight which is assigned to each datanpainéreasn is the

number of refined parameters.

A third-order BM Eo0S has been used in this study to fitRké data of akimotoite. The three
parametersVo, K and K ¢ that are correlated, were refined during the fitting procedure.
Additionally, the unitcell parameters and bond distances were fitted with linearized BM EoS to

refine the linear moduM and its first pressure derivati%o
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2.7.5 Brillouin spectroscopy

Brillouin spectroscopy is a powerful tool to determine the acoustic wave velocities and full
elastic tensor of transparent singlgstals by measuring the scattering of an incident laser light

due to interaction with the acoustic phonons of the matendémustudy. The incident light is
inelastically scattered by thermally excited acoustic waves inside the sample leading to a
frequency shift relative to the frequency of the incident light. The frequency shift is described by
the Doppler shift, in this casalso called Brillouin shift. When the incident light transfers energy

to the sample, a decrease in the overall frequency can be detected, describing a Stokes event
(Figure 216 left). On the other hand, when the sample transfers energy to the incitignart

increase in frequency occurs corresponding to an3iatkes event (Figure 26 right).

Since the frequency shifts are very small in the case of Brillouin scattering, a scanning Fabry
Pérot interferometer has to be used to separate the speutsltiiat are very close to the

unshifted incident light frequency.
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Figure 2-16: A schematic explanation for the occurrence of Stokes aneStokes events. Stokes
events (left) take place when upon interaction of the incident light with the samplE@npwith

a specific energy is emitted and therefore the scattered light frequency is smaller than the
incident light frequency. During an Arfiitokes event, phonon energy is added to the incident
light frequency making the overall scattered light frequyefarger. This image was modified
after Angel et al. (2009).
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The Brillouin scattering frequency shift strongly depends on the scattering geometry, describing
the angle between the incident and scattered wave normal. The velocities of the acoustic waves
can therefore be calculated by the following equation:

, Wl _
v © e (eq. 29

c%:l%e

wherev; describes the material acoustic waves either the longitudinal waee one of the two
polarizations of the shear wave: andvsz ¥ describes the Brillouin shifesis the wavelength

of the incident lightn is the refractive index and is the scattering angle between the incident
light and the scattering vector which depend on the material orientation. During Brillouin
spectroscopyneasurements at high pressure, it is therefore important to consider not only the
influence of the crystallographic orientation of the crystal but also the refractive indexes of the
sample, the diamonds and the pressure transmitting medium since thatifigltteget scattered

at each interface (Figure1?).

incident light

diamond /]
4,513 By

Re gasket neon

(i}

%amond

scattered light

Figure 2-17: Schematic representation of the path that the incident light takes through the DAC
during a Brillouin spectroscopy experiment. The incident light scatters at each interface between
the diamond, the pressure transmitting medium neon and the sample. Refractive indexes must
therefore be taken into account for all materials. This image was modified after Sinogeikin and
Bass (2000).
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To avoid this problem, a high pressure approach calledaforplatelet symmetric scattering
geometry as described by Whitfield et al. (1976) has been employed. The velocities of the
acoustic waves are independent of the refractive indexes of sample, diamonds and pressure
transmitting medium when the incident aswhttered beam paths are symmetrical and the sample
surfaces are exactly parallel to the polished surfaces of the diamond anvils. To avoid uncertainties
as described in Sinogeikin and Bass (2000) it is therefore important to perfectly-dioigble
polish he samples and align them perfectly with the surfaces of the diamonds. The acoustic wave

velocities are then independent of the refractive indexes and can be described by the equation:

eg. 2
s (eq. 29

AT

whered” describes the external scattering angle (Figt&)2

The Brillouin system installed at the Bayerisches Geoinstitut (Figtk8) has been used to
perform acoustic wave velocity measurements at eleven pressure points up to 24.9(1) GPa. The
system usea 532nm solidstate laser light and multiass tandem Fabigérot interferometer.

For signal detection the Hamamatsu single photon counting module H0520&as used.

Elastic anisotropy measurements were performed on 20 individual points per samypléCever

20° to cover the whole 360° angular range with a laser power of 150 mW. In a perfect
experimental setup, the velocities measured 180° apart from each other should be identical,
however, inclination of the sample, not perfectly parallel polished sngplan inclination of the
diamonds may affect the signal. Therefore, it is important to collect data over the whole angular

range. Each Brillouin signal was individually fitted using a Voigt peak function.
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interferometer focusing optics - collecting optics

Figure 2-18: Setup of the Brillouin spectroscopy lab at BGI. The laser path through the mirror
system which focus the laser on the sample is shown in green. In the center, the Eulerian cradle
four-circle Huber diffractometer is used both for rotating the sample and for the density
measurements after each Brillouin data collection.

The collected Brillouin spectra all show the Rayleigh peak at the center, its ghosts at the edges,
the signals from the secondary velocities of the diamonds, one longitudinal andtaesbear

wave signals for the sample and in addition one or two signals from the pressumattirans
medium neon (Figure-29). With increasing pressure, all signals shift to higher velocities but at a
different rate. The longitudinal peaks of the géamapproached the diamond peaks in certain
orientations, hence, a filter was added to decrease the overlapping between the two peaks. Each
spectrum was collected for a minimum of 30 min up to 12 hours, depending on the orientation of

the sample and thegsial to noise ratio.
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Figure 2-19: Representative Brillouin spectrum collected on a shugystal at 4 GPa. The
Rayleigh peak corresponding to the elastic scattering can be seen in the center. Three signals
from sample X2,py vs1 and &2 are visible. In between theiyvand &2 signals a signal of the
pressure transmitting medium can be seen. All peaks shift to higher velocities with increasing
pressure.

The program Brillouin Win1024 version 2.6.3 has been used to analyze the Brilleatnasg o

convert the channel numbers into a frequency shift, an internal calibration has been performed
using the inner ghosts which represent the interference of the laser light between the first pairs of
mirrors. The center of the spectrumaaty= 0 wasdetermined by taking the mean position of
three wellresolved ghost peaks. The frequency dpiftper channel can be calculated according

to:

Wwo
ch'§2 (eq. 26

with ¢ being the speed of lightt, represents the mirror spacing of 4 mgmthe cannel difference

between the central peak and the Brillouin peak of interestasmdhe mean value between the

W]
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ghosts averaged from three wedkolved ghost pairs. The measured frequency shifts could then
be directly converted into acousticave velocities following eq. 25 This conversion was

regularly checked using a glass standard.

In order to constrain all seven independent elastic coefficients, two orientations having the most
diverse dispersion curves at ambient conditions, (0 0 1) (sodid)land (0.433.28 8.91) (dashed
lines)in Figure 220, were chosen to be oriented and cut into half circles (see chapter 2.3). For
high pressure experiments the two different orientations (3.28 8.91) and-(3.08 4.60-2.36)

were used. Akimotoités a highly anisotropic mineral having large differences in velocities at

different rotation angles (Figure 220).
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Figure 2-20: Di spersi on curves collected at room pr e:

for vp, vs1 and &2 for two singlecrystals. Solid and dashed lines are the fits obtained using the
Christoffel equation (eq.72. Thedispersion curves with the solid lines correspond to the crystal
with (0 0 1) orientation and the dispersion curves with the dashed lieean the (0.433.28
8.91) crystal orientation.

In order to determine the seven independent elastic coefficients of the trigonal system with space
group Ro, ci1, C33, C44, C12, C13, C14, Co5, the wave velocities of the two crystals were fitted using

the Christoffel equation:

W AN "0 1 (eq. 27
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whereciju are the elastic coefficients;, describe the crystallographic orientation of the single
crystals,} is the density of the sample afid is the Kronecker delta. The three solutions to the
Christoffel equation fokp, vs1 andvsz were implemented into an Origin 2018 program (Buchen
2018). In order to obtain the propagation direction, the trigonal system has to be transformed to
an orthogonlasystem where* was defined to be along X amdalong Y, respectively. Density
needed to conduct this fitting procedure was calculated from ttay Miffraction measurements
that were performed at the same conditions before and/or after each Brilleagumrament on
both samples. After obtaining the elastic tensor, the Voigt, Reuss and\Regsslill bulk and
shear moduli could be callated according to equations-18. The aggregate longitudinal and
shear wave velocities were then calculated follgnthre AdamsWilliamson relationsdq. 17 and
18).

Because both wave velocities and density were measured simultaneously, it was possible to
calculate the absolute pressure during the experiment without relying on secondary pressure
gauges like, foexample, the ruby pressure scale. Absolute pressure can be calculated using the
eqguation:

- 0 W, ., .. .
) O,JQwoquch

N1Q
Cc
—

Q (eq. 29

where the adiabatic bulk moduléso obtained from Brillouin spectroscopy has been converted
to the isothermaKro value followingv O z p | [ "Msing the parametersi= 2.44x10°

1/K (Ashida et al. 1988 = 1.18 (Stixrude and LithgosBertelloni 2005) and T = 298 K and the
volume is obtained by Xay diffraction.

2.7.6 Anisotropy dermination

All single-crystals are elastically anisotropic meaning that the wave velocities are dependent on
the direction the waves are propagating through the crystal. In order to describe the anisotropic
behavior of akimotoite for the compressional and shear walaities, the anisotropp has

been calculed according to (Mainprice 205
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. 0 v
ob CUA——F— (eq. 29

The maximum and minimum velocities fak, vsy and vsy are taken from the complete
hemisphere of possible propagation directions (Mainprice 2007). Moreover, the anigaisopy
the shear wave splitting which describes the anisotropy of the two shear wavasd vsv
travelling in the same direction through anisotropic material according to:

5 b -V
5 5 (eq. 30

The software package Anis2k (Mainprice 1990) uses the elastic tensor of the investigated
mineral, its density and the volume fraction of the mineral in a bulk assemblage to calculate the
anisotropies of P and-Baves at any pressure or temperature throwigltbe complete

hemisphere. The anisotropic behavior of akimotoite could therefore be determined up to
transition zone pressures by using the elastic tensor at different pressures obtained from Brillouin

spectroscopy.

