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Summary 

 

The Earthôs transition zone between 410 and 660 km depth is a region of raised seismic wave 

velocity gradients separating the upper and lower mantle and is also marked by a number of 

seismic discontinuities. Mineralogical models for peridotitic and mid-ocean ridge basalt (MORB) 

lithologies fail to reproduce the high seismic velocities indicated by reference models for the base 

of the transition zone (~550-660 km), due to the prevalence of majoritic garnet in these 

lithologies, which propagates seismic waves relatively slowly. A lower average mantle 

temperature at the base of the transition zone due to an accumulation of 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 MgSiO3 polymorph stable between 20 and 25 GPa and 900 to 2200 K and if 

present it might be responsible for raising the seismic wave velocities. Additional seismic 

discontinuities identified near the base of the transition zone might also be attributed to phase 

transitions involving akimotoite, as could some seismic anisotropy observations. The objectives 

of this study were to determine the elastic properties, anisotropic behavior and structural 

evolution of MgSiO3 akimotoite up to transition zone pressures. Furthermore, the effects of Al 

and Fe on the elasticity of akimotoite were investigated at high pressures and high temperatures. 

This enabled seismic wave velocities of relevant mantle lithologies to be accurately determined at 

these conditions and, through a comparison with seismic reference models, constraints were 

placed on the composition of the lower transition zone. 

In the first part of the study, large single-crystals of MgSiO3 akimotoite were synthesized and 

used to investigate the full elastic tensor by means of single-crystal Brillouin spectroscopy up to 

transition zone pressures. In combination with single-crystal X-ray diffraction, the bulk and axial 

compressibility of the same crystals were studied. Results show that the wave velocities of 

MgSiO3 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 axial compressibility is highly anisotropic because oxygens of the 

face-sharing octahedra lie along the a-axis 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 MgSiO3 akimotoite ï Al2O3 

corundum solid solution was investigated through X-ray structure determinations on eight single-

crystals of different composition. The unit-cell volume change across the akimotoite-corundum 

solid solution is near linear but the lattice parameters deviate strongly from ideality. Furthermore, 

the influence of Al on the elasticity of akimotoite was studied on two polycrystalline Al-bearing 

akimotoite samples up to 25 GPa and 1100 K using ultrasonic interferometry combined with 

synchrotron X-ray diffraction and radiography in a large volume press. A decrease in wave 

velocities was observed with increasing Al content. This is an unexpected result since wave 

velocities in corundum are much faster than in akimotoite. This strongly non-ideal behavior 

means that corundum properties cannot be employed as those of the akimotoite Al2O3 end-

member, as previously assumed. By the same argument it is unlikely that akimotoite is an 

effective MgSiO3 end-member of corundum.  

 The effect of Fe2+ substitution on the elastic properties of a polycrystalline akimotoite sample 

were investigated in the third part of this study using ultrasonic interferometry and synchrotron 

X-ray diffraction up to 26 GPa and 800 K. The incorporation of Fe was also found to reduce the 

compressional and shear wave velocities. This effect is further increased when substituting both 

Fe and Al into the akimotoite structure, which was investigated up to 23 GPa. The coupled 

substitution of Fe3+ and Al into MgSiO3 akimotoite is shown to have a major effect on the 

structure, most likely as a result of Al and Fe3+ being randomly distributed across both cation 

sites.  

Lastly, the obtained elastic properties of MgSiO3 akimotoite and those of Fe- and Al-bearing 

solid solutions were used to calculate the elastic properties of fictive FeSiO3 and Al2O3 

akimotoite end-members. These data were used both in a thermodynamic model to determine the 

phase relations of akimotoite in a harzburgite assemblage between 20.5 and 23 GPa and to 

calculate the seismic velocity for this assemblage along a mantle adiabat. Above 22 GPa, the 

wave velocities for harzburgite, in contrast to peridotite and MORB lithologies, are found to be in 

excellent 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. These observations provide strong 

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

 

Die Übergangszone zwischen dem oberen und unteren Erdmantel in 410 bis 660 km Tiefe, ist 

eine Region mit erhöhten seismischen Wellengeschwindigkeitsgradienten, die mehrere 

seismische Diskontinuitäten aufweist. Mineralogische Modelle für peridotitische oder basaltische 

Zusammensetzungen, die zu großen Teilen aus Majorit-reichem Granat mit relativ niedrigen 

Wellenausbreitungsgeschwindigkeiten bestehen, können die hohen seismischen 

Geschwindigkeiten der Referenzmodelle im unteren Teil der Übergangszone (~550-660 km) 

nicht erklären. Eine durch die Anhäufung subduzierter Lithosphäre verringerte 

Durchschnittstemperatur in der unteren Übergangszone kann höhere Geschwindigkeiten 

verursachen. Eine weitere Möglichkeit zur Erhöhung der seismischen Geschwindigkeiten ist 

zudem die Umwandlung von Majorit-Granat zu Akimotoit in einer harzburgitischen 

Zusammensetzung.  