2.8 Elasticity measurements on polygstalline samples at high pressure and temperature
2.8.1. Ultrasonic experiments

A combination of ultrasonic interferometry in the megahertz (MHz) frequency rangay X
diffraction and Xray radiography has been used to determine the wave velocities and density of
Fe-bearing, Fel0, Abearing, Ak97.5, Ak80 and Fend Aktbearing akimtoite, Fe10AI10. A

short, highamplitude pulse is generated with a piezoelectric transducer crystal resulting in an
ultrasonic wave travelling through the specimen. From the resulting reflections at each interface
throughout the experimental setup, it aspible to determine the travel time t through the sample.
X-ray radiography provides a measure of the sample length | at each pressure and temperature

allowing it to calculate the wave velocities of the investigated sample at the stability conditions in
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the Eart hds mawn tghfe Tha deasityr ofithermgasurenl samples at each pressure

and temperature can be measured by synchrotnay Xiffraction.

2.8.2. Large volume press setup at the Argonne Photon Source

Six ultrasonic measurements2082 with the Fel0 sample, T2083 and T2269 with the Ak97.5
sample, T2270 with the Ak80 sample and finally T2267 and T2452 with the Fe10AI10 sample
combined with irsitu X-ray radiography and diffraction at high pressures and temperatures were
performed in the Rockland Research Corp. 1000 tons large volume press atDRB bgamline

of GSECARS at APS, IL (Figure21).

Figure 2-21: Large volumesetup at the 1:3D-D beamline of GSECARS at APS. The large
volume press is modified in a way that the whieyXbeam goes right through the sample once
the multtanvil assemblage is properly aligned.

A 10/4 multiranvil assembly was modified to fit g/lmdrical rhenium (Re) furnace prepared

from a 25 pm thick Re foil (Figure-22). Two windows were laser cut into the furnace to create

a path of low absorption for the-bay beam. The octahedral assembly made from MgO doped
with Cr.O3 was filled from topto bottom with an AlOs buffer rod, a perfectly parallel double

sided polished sample, a mixture of MgO and Au that served as pressure marker and a MgO
spacer (Figure-22). At the interfaces between buffer rod and sample and between sample and
pressure rarker, 2 um thick Au foils were placed to increase both the bonding and the contrast
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between the sample and its environment. The temperature was monitored usHigpe D
thermocouple inserted at the center of the assembly (as shown in FgaréeR) orit was
placed inside a-fhole alumina piece (as for example shown in Figufel@ft) which was then

cemented to the bottom part of the assembly.

7.854 mm

10/4

oommdl [ T T T T T T T] I
[ wme0+cr,04
D MgO 0.:8 mm 0.8 mm
] zo,
D-type TC - s ‘ 100 mm
D Al,O; buffer rod 35
mm
sample
I:I MgO + Au pressure marker 4—>
= Re heater i 3.928mm
5 mm — Al O

1.964 mm 11.964 mm

Figure 2-22: Multi-anvil assembly setup used for ultrasonic measurements at APS. A standard
10/4 assemblyleft) was modified by replacing the LaGy@rnace by a Re foil furnace (right)

with two laser cut windows for the-rdy beam to pass through the sample to avoid absorption
from Re.

Due to problems with some of the thermocouples, heating cycles ufpOt K were only
possible for four experiments (T2083, T2269, T2082 and T2267). The heating paths are shown in
Figure 223. For the first run with Ak97.5 (T2083), the experiment was first heated once the
target pressure of 25 GPa was reached. Then thréaedegcles up to 1100 K were performed

with ultrasonic measurements collected upon cooling (Figu?8 Bft). For the second run
(T2269), the Ak97.5 sample was heated twice to 573 K during compression to the target pressure
to release stresses inside éxperiment and then two heating cycles up to 800 K were performed
(Figure 223 left). The Fel0 sample (T2082) was pressurized to target pressure and then heated
up to 1100 K during four heating cycles (Figur@2right). During the run with the Fel0AI10
sample (T2267) it was only possible to heat twice to 573 K (Figa® right). The higkpressure

and hightemperature stability field of the MgSiOmajorite, ringwoodite and akimotoite
polymorphs also are reported in Figur2 in order to show that thactual stability field of
akimotoite was reached during these experiments. For the other ultrasonic measurements (T2270
and 2452), the wave velocities could be determined up to the pressure stability field of akimotoite

of 21 to 25 GPa without any heating.
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Each experiment was compressed in GPa step size and it took between 30 min to 1.5 hours
between each pressure point. Before each measurement at high temperature, the experiment was

equilibrated for 10 minutes.
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Figure 2-23: Heating cycles for two @eriments, T2083 and T2269, with the Ak97.5 sample
(left) and for experiment T2082 with the Fel0 sample and experiment T2267 with the Fel0AI10
sample (right). The H phase stability field of MgSiakimotoite was inserted inside this
diagram to show thahe actual stability conditions were reached during three experiments.

2.8.3 Piezoelectric transducers for acoustic wave production

Au-coated transducers made of LiNd®@ere glued with a tiny amount of epoxy on the TEL of
the WC anvils that have been @hled to mirror quality (Figure-24). The piezoelectric
properties of the 10° Xut LINbGs crystal is used to produce primarydhd secondary-&aves
simultaneously by applying an AC field. - Rnd Swave signals can best be obtained at
frequencies betwees50 to 60 MHz and 30 to 40 MHz, respectively. The ultrasonic measurements
were performed using the Tektronix TDS 5104 Digital Phosphor Oscilloscope or Tektronix
MS054 Mixed Signal Oscilloscope and the Sony AWG2021 waveform generator or the
Tektronix AFG3%2C Dual Channel Arbitrary Function Generator at frequencies between 30 to

40 MHz for thevs signal and between 50 and 60 MHz for ¥heignal.
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Figure 2-24: Au-coated LINbQ@ transducer on 8 mm truncation polished to mirror quality. The
transducer is glued with a tiny amount of epoxy on a perfectly clean surface to ensure the
transducer is completely bonded to the WC anuvil.

2.8.4 Digital pulse echo overlap method

The pulseecho overlap technigue as described in Leisure (2017) is commonly used to determine
the travel time. Previously, the pulse echo overlap technique had to be performed during the
ultrasonic experiment at the oscilloscope. To improve accuracy, the digisa echo overlap
method was developed which allows the determination of the travel time after the measurement
has been performed through digital files of the recorded signals at different frequencies. The
digital files contain the waveforms of each reflentat the interfaces inside the assembly (Figure
2-25). The first and largest reflection comes from the WC dwufiler rod interface (Figure-2

26), followed by the reflection from the buffer rsdmple (Figure -26). Lastly, the third
reflection arises rm the samplg@ressure marker interface (Figur@).
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Figure 2-25. Schematic image of the ultrasonic interferometry setup at APS. The ultrasonic
waves produced by the LiNb@ansducer get reflected at each interface between the WC anuvil,
the buffer ral and the sample. Dimensions are not to scale.
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Figure 2-26. Characteristic waveform obtained during the uiomic measurement T2083 at
20.8GPa and 300 K where the intensity signal is plotted versus the time. The three reflections
from the interfacebetween the WC anvil, the buffer rod (BR) and the sample can be clearly
distinguished.
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Ultrasonic measurements were done at each pressure and temperature in the frequency region
between 30 and 60 MHz The travel time determination was performed inrlg6APBY using a

cross correlation function

Geidio 0t oqfetQt (eq. 33

whereg ( 1 Jhe buffer rod and sample signal amd #© jhe buffer rod signal. The resulting
correlation function show two clearly identifiable maxima (Figur272. The tweway travel

time through the sample is then determined by taking the delay time between the two maxima
indicated with the two crosses Figure 227.
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Figure 2-27. Buffer rod and sample signal after cross correlation. The-way travel time
through the sample can be determined by the difference in time between the two maxima of the
buffer rod and sample signal, respectively, whichraghlighted by the two crosses.

When using an experimental setup where a transducer is employed, the travel time can be

influenced by several factors (see Leisure 2017) as described by the following relationship:
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o Ny N w %o o (eq. 33

wherep represents an integer that describes the number of round trip&teeh2 has made
relative to the ¥ echo,| is the sample length andis the planewvave velocity. The ternp gat) (
describes the time interval that occurs due to a bonding effébe buffer roesample interface
(Jackson et al. 1981, Niesler and Jackson 1989). It has been shown, however, that if the bond is
very thin, the time shift can be neglected, especially since the majority of uncertainty arises from
the error on sample lgth rather than the travel time determination. In this study the bond

between buffer rod and sample was made of a 2 um thin gold foil and it was therefore negligible.

The term-, wheren ideally is 0, is only relevant when choosing a wrong maxima #feecross

correlation procedure. If a wrong maximum is chosen in the digital pulse echo overlap method,
one period of the sound wave will be added or subtracted, however, this can be easily identified
by a large deviation in travel time in comparison te tlorrect travel times determined at other

frequencies.

2.8.5. Energydispersive Xray diffraction

X-ray powder diffraction patterns were collected for 300 to 500 seconds at each pressure and
temperature for both the sample and the pressure marker arisiegergydispersive system

operating between 42 and 182 V a't a fixed 2d -28n ghe entcellf 6. 04
parameters of Au, MgO and akimotoite (Table8,4-1 and 53) were determined using full

profile LeBail refinements with the GSAS soft@apackage in the EXPGUI interface (Toby

2001, Larson and Von Dreele 2004).

The unitcell volume of Au and MgO were then used to determine the pressure at a given
temperature according to tieV-T equations of state reported by Tsuchiya (2003) and Dewaele
et al. (2000), respectively, implemented in the software PDIndexer 4.328 (written by Y. Seto,
http://[pmsl.planet.sci.kobe.ac.jp/~seto/?page_id=20&lang=en).
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Figure 2-28: X-ray diffraction and CCD camera setup at the beamlind-® at GSECARS at
APS. The incident white-bay beam gets focused to the sample through a slit. The transmitted X
rays then get directed through a YAG crystal and collected by a CCD camera, wtlezeas
diffracted Xray beam is measured by a SSD detector. This figure is modified from Armstrong
(2018).

2.8.6 xray radiography

X-ray radiography was employed in order to determine the sample length at any pressure and
temperature inside the assemintysitu. The two gold foils that were placed on the top and
bottom of each sample absorb moreays due to their higher atomic number relative to the
sample, making it easy to discriminate between gold foils and sample in the recorded images
(Figure 229). Sample images were recorded by an imaging Prosilica GC1380H and a Pointgrey
GS3U3-23S6MC coupledcharge devices (CCD) with high resolutions of 1 pixel = 2.4 um and

1.8 um, respectively (see camera setup in Fig28)2 The sample length was analyzedgor

Pro 6 where the position of the gold foils could be detected through maxima in contrast. A line
was then fitted through the top and bottom gold foil resulting in the pixel distance between both

maxima (Au foils).
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Figure 2-29: Example of an Xay radiography image taken for T2083 at 2 GPa and 300-K in
situ during an ultrasonic measurement. The two 2 um thin gold foils can clearly be distinguished
at the top and the bottom of the sample due to their larger absorption of thengoémnays. The
alignment of the Re windows (brightest central part) also plays a crucial role to be able to collect
energydispersive Xay diffraction patterns on the sample and the pressure marker.

2.8.7 Fitting of elastic parameters at room tempera

The zerepressure values of the elastic properties of the akimotoite samples -présgre and

room temperature were fitted using the fitting procedure described by Davies and Dziewonski
(1975). Assuming adiabatic compression, the feortter egations reported by Davies and
Dziewonski (1975) were truncated to thwdder finitestrain equations (see Chantel et al. 2016)

which can be written out as follows:

"0 p G- O 0- U- (eq. 33

"0 p ¢ 0O 0O - 0°- (eq.34)
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with the strain- - p —

The zerepressure values of the butly and shear moduluSe and their first pressure derivatives

(KobandGod can be iteratively fitted through the relations:

'O 0 (eqg. 35
T
0 o -0 (eq. 39
o
0] p 00 0 70 (eq. 3%
0 P vb 0 T 1"O (eq. 39
o o

Do TO ¢O (eq. 39

. . ,, O X .
0 X0 pYO ?Xu p?% (eq. 49

In addition to the elastic parameters at amboemiditions, the absolute pressure can be calculated

with the equation:

0 p c- 5 Ps. (eq. 43
where6 o0 10 andd o0 10 Xx08
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Equation (4) was used to determine the absolute pressure which was then compared to the
pressure obtained from the Au and MgO wall parameters. The room temperature elastic
parameters were then used as initial values to proceed with the fitting of the highatemeper

elastic parameters.

2.8.8. Fitting of elastic parameters at high temperature

The room and hightemperature elastic parameters were fitted using theceedistent
thermodynamic model by Stixrude and Lithg@&ertelloni (2005). By using a Mi&rineisen
equation of state with a Debye approximation it is possible to describe thermal properties in a

thermodynamically consistent way. The isothermal bulk modulus can be expressed as:

b pca’To oo  w o Xoo 1w
C
~ (eq. 42
r PO T ey iy ve oy
P ) )
wherefg is thenegative Eulerian strain (eq.)19 —— whereois the Grlineisen parameter,

ErH is the difference in the qualsarmonic thermal energy betwe&rand To andCy is the heat
capacity at constant volume. The Debye temperature necessary for the fitting procedure can be

expressed using the following equation:

Q E _ _p
R = 0O—— o —
W

0T (a-49

S
%)

wherehi s t he Pl akRickoshe oBasl &anmanisithé sumbeoohaomaint anc
the akimotoite unit cell. Finally, the shear modulus for isotropic materials can be described as:
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oo Lo o9 GY (eq.44)
q

wheredsis the shear strain derivative of the Griineisen parameter.
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3. High-pressure elasticity and structural evolution of MgSiQ akimotoite

3.1 Large singlecrystals of MgSiGs akimotoite

Singlecrystals of MgSi@ akimotoite up to 500 pum in size (Figurel} were successfully
synthesized in the mulainvil run S6925. Careful analyses using sirahestal X-ray diffraction
confirmed that the run product consisted indeed of -iggdity singlecrystals of akimotoite
having unitcell lattice parametera = 4.7288(1) A,c=13.5609(4A andV = 262.62(1) R in

good agreement with the parameters determined by Horiuchi et al. (1982). Analyses with the
electron microprobe revealed a composition of obdg1Sii00313 (see Table A). The
practically negligible vacancy on the MgQite suggests a possible substitution of &$
described by BolfaitCasanova et al. (2000, 2002) which is feasible due to the hydrous
surrounding preserduring the synthesis. This substitutids, however, too small to cause a

significant change in the elastic properties of akimotoite and it has been, therefore, neglected.

Figure 3-1. Large, highquality single crystals obtained in the synthesis run S6925 sifigée
crystals were inclusion free and were as large as 500 um. Photograph courtesy of Giacomo
Criniti.

Singlecrystals with the highest quality were oriented as described in section 2.2 and double
sided polished to 15 um. Three diamond anvil cell expents were performed with sample

S6925. The first two DAC experiments (DAC1 and DAC2) were loaded with two crystals (X1
75



and X2) cut into hailtircles as shown in Figure-24 to perform Brillouin spectroscopy and
singlecrystal Xray diffraction at high piesure. Unicell lattice parameters were obtained during

the DAC1 experiment at 13 pressure points up to 12.1(1) GPa in stegs GP4 (Table 3).

Due to broadening of the reflections likely caused by bridging of the crystal X2, the DAC was
opened andeloaded with the same crystals X1 and X2. During the DAC2 experiment, the unit
cell lattice parameters were measlae 14 pressure points up to 24.9(1) GPa. In particular, three
points at ambient pressure, after gas loading (P = 0.23(3) GPa) and a} GB#(&ere measured

in order to check consistency with the DAC1 experiments (Takl¢. Broadening of the
reflections during the DAC2 experiment was observed for both crystals above 14 GPa, especially
X2. To release the stress that build up during comspyedo 19.2(1) GPa, the DAC was placed

on a heating plate at 200 °C for 30 minutes. The pressure inside the DAC dropped by 8.1 GPa to
11.1(1) GPa, however, the reflections became sharper again. For example, the FWHM for
reflection €2 0 4) was 0.287 beferheating at 19.2(1) GPa and became sharper having a FWHM

of 0.081 after relaxation at 11.1(1) GPa. After increasing the pressure again to 17.61(1) GPa, the
FWHM of reflections (22 4), an equivalent toZ 0 4) in the trigonal system, for X1 remained
shap with a FWHM of 0.111, however, the FWHM 6R(0 4) for crystal X2 increased again to
0.164.

The third DAC experiment (DAC3) was loaded with a singlgstal of the dimensions
100x100x15mm? to perform full intensity data collections at high pressiait-cell lattice
parametes were determined at nine pressure points up to 10.6(2) GPa (TablevBereas full

intensity data collection were performed at 4 pressure points (Takibg. At 9.15(1) GPa, a
broadening of the reflections was observed. Thoeeethe DAC was heated on a heating plate at

200 °C for 2 hours to release stress. As for DAC2, the reflections became sharper after the stress
release and the pressure dropped to 8.1(2) GPa. The experiment was continued from this pressure
point up to 106(2) GPa.

3.2 High-pressure compressibility of MgSiQ akimotoite

The variation with pressure of the uodll lattice parametera andc is shown in Figure -2 for

all crystals (Table-d). At 1417 GPa the unitell axis values obtained for X1 and X2 are clearly
different, likely due to some nemydrostatic stresses developing in the DAC chamber as
suggested by the reflection broadenimyis is particularly visible in the/a ratio (Figure 33),
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which shows a larger scatter for the pressure points between 14 to 17 GPa. After having heated
the DAC as described in section 3.1 in order to relax the stressesattatio values become

very similar again up to 24.9(1) GPa. To fit the axial compressibility, the data points between 14
to 17 GPa of DAC2 were, therefore excluded.
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Figure 3-2: Unit-cell lattice parameters of MgSi@kimotoite from the three DAC experiments

as a function ofpressure as calculated from the ruby fluorescencexia (top) and @xis
(bottom). The solid lines represent the linear BM3 EoS fits using the parameters reported in
Table 32. The uncertainties are smaller than the symbol size.
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Table 31: Unit-cell parameters of crystals X1 and X2 measured in the two DAC experiments up
to 24.9(1)GPa and of the akimotoite crystal loaded in DAC3. The pressure was calculated using

the ruby fluorescence lines following Dewaele e{2004).