Akimotoit ist ein MgSiO3-Polymorph, welches zwischen 20 und 25 GPa und 900 bis 2200 K 

stabil ist und sich durch hohe seismische Geschwindigkeiten auszeichnet. Sowohl seismische 

Diskontinuitäten an der Basis der Übergangszone als auch Beobachtungen von seismischen 

Anisotropien könnten durch die Präsenz von Akimotoit erklärbar sein. Ziel dieser Arbeit war es 

daher, die elastischen Eigenschaften, sowie die Anisotropie und das strukturelle Verhalten von 

MgSiO3-Akimotoit bis zu Drücken der Übergangszone zu untersuchen. Zudem wurde der 

Einfluss des Al- und Fe-Gehalts auf die Elastizität von Akimotoit unter hohem Druck und hoher 

Temperatur bestimmt. Mit Hilfe der Ergebnisse dieser Arbeit konnten die seismischen 

Geschwindigkeiten relevanter Zusammensetzungen neu berechnet und ï durch Vergleich mit 

seismischen Referenzmodellen ï die Zusammensetzung der unteren Übergangszone besser 

eingegrenzt werden.  

Im ersten Teil dieser Arbeit wurden große MgSiO3-Akimotoit-Einkristalle synthetisiert, um mit 

Hilfe der Brillouin-Spektroskopie den elastischen Tensor dieses Minerals bis hin zu Drücken der 

Übergangszone zu bestimmen. Diese Messungen wurden mit Röntgenbeugung an Einkristallen 

kombiniert, um die Volumen- und Axialkompressibilität zu untersuchen. Die Ergebnisse zeigen 

eine deutliche Zunahme der Wellengeschwindigkeiten durch Akimotoit im Vergleich zu Majorit-

reichem Granat. Zusätzlich konnte gezeigt werden, dass Akimotoit im Vergleich zu anderen 

Mineralen der unteren Übergangszone eine deutlich höhere seismische Anisotropie aufweist, 
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wobei diese mit zunehmendem Druck abnimmt. Auch die axiale Kompressibilität in Akimotoit 

ist stark anisotrop, da die Sauerstoffatome entlang der a-Achse eine relativ starre Einheit bilden.  

Im zweiten Teil der Arbeit wurden Strukturbestimmungen an acht Einkristallen der MgSiO3-

Akimotoit - Al2O3-Korund Mischkristallreihe mit Hilfe von Röntgenbeugung durchgeführt. Die 

Änderung des Einheitsvolumens in dieser Mischkristallreihe ist annähernd linear, die 

Gitterparameter 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 Röntgenbeugung und Radiographie 

in-situ an zwei polykristallinen, Al-reichen Akimotoit Proben bis 25 GPa und 1100 K untersucht. 

Die seismischen Wellengeschwindigkeiten nehmen mit steigendem Al-Gehalt in der Probe ab. 

Dieses Ergebnis widerspricht den Erwartungen, dass sie zwischen den höheren 

Wellengeschwindigkeiten der Endglieder Akimotoit und Korund liegen und Korund das effektive 

Englied für Akimotoit bildet. Durch diese Erkenntnis ist zudem zu erwarten, dass Akimotoit kein 

effektives Endglied für Korund darstellt.  

Der Einfluss von Fe2+-Substitution auf die elastischen Eigenschaften von Akimotoit wurde mit 

Hilfe von Ultraschallinterferometrie und Synchrotron-Röntgenbeugung bis 26 GPa und 800 K 

untersucht. Dadurch wurde gezeigt, dass die Inkorporation von Fe2+ in die Akimotoit-Struktur 

ebenfalls eine Abnahme der Wellengeschwindigkeiten zur Folge hat. Dieser Effekt wird 

verstärkt, wenn zusätzlich Al eingebaut wird, was bis 23 GPa untersucht wurde. Die gekoppelte 

Substitution von Fe3+ und Al hat einen signifikanten Einfluss auf die Akimotoit Struktur, was 

höchstwahrscheinlich durch die ungeordnete Verteilung von Fe3+ und Al auf den beiden Kation-

Positionen verursacht wird.  