X1 X2
Pruby (GPa) a(®d) c(®) V(A3 a(h) c®) V(A3
DAC1
0.001(1)  4.7253(5) 13.5493(12) 262.00(5) 4.7258(5) 13.5528(4) 262.12(5)
0.60(5)  4.7212(3) 13.5295(6) 261.16(3) 4.7223(4) 13.5345(3) 261.38(3)
1.10(1)  4.7183(1) 13.5177(4) 260.62(2) 4.7194(4) 13.5209(4) 260.80(4)
2.07(11)  4.7112(2) 13.4881(5) 259.28(2) 4.7129(6)  13.4927(5) 259.54(7)
3.93(1)  4.7027(4) 13.4467(9) 257.54(4) 4.7032(3) 13.4505(3) 257.67(3)
4.07(1)  4.7026(4) 13.4453(9) 257.50(4) 4.7030(3) 13.4489(2) 257.61(3)
6.20(6)  4.6898(4) 13.3919(9) 255.08(4) 4.6895(9) 13.3925(9) 255.06(10)
6.48(6)  4.6878(3) 13.3828(8) 254.69(3) 4.6880(4) 13.3847(5) 254.75(4)
7.88(3)  4.6806(2) 13.3509(4) 253.30(2) 4.6801(4) 13.3524(5) 253.27(4)
8.00(20)  4.6803(2) 13.3496(5) 253.25(2) 4.6799(4) 13.3502(5) 253.22(5)
9.45(14)  4.6723(4) 13.3126(9) 251.68(4) 4.6720(3) 13.3166(4) 251.73(3)
10.68(3)  4.6654(4) 13.2817(8) 250.36(4) 4.6650(5) 13.2880(6) 250.43(5)
12.14(6)  4.6577(5) 13.2495(11) 248.92(5) 4.6577(6) 13.2534(10) 249.00(7)
DAC?2
0.001(1)  4.7245(7) 13.5460(16) 261.85(7) 4.7265(4) 13.5550(3) 262.24(4)
0.23(3)  4.7230(5) 13.5389(11) 261.55(5) 4.7257(5) 13.5490(5) 262.04(6)
7.37(3)  4.6856(6) 13.3672(20) 254.16(6) 4.6846(9) 13.3702(9) 254.11(10)
13.88(5) 4.6525(12) 13.2125(33) 247.68(12) 4.6487(14) 13.2270(13) 247.55(15)
14.07(38) 4.6510(14) 13.2042(37) 247.36(14) 4.6459(12) 13.2140(10) 247.01(13)
16.37(1)  4.6395(10) 13.1661(27) 245.43(9) 4.6363(9) 13.1718(8) 245.19(9)
16.37(1)  4.6416(12) 13.1756(33) 245.83(12) 4.6436(9) 13.1811(12) 246.14(10)
17.40(2)  4.6375(18) 13.1537(48) 244.99(17) 4.6386(7) 13.1602(9) 245.22(8)
17.72(10)  4.6357(20) 13.1532(55) 244.79(20) 4.6375(9) 13.1575(10) 245.06(9)
17.44(9)  4.6328(6) 13.1498(16) 244.42(6) 4.6376(11) 13.1606(13) 245.12(12)
19.91(21)  4.6212(7) 13.0986(20) 242.25(7) 4.6255(9) 13.1126(10) 242.97(10)
22.05(12) 4.6123(5) 13.0661(14) 240.72(5) 4.6154(6) 13.0762(7) 241.23(6)
24.86(3)  4.6008(6) 13.0180(17) 238.64(6) 4.6025(5) 13.0268(6) 238.98(6)
7.79(28)  4.6802(6) 13.3516(16) 253.27(6) 4.6806(8) 13.3527(9) 253.34(9)
DAC3
0.001(1)  4.7282(1) 13.5585(1) 262.50(2)
0.87(3)  4.7219(3) 13.5322(2) 261.30(4)
2.12(11)  4.7136(3) 13.4977(2) 259.72(3)
3.39(3)  4.7077(1) 13.4681(1) 258.49(1)
8.07(11)  4.6802(2) 13.3494(2) 253.23(3)
8.13(1)  4.6790(4) 13.3464(4) 253.05(4)
9.15(1)  4.6743(4) 13.3239(3) 252.11(5)
8.10(20)  4.6786(8) 13.3437(6) 252.95(8)
10.57(20)  4.6680(8) 13.2928(6)  250.85(9)
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Figure 3-3: c/a ratio ofakimotoite for all three DAC experiments as a function of pressure. The
data scatter between 14 and 17 GPa for DAC2 (X1 and X2) is likely explained by the onset of
non-hydrostatic stresses. These were released by heating the cell up to 200 °C for 30 min.

The unitcell volumes (Table -3) obtained for MgSi@ akimotoite during the three different

DAC runs were plotted against the pressure calculated from the ruby fluorescence lines using the
pressure calibration reported by Dewaele e{2004) (Figure 34). The volumes measured for
crystal X2 in DAC2 are larger than the volumes of crystal X1. The reflections of X2algere
broader than those of X1 even after heating the DA2refore, lhe X2 unitcell parametey

were excluded for the EoS fitting.
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Figure 3-4: Unit-cell volumes of MgSi©akimotoite measured in all three DAC runs versus the
pressure determined using the ruby fluorescence calibration by Dewaele et al. (2004). The
volumes are in good agreement for DAC1 and DAC3, however, for DAC2,emiogdof the
reflections of X2 caused a deviation to larger volumes (open red symbols). The solid black curve
represents the BM3 EoS fitted using the parameters reported in T&2bl[Eh® uncertainties are
smaller than the symbol size.

3.2.1 Bulkcompressibility of MgSigakimotoite

In order to choose the truncation of the BM EoS to use (see section 2.7 .By;fthplot was
calculated for all three data sets of DACL, 2 and 3 individually combined in Figur&tg data
points can be fitted with a straight lifés = 209(1) + 367(76Je, which suggests that & ®der

BM EoS (BM3 Eo0S) need to be used. In these plbis intersect with thEe-axis represents the
isothermal bulk modulus, whereas from the slopeé 5.1 can be calculated (see section 2.7.4).
A BM3 Eo0S has been, therefore, used to fitRhe data resulting in the following parametevs:

= 262.26(3)A3, Ko =209(2)GPa andK 6=4.8(2) (Table ®) in excellent agreement with the
results of thd-e-fe plot. The resulting BM3 fitted to the-V data set is shown in Figure43
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Figure 3-5: Normalized pressure € plotted against the Eulerian straingfffor MgSiQ
akimotoite. The data can be fitted with a straight line intersecting-thaesyat ==209(1).

Table 32: Resulting BM3 EoS parameters for bulk and axial compressibility of akimotoite.

Vo (A3) 262.26(3)
Ko (GPa) 209(2)
K6 4.8(2)
ao (A) 4.7271(2)
Mo (GPa) 724(5)
M6 18(1)
co (A) 13.5576(4)
Mo (GPa) 461(2)
M6 14(1)
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3.2.2 Axial compressibility of MgSi@kimotoite

The unitcell lattice parameters normalized using the room pressure valaegand c/o are
shown in Figure &. MgSiQ akimotoite is clearly more compressible along ¢hexis making

the compression mechanism with increasing pressure very anisotropic. The normalized pressure
also was calculated for ttze andc-axes and plotted versus the Eulerian strain (Figifead 3

8). BothFe-fe plots could be fitted with a straight line implying the use of a BM3 EoS following
the same scheme as for the bulk compressibility. The intersects wik-tvees represent the
linear moduli,Ma andMc, respectively, whereas from the sloped & 22 for thea-axis and a0

= 16 for thec-axis can be calculated (see section 2.7.4). All EoS fitting parameters can be found
in Table 32. The fitted BM3 EoS describing the compred#ibof the a- andc-axes are shown

in Figures 3-2 and 36. As expected the resulting axial moduli for #néattice parameterMo =

724(5) GPa) is 1.5 times larger than the axial modulus of dhéattice parameter

(Mo = 461(2)GPa) (Table &) confirmingthe large anisotropy of the axial compressibility.
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Figure 3-6: Normalized unicell lattice parameters ageand c/@ as a function of pressure. The

c-axis is more compressible than theaxds. The solid lines are BM3 EoS fits using the
parameters reported in TableZ The uncertainties are smaller than the symbol size.
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3.2.3 Compressibility of MgSg@kimotoite in comparison with literature data

The bulk compressibility of MgSi©akimotoite can be compared to compressibility studies
reported in the literatur&o far, the compressibility of MgSig@kimotoite has been studied only

for polycrystalline samples. One study investigated the compressibility of Mg&idotoite

using a DAC (Reynard et al. 1996) with®las pressure transmitting medium up to 28 GPa. Two
other studies were performed in the laugdume press up to 16 and 25 GPa, respectively (Wang

et al. 2004, Zhou et al. 2014). The volumes obtained in the mentioned studies were normalized
with respect to their measareoom pressure values and comparedhe data obtained in the
present study on singleystals of MgSi@ akimotoite (black circles) (Figure®). The black line
corresponds to the BM3 EoS parameters reported in TaBleTBe normalized volumes from
Wang et al. (2004) and Zhou et al. (20Bppear slightly more compressible than the data
presented in this study, whereas the volumes reported by Reynard et al. (1996) are clearly much

stiffer.

The P-V data reported by Reynard et al. (1996), Wang et al. (2004) and Zhou et al. (2014) were
refitted using the EoSfitGUI software (Angel et al. 2014) in order to minimize difference created
by different fitting procedures. The refitted parameters are reported in T-8bl€HeKr andK 6
values obtained after refitting the data set of Zhou et al. (20&4imilar to those reported in the
original paper, although with a largés (Table 33). Due to a lack in resolution, tieV data by

Wang et al. (2004) were refitted with &-®der BirchMurnagham (BM2) EoS witlK dixed to

4. The resultind<r are much larger than reported in their study which report a veryKargmte
however that Wang et al. (2004) fixed tKe to the value recalculated from that reported by
Weidner and Ito (1985) d&so= 212 GPa and refined only andK”. Also Reynard al. (1996)

have fixed theKt to the value of 212 GPa, without, however, transforming it from adiabatic to
isothermal. In addition, they obtained considerably diffet¢iit depending on which pressure
scale they used. The ruby pressure scale giuegad 7.5(10) and the EoS of ice VII pressure
scale (Hemley et al. 1987) yieldsKadof 5.6(10). By fitting the data of Reynard et al. (1996)
according to the ice VII pressure scale with a BM2 we obtain a much krger expected from

the much stiffer volumeseported in the mentioned study. It is likely that figirostatic stresses

were developed inside the DAC experiment of Reynard et al. (1996) due to the uge a$ H
pressure transmitting medium which transforms to ice VIl above 2.5 GPa and therefore may

produce nothydrostatic conditions above such pressure (Angel et al. 2005).
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Figure 3-9: Variation with pressure of theormalized volumes of MgSi@kimotoite from this
study (black circles) in comparison to literature data versus pressure. Thebkaatidline is the

BM3 EoS fitted with the parameters reported in Tab® Bhe normalized volumes from Wang et

al. (2004) (purple diamonds) and Zhou et al. (2014) (blue triangles) are in agreement with this
study, especially at pressures below 15 GPa. Stwely by Reynard et al. (1996) (orange
triangles) strongly deviates to larger volumes which may be explained byydoostatic
conditions in their DAC experiment.
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Table 33: Comparison of bulk moduli from thésudy to experimental data from the literature. The refit parameters were obtained by re
fitting the RV data present in the literature with the EoSFit program.

Vo (A3) Kto (GPa) Kso(GPa) Ko Vo (A% (refit)  Kro (GPa) (refit) K drefit)
this study 262.26(3) 209(2) 2112 4.8(2)
Weidner and Ito (1985 263.56 212 -
Reynard et al. (1996) 262.17(49) 212 5.6(10) or 7.5(10) 262.08(24) 227(7) 4
Wang et al. (2004) 263.9(2) 210° 5.6(8) 263.59(3) 229(7) 4
Zhou et al. (2014) 262.53(5) 219.4(7) 4.62(3) 263.36(7) 219(3) 4.6(3)
ayalue recalculated using O zp | [ "With U =1/2K 4@4AsliDi da et al . 198 8-Bertelloni2805)1T=1288K( St i xrude

b Reynard et al. (1996) and Wang et al. (2004) fixed the val#gaffter Weidner and Ito (1985)
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3.3 Elasticity of MgSiGs akimotoite at high pressure

3.3.1 Wave velocities of MgSi@kimotoite

Brillouin spectroscopy measurements were collected at eleven pressure points for DAC1 and
DAC2 up to a maximum pressure of 24.9(1) GPa using the Brillouin setup described in section
2.7.5. An example of dispersion curvessgfvsiandvsz collected for cystal X1 at the maximum
pressure reached in this study is given in FigwE)3For the last two pressure points, an
overlapping of the diamonds (red circles in Figure -30) with the akimotoitesr occurred for
different orientation directions; howevehngtnumber of observable, i.e. wave velocities, was still
sufficient to constrain all elastic stiffness coefficients using the Christoffel equation as described

in section 2.7.5.
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Figure 3-10: Dispersion curves of pv(black), w1 (blue) and ¥ (green) of crystal X1 at
24.9(1)GPa. With increasing pressure, some of thsignals of the sample were masked by the
Vs signals of the diamond (red) reducing the amount of signals to be fitted with the Christoffel
equation.
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The resultingcj coefficents obtained at each pressure point are reported in TableTBe

uncertainties of the fittedio s ( T4 éré belowdt 2.5 % forcuy, €33, Ca4, C12, €13 @and around

1-2 GPa for the smalles{0 <14 andcys, that mnge between values <39 t023 GPa. Most of the

coefficients increase monotonously with increasing density (FigdrE),3except foicisa andcos

which decrease with pressure. )¢ s at ambi

ent

pressur ecéase

determined by Welner and Ito (1985) (or@e triangles in Figure-31) who have investigated a

singlecrystal of MgSiQ akimotoite at 16 different orientations. Tbe reported in this study is

negative likely due to a different setting for the transformation from the trigonal to the orthogonal

coordinates. The large differences between all stiffness coefficients (Figurei8 stressing the

fact that akimotoite is a highly anisotropic mineral.
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Figure 3-11: Variation with pressure of the stiffness coefficients cij of akimotoite. The large
anisotropy of MgSi® akimotoite can be seen in the large difference between all stiffness

coefficients. The black solid lines represent BM3 EoS fits through the stiffness coeffitients.

uncertainties are smaller than the symbol size.
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Table 34: Singlecrystal stiffness coefficientg@ s a b s ol uabyepregsure clsulateceusirfgRhe ruby calibration reported by
Dewaele et al. (2004) and density measured by sitryigtal Xxray diffraction. The RVHaverage bulk (isothermal+and adiabatic K)
and shear moduli are reported, as well as the aggregate veloeitiasdvs. Kr was calculated using the relatiotyy L, = » a4
with U =1/2K 44AsliDi da et al . 1 #hgod+Bertelloni 2605)ndT & 298 K.t | xr ude and

Pabs Pruby density C11 C33 Caa C12 C13 C14 Cos5 Kt Ks G Vp Vs
(GPa) (GPa) (g/cn?)  (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (km/s) (km/s)

0.00 0.001(1) 3.8125(5) 458(2) 368(2) 104(1) 153(3) 78(2) 23(1) -21(2) 206(1) 208(1) 130(1) 10.01(2) 5.85(2)
3.87 3.93(1) 3.8813(5) 482(2) 390(4) 115(1) 171(3) 99(2) 12(1) -32(1) 227(1) 229(1) 137(1) 10.27(2) 5.93(2)
7.88  7.79(3) 3.9486(9) 496(3) 410(3) 121(1) 173(4) 105(2) 14(1) -31(1) 236(2) 238(2) 143(1) 10.39(2) 6.01(2)
10.68 10.68(3) 3.9934(8) 531(2) 430(2) 128(1) 198(3) 120(1) 11(1) -32(1) 258(1) 260(1) 149(1) 10.69(1) 6.11(1)
12.15 12.14(6) 4.0163(11) 528(2) 434(2) 131(1) 190(3) 124(1) 12(1) -36(1) 258(1) 260(1) 150(1) 10.68(1) 6.12(1)
13.90 14.07(38) 4.0430(22) 543(2) 447(2) 135(1) 198(3) 129(2) 15(1) -35(1) 267(1) 269(1) 154(1) 10.81(1) 6.17(1)
16.03 16.37(1) 4.0748(20) 555(2) 463(2) 140(1) 206(3) 141(2) 14(1) -36(1) 278(1) 281(1) 158(1) 10.95(2) 6.22(1)
17.17 17.44(10) 4.0915(10) 565(4) 459(6) 143(2) 210(6) 155(4) 15(2) -37(2) 287(3) 289(3) 158(1) 11.03(4) 6.22(3)
19.72 19.91(21) 4.1282(12) 579(2) 476(3) 147(1) 224(3) 151(2) 13(1) -37(1) 293(1) 296(1) 163(1) 11.11(2) 6.28(1)
21.60 22.05(12) 4.1545(9) 576(2) 486(2) 150(1) 217(3) 162(2) 14(1) -38(1) 297(1) 300(1) 164(1) 11.14(1) 6.28(1)
24.23 24.86(3) 4.1906(10) 594(2) 502(2) 155(1) 233(3) 170(2) 11(1) -39(1) 310(1) 313(1) 167(1) 11.28(1) 6.32(1)

Note w ™ 0w
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The Reuss and Voigt bounds of the bulk and shear moduli were calculated usifigshe and t he
sjf6s obtained inverting the elastic t-82mnsar (se
function of density. As proposed by Watt et al. (1976), titbraetic average has been used to
calculate the Reusgoigt-Hill average which represents the aggregate bulk and shear moduli of a
composite material. The resulting Red&sgt-Hill average bulk and shear moduli obtained from

the Brillouin spectroscopy mearements are shown in Figurel3 (black symbols). The

adiabatic bulk modulus of 208(1) GPa obtained from Brillouin spectroscopy is slightly smaller

than the recalculated adiabatic bulk modulus obtained from EoSfit of 211(2) GPa.
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Figure 3-12: Elastic moduli Kr and G versus density. The black circles are the RVH average
isothermal bulk and shear moduli determined experimentally. The solid lines represent BM3 EoS
fits through the RVH average (black), the upper Voigt bound (red) and the lower Reuss bound
(blue).The uncertainties are smaller than the symbol size.

The aggregate compressional and shear wave velocities, were calculated following equgtions (1
and (18, respectively, by using the elastic moduli determined with the Rénig$-Hill average

ard density measured using single/stal Xray diffraction on the same crystals (Figure$33

and 314). The difference between the Reuss and Voigt otordboth the longitudinal and
shear wave velocities are ~0.3 km/s and decrease slightly with ingrgasssure indicating a

decrease in anisotropy (Figured3 and 314).
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Figure 3-13: Pressure dependence of the longitudinal aggregate velogitieShe Voigt (red)

and Reuss (blue) bounds were plotted to show the range of possible longitudinakloaitees
through MgSiQ@ akimotoite. The black circles represent the experimentally determined aggregate
vp calculated from the R\4dverage versus the absolute pressure and the black line correspond
to a BM3 EoS fit through this data s&€he uncertaintis are smaller than the symbol size.
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Figure 3-14: Pressure dependence of the shear aggregate velogiieEhe Voigt (red) and
Reuss (blue) bounds were plotted to show the range of possible shear wave velocities through
MgSiQ akimotoite. The black cires represent the experimentally determined aggregate
calculated from the RVidverage versus the absolute pressure and the black line correspond to a
BM3 EO0S fit through this data set.
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A comparison between the absolute pressuralculated using equati¢®8) and the pressures
determined by the ruby fluorescence shift using the calibration reported by Dewaele et al. (2004)
is plotted in Figure 5. Both pressures are in agreement within 2.5 % uncertainty (black solid
lines) of the ruby pressure scaletop?5 GPa. The ruby pressure may deviate from the absolute
pressure due to nemydrostatic stresses. Note that the absolute pressure appears smaller than that
measured with ruby when the broadening of the reflections during singial Xray diffraction

were observed due to stresses in the DAG. (eetween 137 GPa and > 22 GPa).
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Figure 3-15: Comparison of the absolute pressure calculated using the bulk modylus K6 an d
the density determined during the Brillouin experiment with the ruby presaloelated using

the ruby fluorescence pressure calibration reported by Dewaele et al. (2004). The black lines in
the plot on the right side represent the uncertainty 8)®f the ruby pressure scale.

3.3.2 Elastic compliances and axial compressipilit

Knowledge of the full elastic tensor and of the elastic compliance tensor (as described in section
2.7.3, Table &) allows the calculation of the axial compressibibtgccording to the following
equations:

I i i i (eq. 45

f i i i (eq. &)
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whereb; andbs are the axial compressibility for tlae andc-axis, respectively

The linear compressibility can also be obtained bya) diffraction as shown in Chapter 3.2 by
fitting the a- andc lattice parameters with a BM3 Eo0S. In this case, the linear compresdibility

can be calculated from the linear madat each pressure point according to the equations:

P (eq. 47
U

The compressibility for both the- and c-axes determined independently from the full elastic
tensor (black) and Xay diffraction (red) are plotted in Figurel®. The data calculated from the
two different methods are in excellent agreement with one another for theastiftes, however

for the c-axis the Xray data suggest a slightly more compressible behavior than the Brillouin

data.

Table 35: Compliance coefficients for akimotoite obtained by inverting the stiffness matrix as
described in section 2.7.3.

Pabs(GPa) s11(GPal) si12(GPal) si3(GPal) ss1(GPald) 2 (GPal) s33(GPab)

0.00 0.00262 -0.00089 -0.00036 -0.00036 -0.00036 0.00287
3.87 0.00255 -0.00089 -0.00042 -0.00042 -0.00042 0.00278
7.88 0.00246  -0.00083 -0.00042 -0.00042 -0.00042 0.00266
10.68 0.00234 -0.00083 -0.00042 -0.00042 -0.00042 0.00256
12.15 0.00236  -0.00081 -0.00044 -0.00044 -0.00044 0.00255
13.90 0.00230 -0.00080 -0.00043 -0.00043 -0.00043 0.00249
16.03 0.00226  -0.00078 -0.00045 -0.00045 -0.00045 0.00243
17.17 0.00225 -0.00076 -0.00050 -0.00050 -0.00050 0.00252
19.72 0.00221 -0.00079 -0.00045 -0.00045 -0.00045 0.00238
21.60 0.00221 -0.00075 -0.00049 -0.00049 -0.00049 0.00238
24.23 0.00217 -0.00077 -0.00048 -0.00048 -0.00048 0.00231
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Figure 3-16: Calculated compressibility of the-axis (left) and of the -axis(right) up to
pressures of the transition zone using the full elastic tensor determined by Brillouin spectroscopy
(black) and the BM3 EoS fit of the uocill axes of akimotoite (red). The stdting
compressibilities obtained with the two independent methods are in good agreement.

3.3.3 Comparison of the wave velocities of Mg%ikimotoite with literature

The longitudinal and shear wave velocities of MgS#Rimotoite at room temperatucan be
compared to four studies published in the literature. The first study by Weidner and Ito (1985)
has been performed at room pressure and temperature on acsystgé of MgSiQ akimotoite
using Brillouin spectroscopy. Their resulting wave velosifierange triangles in Figurel¥ and
3-18), v andvs are slightly faster than the RVH average velocities determined in this study,
however, lie well between the Reuss and Voigt bounds. Another experimental study investigating
the elastic properties obfycrystalline MgSiQ akimotoite using ultrasonic interferometry (Zhou
et al. 2014) obtained longitudinal and shear wave velocities that are faster (green circles in
Figures 317 and 318) than those reported in this study, in particularwheven exceedhe
Voigt bound determined in this study. A possible explanation for this discrepancy may be that the
sample of Zhou et al. (2014) have patrtially transformed to Mg®i@igmanite during the
heating cycles performed in the ultrasonic measurements. Teenpeeof a minor phase is not
easily recognized by means of enedygpersive Xray diffraction and a small amount of
bridgmanite would be sufficient to increase the wave velocities as well as changing their pressure
dependence. Da Silva et al. (1999) aaetdd a computational study on MgSigkimotoite using
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the ab initio pseudpotential method obtaining longitudinal and shear wave velocities (purple
lines in Figures A7 and 318) which lie very close to the Voigt bound. Their pressure
dependence is nais steep as that shown in the present study, moreover, the room pressure bulk
and shear moduli reported by Da Silva et al. (1999) are much l&gera22 GPa anto = 144

GPa) likely due to the fact that the study has been performed at 0 K. A verysembn({Hao et

al. 2019) (pink lines in Figures-B7 and 318) used density functional theory to compute the
elastic parameters of akimotoite up to 30 GPa and 2000 K and repétted 202 GPa anto =

126 GPa at 298 K. Thep and vs reported by Hao etla(2019) are slower than those

experimentally determined in this study.
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Figure 3-17: Comparison of the longitudinal aggregate wave velocities of Mg&kdnotoite
obtained in this study with those experimentally determined using Brillouin spectrasgopy
Weidner and Ito (1985), an ultrasonic study by Zhou et al. (2014) and with those obtained in two
computational studies (Da Silva et al. 1999 and Hao et al. 201.uncertainties are smaller

than the symbol size.
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Figure 3-18: Comparison of thehear aggregate wave velocities of Mgs#aRimotoite obtained

in this study with those experimentally determined using Brillouin spectroscopy by Weidner and
Ito (1985), an ultrasonic study by Zhou et al. (2014) and with those obtained in two
computationaktudies (Da Silva et al. 1999 and Hao et al. 2019).

3.4 Anisotropic behavior of MgSiQG akimotoite at transition zone pressures

The velocity distributions for akimotoite at room pressure and at 243¥a&)are shown in
Figures 319 and 320. In all lower hemispheres shown in Figured93 and 320, the
crystallographica-axis points towards east (90°) and thaxis points towardshe reader. The
fastest velocities are marked with black squares and the slowest velocities with white circles,
respectively. The fastest velocities in the hemispheres do not travel along crystallographic axes as
also reported by the molecular dynamics gtatlZhang et al. (2005) and by the-ialtio study

of Da Silva et al. (1999) whereas among the slowest velocities, waliravels along the
crystallographicc-axis. With increasing pressure, the difference between the maximum and
minimum velocities deease gradually, however, the distribution of the anisotropies remains the
same (Figures-329 and 320). In comparison to the velocity distribution determined in this study,
the ones obtained using the elastic coefficients by Weidner and Ito (1985) ted ohbakwise

by 30° (Figure 319, right). This rotation was found to be caused by a negetiveoefficient,

whereas thei4 in this study is positive. Unfortunately, Weidner and Ito (1985) do not report
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which setting they have used for the transforrmafrom the trigonal to an orthogonal system to
describe the acoustic wave velocities directions. It is very likely that they have chosen the
crystallographica-axis to be along the orthogonalaxis, contrary to this study which has

along X (see sectioR.7.5). The different notation would account for the 30° rotation, leaving the
velocity distributions unchanged and, as expected given the similarity ofjtheractically
identical to those calculated in this study (Figw#93. Zhang et al. (2005) perted the velocity
propagation directions at 25 GPa and 1300 K but opposite to this study, they have reported the
velocity propagation direction in the-X and Y-Z azimuthal planes. The velocity propagation in

the X-Y plane is comparable to those fromstktudy (Figure 20). Judging from the shape of

they likely chose the Z plane rather than the-X plane as labelled in their figure. If this is true,

also these velocity distributions of thezplane are comparable to those obtained from Brillouin
spectroscopy at 25 GPa. Also the shear wave splitting pattern of Zhang et al. (2005) follows that
of this study (Figure-20 upper right) if the XZ planes is assumed indicating that no shear wave
splitting occurs along the-&xis and the maximum shear veasplitting is randomly distributed.

No rotation was observed relative to Zhang et al. (2005) indicating that the same reference

system has been used.

The vp anisotropy as well as thevgave polarization anisotropyw andAvsp, calculated using

eg. 29and 30 respectively, are plotted against pressure in Figie. Bwspis roughly 1.5 times

larger tharAwe, moreover both anisotropies smoothly decrease with increasing pressure from 32
to 26 % and from 19 to 13 %, respectively, making akimotoite thé¢ amisotropic mineral in the
transition zone. ThAw andAvsp anisotropies at room pressure calculated from the elastic tensor
by Weidner and Ito (1985) are slightly larger (21 and 35 %) than the anisotropies determined in
this study (19 and 32 %). Theroputational study by Zhang et al. (2005) repoAvar ~2 %

larger at room pressure (blue lines in Figur2l3 but with a more pronounced decrease with
pressure, whereaspis 3 % smaller, decreases with pressure, but abo@PEbstarts to increase
agan. Da Silva et al. (1999) report smallkvr and Avsp by ~3 and 5%, respectively, however
their data present a very similar behavior with pressure as that reported in this study. The best
agreement between a computational study and the experimentallynideranisotropies from

this study is given by the values reported by Hao et al. (2019) (pink in Figlire BothAw and

Avspof Hao et al. (2019) are less than %Xdifferent from those obtained in this study and have

a very similar trend as a functi@f pressure.
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Figure 3-19: Velocity distributions of MgSiakimotoite at room pressure obtained using the program Anis2k written by Mainprice
(1990) using the elastic coefficients determined in this study (left) and Weidner ad®8&) (right) and represented in the lower
hemisphere.anisotropies (upper left),svand \&2 anisotropies (lower left and right, respectivelyjw8ve polarization anisotropy Ay
(upper right). Blue and red colors correspond to the fastest and dlavea® velocities, respectively. The distribution of propagation
directions of the Pand Swave velocities between this study and Weidner and Ito (1985), appears identical except for a rotation of 30°.
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Figure 3-20: Velocity distibutions of MgSi®@akimotoite at 25 GPa obtained using the program
Anis2k written by Mainprice (1990) for the elastic coefficients determined in this study and
represented in the lower hemishere.anisotropies (upper left),svand \s2 anisotropies (lowe

left and right, respectively),-Bave polarization anisotropy Aw (upper right). Blue and red
colors correspond to the fastest and slowest wave velocities, respectively. With increasing
pressure, the Pand S wave anisotropies decrease, however, theral velocity distribution
remains the same.

To interpret the anisotropies observed by seismological studies, it is important to also consider
the evolution of the anisotropies at high temperature. Zhang et al. (2005) found that with
temperatures up tb500 K, theAw andAvspwill increase by ~3% and ~6%, respectively, making

the anisotropies similar to the ones at ambient conditions. They modelled the anisotropic features
of an assemblage consisting of 58% ringwoodite, 35% akimotoite an@aperovskite and

found that it resembled the anisotropic features found in akimotoite
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Figure 3-21: P-wave anisotropy (A and Swave polarization anisotropy (Ay of MgSiQ
akimotoite with increasing pressur&éhe uncertainties are smaller than the symbol dtzw.
comparison, the anisotropies calculated using the elastic tensor at room pressure by Weidner
and Ito (1985) and three computational studies (Da Silva et al. 1999; Zhang et al. 2005 and Hao
et al. 20D) also are reported.

The preferred alignment (CPO) of akimotoite crystals at high pressure and temperature have been
investigated experimentally by Shiraishi et al. (2008). At temperatures of 1573 IK;attie

aligns parallel to the compression direction, whereas at 1273 kK-dakes was found to align
parallel to the shear direction and therefore perpendicular to the compression direction. This
indicates that in a polycrystalline akimotoite sample theSR and S- wave propagation is very

slow parallel to the compression direction at temperatures of 1573 K or slow parallel to the shear
direction at 1273 K since along theaxis, all the velocities are slow compared to other
directions. This also implies reduction imPAv andAvspin a polycrystalline aggregate akeady
described by Shiraishi et al. (2008) compared to the anisotropies in a®iygl of akimotoite.

The Tonga subduction zone has two distinct slab segments, the northern and gauthetmere
P-waves propagate slower in slab normal direction or slower in slab sinking direction,
respectively (Shiraishi et al. 2008). Relating this to the CPO found experimentally in akimotoite,

the difference in seismic anisotropy was interpreted todused by a difference in temperature
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with the northern segment being colder (~1273 K) and the southern segment to be hotter
(~1573K) (Shiraishi et al. 2008). The observation of seismic anisotropy in the Tonga slab at
transition zone pressures was atitdd exclusively to the presence of akimotoite since the other

two transition zone minerals ringwoodite and majorite are almost isotropic (Shiraishi et al. 2008).

3.5 High-pressure structural evolution of MgSiGs akimotoite

Structural refinements were perfned on intensity data collected at four pressure points. Bond
distances and volumes of the Mgénd SiQ octahedra are reported Tablé3The MgQ and

SiOs octahedral volumes decrease smoothly with increasing pressure witlh bég@ more
compressible than S§dKo = 157(10) GPa anio = 390(57) GPa, respectively, using BM2 EoS)
(Figure 322) and are in good agreement with those reported by Yamanaka et al. (2005)
investigating the structure of MgSi@kimotoite up to 7.8 GPa (ep black symbols in Figure 3

22).
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Figure 3-22: Octahedral volumes of the Mg@blue) and Si® (red) octahedra in the MgS{O
akimotoite structure up to 10.8(1) GPa. The solid lines represent BM2 EoS through the data sets.
The octahedral volumes are in good agreement with those reported by Yamanaka et al. (2005).
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Table 36: Octahedralvolumes and individual $ and MgO bond distances obtained from structural refinement measurements on
MgSiQs akimotoite at four pressure points up to 10.8(1) GPa.

Puby (GPa) V MgOs (A% V SiOs (A% Mg-O1(A) Mg-02 (A) SicO1(A) Si-02 (A)

0.001(1) 11.34(3) 7.51(2) 1.995(2)  2.173(2) 1.761(2)  1.825(2)
2.12(11) 11.24(3) 7.43(2) 1.986(2)  2.160(2) 1.758(1)  1.820(1)
8.04(1) 10.82(3) 7.35(2) 1.968(2)  2.130(2) 1.747(1) 1.812(2)
10.83(3) 10.70(3) 7.31(2) 1.958(2)  2.122(2) 1.741(2) 1.812(2)
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The variation with pressure of the bond distancesQdg Mg 02, StO1 and SiO2 are shown in
Figure 323. Linearized second order BM (BM2) equatiaisstatehave been used to describe
the bond distance behavior with pressure. Tlge@/Mbonds are more compressible than th® Si
bonds, moreover M@2 compress more rapidly than ML having linear moduli of 531(40)
GPa and 385(22) GPa, respectively. This can be expected since longer bonds are usually more
compressible. In contrast toath the SIO1 and SiO2 bonds are stiffer with linear moduli of
880(90) GPa and 1379(282) GPa, respectively, making t& $iond the stiffest of all bonds in

the akimotoite structure in spite of it being longer tharO%i This can be explained by the
position of the SIO1 and SiO2 bonds in the Siébctahedra. The longer-812 bonds are directly
connected to the Mg{octahedra not allowing them to vary much whereas the oxygens of the
shorter SIO1 bonds are not bonded to anything pointing towards the void in the akimotoite

structure and allowing them to move freely. The data by Yamanaka et al. (2005) support this

obsevation.
2.3H l 1 T I ——
® Mg-O1
O Mg-02
- B Si-01 | 4
2.2 8 _ o . O 502
< T ———s
o 21F -
)
O
C
2 —o & —e
2 19F —
o)
Qo
181 B
F — - . = o f —m
1.7 0l | | | | —

0 2 4 6 8 10

pressure (GPa)

Figure 3-23: Change in bond distances of ML, MgO2, StO1 and SiO2 up to 10.8(1) GPa.

The uncertainties are smaller than the symbol $iwechange in compression mechanism can be
observed up to this maximum pressure reached in this sthabh ws supported by the data
measured by Yamanaka et al. (2005) shown with the black symbols. The solid curves represent
BM2 EoS fits of the individual bond distances.
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The axial compressibility of akimotoite is highly anisotropic as shown in Fig@&&8icating
that thec-axis is much more compressible than daxis. The compression along théirection

can be described by means of the distance between the Mg and Si cations that are located in
opposite octahedra in two adjacent layers (Figus¢ &d arenot influenced by the compression
along thea-axis The main compression along thélirection, instead can be described by means
of the distance between the oxygens forming the edges of thesHadag octahedra that are
perpendicular to the-axis. The change in M§i and GO distance with increasing pressure is
shown in Figure 24. The compressibility of the two distances has been dedcubag
linearized BM2 equations shown as solid curves in Figu?d.3The MgSi distance is more
compressible having a linear modulus of 458(56) GPa relative to ta distance which has a
linear modulus of 859(199) GPa very similar to that of the incompressi®d $ond. It appears
therefore that the faegharing octahedra are primarily responsibletii@r very stiffa-axis and as

a consequence determine the anisotropy of the akimotoite structure.
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Figure 3-24: Changes with pressure in the distance between two oxygens forming the face
sharing octahedra and the distance between the Mg and Si cationsafooadjacent octahedral
layers representing the main compressions along thand caxes, respectively. The Mgj
distance decreases more rapidly with pressure relative to Hi distance. The solid curves
represent BM2 EoS fits through the individuatalsets.
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4. The effect of Al substitution on the structure and elasticity of

akimotoite

4.1 Structural evolution in the MgSiOs akimotoite-Al 203 corundum solid solution

In order to understand the effect of Al on the wall parameters and structure akimotoite,
eight singlecrystals having different compositions in the MgSikimotoiteAl,Oz corundum
solid solution were investigated (see chapter 2.5.1 for the syntheses details). Unfortiinedsly
only possible to synthesize one-Ad¢h akimotoie singlecrystal, whereas corundum crystals with

a maximum MgSi®@content of 296 could be obtained.

4.1.1 The crystal structures of MgSi&kimotoite and A3 corundum

MgSiOz akimotoite and AIOs corundum have very similar structures consisting of octahedral
layers. In MgSiQ@ akimotoite, Mg and Si occupy alternating layers as described in section 1.3
(Figure 15), whereas in corundum, all octahedra are occupied by Al with a consequent increase

in symmetry fromRo of akimotoite to Roc (N0.167) (Figure 41).

Figure 4-1: Crystal structure of AD3 corundum at ambient conditions. Corundum crystallizes in
the R ¢ space group and consists of alternating layers ofsAtfdeen) octahedra. The increase

in symmetry relative to the akimotoite structure is due to the chemical equivalence of all
octahedra.
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So far, no study has investigated whether a complete solid solution between the two end
members is possible neither tmeixing behavior of MgSi® akimotoiteAlOs corundum.
Moreover, structure refinements on singtgstal data are only available for the endmbers
MgSiOs akimotoite and AlOs corundum (Horiuchi et al. (1982) and Finger and Hazen (1978),

respectively).

4.1.2 Change in unitell parameters in the akimotoitmrundum solid solution

The unitcell lattice parameters measured for the investigated samples in the akimotoite
corundum solid solution are reported in Tablg dnd plotted versus the Al contentHigure 42.

The unitcell parameters obtained for two polycrystalline samples Ak97.5 and Ak80 using both
the Bruker diffractometer (Table-¥) and energylispersive XRD (EDXRD) during the
ultrasonic measurements performed at APS (T&¢, 4s well as thenit-cell parameters of the
polycrystalline samples studied by Akaogi et al. (2002) also are plotted in Figre3he
variation of thea- and c-axes with Al content is strongly not linear; thelattice parameter
increases rapidly once the 28: comporent is incorporated into the akimotoite structure and
even more rapidly when MgS#Qs incorporated into the corundum structure, whereascthe
lattice parameter has a negative deviation from linearity. As a consequenck rdie for the
akimotoiterich samples decreases rapidly, whereas the corwnidhnsamples have very similar
values ofc/aratios (Figure 4). The MgSiQ akimotoiteAl.Oz corundum solid solution appears,
therefore, strongly noeideal, moreover, the very different behavior of samplese to the two
endmembers suggests that substitution afAlinto akimotoite gives rise to structural distortion
very different from those occurring when MgSi® substituted into corundum, hence, it is very
likely that an immiscibility gap is presearound the 50:50 compositions. Note, however, that
due to the opposite behavior of thandc the unitcell axes, the unitell volume variation along
the MgSiQ akimotoiteAl 2Oz corundum solid solution appears very close to linear (Figite 4
Literature data on volumes measured on polycrystallin®Abearing akimotoite samples (open
circles, Akaogi et al. 2002) and polycrystalline Mg&ié@aring corundum (open squares, Liu et
al. 2016 and personal communication; open diamonds, Irifune et al. 1@9&lsa reported for
comparison. The majority of the data follow the solid line joining the tweneehber values

obtained in this study, although the Mg%iearing corundum samples present a larger scatter,
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likely due to the fact that the-Kay diffraction measurements were performed on samples for
which the MgSiG-rich caundum was either a minor phasepresented very small grain size.
Also the unitcell volumes of the enthember akimotoite (open triangle, Wang et al. 2004) and
corundum (opemhomb, Higo et al. 2018) reported in Figure 4.3 show larger values than those
obtained from our singlerystal study. Those measurements were performed on polycrystalline

samples using energlispersive Xray diffraction with synchrotron radiation.
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Figure 4-2: Evolution of the a and c untell lattice parameters and of the resulting c/a ratio in
the MgSiQ@ akimotoite- Al2Os corundum solid solution. The black stars represent the single
crystals synthesized in this study. The red and blue circles arattloe parameters obtained
from polycrystalline samples using the Bruker mifoous diffractometer (solid) and energy
dispersive Xay diffraction (EDXRD, open)). The open black circles are the lattice parameters of
Al-bearing akimotoite from Akaogi at. (2002).The uncertainties are smaller than the symbol
size.
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Figure 4-3: Comparison of the unitell volumes of all (ADsz-bearing) akimotoite and (MgS#©

bearing) corundum data available in literature versus the Al content. The majority of the data
follow the line drawn between the MgS#&kimotoite and A3 corundum enanember.

It is interesting to notice that theeaxis of the Cor81 sapte is slightly smaller and theaxis is
slightly larger than the trend observed for all other MgS$i€aring corundum singlerystals
(Figure 42). In other words, tha andc values of this crystal are closer to the ideal mixing trend
described by the line between the endmbers. A careful analysis by means of a shogystal
X-ray diffraction measuraent on the Huber diffractometer revealed that the 0 0 3 reflection
which is extinct in space grougoc was actually present suggesting an incipient ordering of Mg
and Si into the corundum structure. No other reflections consistent with spaceRmowere
strong enough to be detected, however this is not surprising since they are very weak even in the
akimotoite enemember. For all other MgSiich corundum singkerystals the 0 0 3 reflection
was not present. The Cor81 sample was synthe@tedctlativdy low temperature (1673 K)
(Table 21) while all other MgSi@bearing corundum singlerystals were synthesized at much
higher temperatures (more than 1&)3(Table 21). The low temperature may have enhanced
some ordering of Mg and Si which was mainéairduring quenching. This suggest that ordering
decreases, even if only minimally, the Adeality of the akimotoiteeorundum solid solution.
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Table 41: Unit-cell parameters determined on eight singtgstals and two polycrystalline
samples in thistudy.

experiment Al 203 (mol) a(A) c(A) V (A3

S6925 AK100 0.000 4.7288(1)  13.5609(4)  262.62(1)
S7179 AK99 0.008 4.7293(1)  13.5502(1) 262.47(1)

1796 Cor7s 0.751 4.7703(3)  13.0189(4) 256.56(3)

1789 Corso0 0.800 4.7678(1)  13.0172(2)  256.27(2)
S7237a Cor81 0.814 4.7600(2)  130113(5) 255.29(2)
S7156a Cor92 0.924 4.7625(2)  12.9996(4) 255.34(3)
S7156b Cor97 0.974 4.7603(15) 12.9969(30)  255.06(6)
S7203 Cor100 1.000 4.7594(6)  12.9903(8)  254.83(7)
S6741 AK97.5 0.025 47291(1)  13.5404(4) 262.26(1)

1444 AK80 0.203 4.7534(1)  13.3440(6) 261.11(1)

4.1.3 Structural evolution in the akimotoeiterundum solid solution

Structural refinements on eight singleystals in the solid solution between Mg$i&€kimotoite

and AbOs corundum were performed in order to understand thelinearity observed in the
unit-cell lattice parameters and to elucidate the structural mixing behavior. The resulting
octahedral bond distances and volumes are reported in Zab(éhe atomic coordates and
displacement parameters are reported in Tabkiithe appendix). Figure4 shows the change

in octahedral volume with incorporating Al into the Mg@®@range) and Si©(blue) octahedra
and incorporation of Mg and Si into the Al@gyreen) octaddra. Substitution of Al into the
akimotoite structure mainly affects the Mg€ite given that the ionic radii (i.r.) of Al and Mg are
0.535 A and 0.72 A, respectively (Shannon et al. 1976). As expected the dbtgedral
volumes decrease due to the sitbsbn of Al. This is also represented by the decrease in both
the MgO1 and MgO2 bonds (Figure-%). Unexpectedly, a small decrease in octahedral volume
of the Si site is also visible, in spite of Al being larger than Si (i.r. Si = 0.40 A; Shannan et al
1976).
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Figure 4-4: Octahedral volumes of MgO(orange), Si@ (blue) and AIQ (green). For
comparison with the corundum structure, the average octahedral volume between tharidgO
SiOs have been calculated (grey). The straight line represents thebgtiween the two end
membersThe uncertainties are smaller than the symbol size.

The decrease in octahedral volume for the Si site is mainly due to the decrease of the shortest
bond in the akimotoite structure, namely theO8i bond distance (Figure3) while the slightly

longer SiO2 bonds remain the same. Note that theOSibond in akimotoite is more
compressible than the-82 bond, due to the connection of tbager StO2 bonds to the Mg
octahedra not allowing them to vary much as the short€¥1Sbonds that are not bonded to
another octahedron and point towards the void enalkimotoite structure as described in Chapter

3.5. Substitution of Mg and Si into the corundum structure gives rise to a slight increase of the
AlO¢ octahedral volume (Figure4). Ordering of Mg and Si in alternating octahedra may locally
occur, howeverpnly for singlecrystal Cor81 it has been detected as described in the previous
section. When considering the average bond distances and volumes of the two octahedra of
akimotoite (grey stars in Figures4dand 45) the MgSiQ-bearing corundum samples a&@ap to

follow an ideal behavior, only Ak99 and Cor81, which have complete or partial ordering of Mg

and Si, respectively, appear to slightly deviate from the linear trend.
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Table 42: Bond distances, octahedral volumes, octahedral aveylieances (OAV) and quadratic elongation parameters (QEP) obtained
from singlecrystal structural refinements of Ak-bearing akimotoite and MgSibearing corundum.

) average bond octahedral . ) average bond octahedral
experiment Mg-O1 (&) Mg-02 (R) ength (8)  volume (&) QEP  SiO1(A) Si-02 (A) ength (&) volume (&) QEP
Ak100 1.9912(5) 2.1753(7) 2.0833 11.3311  0.0442 1.0442 1.7624(5) 1.8262(5) 1.7943 7.5312 0.0178 1.0154
Ak99 1.9867(7) 2.1717(8) 2.0792 11.2706 0.0445 1.0438 1.7603(6) 1.8257(6) 1.7931 7.5168 0.0182 1.0153
Al-01 (A)  Al-02 (A)
Cor75 1.9777(7) 1.8576(4) 1.9176 9.1327 0.0313 1.0206
Cor80 1.9766(8) 1.8571(5) 1.9168 9.1247 0.0312 1.0203
Cor81 1.9734(7) 1.8551(5) 1.9143 9.0914 0.0309 1.0201
Cor92 1.9731(7)  1.8556(5) 1.9143 9.0886 0.0307 1.0202
Cor97 1.9729(7) 1.8545(6) 1.9137 9.0817 0.0309 1.0203
Cor100 1.9713(7) 1.8557(10) 1.9135 9.0765 0.0302 1.0203
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Figure 4-5: Evolution of the individual bond distances in the Md@range), Si@ (blue) and

AlOe (green) octahedra. For comparison, the average of all bond distances (grey stars for
akimotoite and grey diamonds for corundum) have been calculated. The straiglepiesents

the join between the two emtembersThe uncertainties are smaller than the symbol size.

Both the MgQ and SiQ octahedra get more distorted with incorporating Al into the structure as
can be seen in the octahedral angle variance (OAV) tbagase for both octahedra (Figuré}

Note that the distortion of the Mg@ctahedron is already quite large. The Ati@dtahedra of the
corundum structure have a distortion which is in between thegMg®the Si@octahedra, such

distortion (OAV) increases slightly with increasing Mg and Si content.

The distance between octahedral layers is described by the distance betweeR'tardV&]*

cations in the akimotoite structure or between alternatifg oaitions inthe corundum structure
(Figure 47). This distance decreases with increasing Al content, likely due to a decrease in
repulsions among the cations in adjacent layers, so that the cations residing at the Mg site is

moving toward the center of the octahedwith increasing Al substitutions. This variation is,
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