Mit Hilfe der elastischen Eigenschaften aller untersuchten Al- und Fe-reichen Mischkristallreihen 

konnten die elastischen Parameter der fiktiven FeSiO3- und Al2O3-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 seismischen Geschwindigkeiten für diese Zusammensetzung berechnet 

werden. Im Gegensatz zu peridotitischen und basaltischen Zusammensetzungen stimmen die neu 

berechneten Wellengeschwindigkeiten für Harzburgit mit denen der seismischen 

Referenzmodelle überein. Zudem passt die Beobachtung mehrerer Diskontinuitäten in der Nähe 

der 660 km-Diskontinuität zum scharfen Übergang von Granat zu Akimotoit in 600 bis 625 km 
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Tiefe. Diese Übereinstimmung unterstützt die Annahme einer Ansammlung von harzburgitischen 

Material in der unteren Übergangszone.  
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1. Introduction 

 

1.1 The Earthôs mantle  

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 into the 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 (P-waves) are waves which give rise to a displacement of the 

medium parallel to the propagation direction. Shear waves (S-waves) 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. Both P- and S-waves are triggered by earthquakes all 

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

distributed across the Earthôs surface and the travel times of direct and reflected waves provide 

the most direct and precise information 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 is important since the Earthôs bulk composition is still uncertain but is a crucial 

factor in determining how and from what the Earth was formed. Similarly, the chemistry and 

temperature distribution in the interior provides information on how mantle convection influences 

the chemical evolution of the Earth. The interpretation of seismic wave velocities in the Earthôs 

transition zone, between approximately 410 and 660 km depth, has, in particular, been employed 

to support models for the long term evolution and dynamics of the Earthôs mantle (Anderson and 

Bass 1986; Ringwood 1994). The raised velocity gradients (Agee 1998), the proximity of 

numerous seismic discontinuities (Shearer 2000) and observations of the stagnation of subducting 

slabs (Fukao et al. 2009, 2013) not only make this region of particular interest but also provide 

numerous independent constraints that could be interpreted with suitable mineral physical 

information. 
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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 1-1. They are both radially symmetric velocity-depth 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 located at a 

certain depth and therefore refine a set of functions for each layer individually to obtain the 

velocities and density through the Earthôs interior. Discontinuities between layers are 

characterized by rapid changes in wave velocities and density (Figure 1-1) and are linked to 

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

temperatures.  

 

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.  
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A different approach was performed 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. They found 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 seismic data set. 

 

1.1.3 Mineralogical models 

Xenolith rock samples from the Earthôs mantle are derived only from the top ~250 km of the 

lithosphere, which in most cases has been altered by the processes of partial melting and 

metasomatism compared to the underlying asthenosphere or what might be considered the 

pristine mantle. Diamonds containing mineral inclusions from the transition zone and possibly 

the lower mantle (e.g. Stachel et al. 2005, Thomson et al. 2014) have been identified but their 

rarity implies that it is impossible to judge how typical these minerals are for these regions and 

many seem to be derived from non-peridotite source rocks. In order to constrain the mineralogy 

of the Earthôs deeper interior, the mineralogy of the Earth has been investigated experimentally 

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 with the residue i.e. a mixture comprised of a 1:4 

ratio of MORB (mid oceanic ridge basalt) and harzburgite components, respectively (Ringwood 

1962, see Table 1-1). Using this composition, the Earthôs upper mantle between ~6 to 410 km 

depth has been found to predominantly contain the minerals olivine, garnet and pyroxenes (e.g. 

Frost 2008). At the 410 km discontinuity, olivine changes its structure to the denser ɓ-phase, 

called wadsleyite and to the spinel-structured ɔ-phase called ringwoodite at 520 km depth. The 

transition zone (410 to 660 km) consists mainly of wadsleyite or ringwoodite, garnets and some 

amount of Ca-perovskite at greater depths (e.g. Frost 2008). The 660 km discontinuity marks the 

transition between the upper mantle and lower mantle believed to be mainly caused by the 

transition from ringwoodite to bridgmanite and magnesiowüstite. In the lower mantle ranging 

from 660 to 2900 km depth mainly bridgmanite is stable coexisting with magnesiowüstite and 

Ca-perovskite (e.g. Frost 2008).  
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In order to link 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 the incompressibility 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 compressional (vP) and shear wave 

velocities (vS) through the studied material of known density following the Adams-Williamson 

equations:  

ὺ   and ὺ . 

 

1.2 The 660 km-discontinuity: 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 geochemical and geophysical evidences that the Earthôs lower 

mantle may have a different composition than the upper mantle with an enrichment in Si (Liu 

1982, Hart and Zinder 1986, OôNeill and Palme 1998, Weidner and Wang 2000, Murakami et al. 

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 chondritic 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 velocities of lithologies with upper mantle composition (e.g. Murakami et al. 

2012, Kurnosov et al. 2017). Further evidence supporting a compositional stratification of the 

Earthôs mantle is the stagnation of subducting slabs at the base of the transition zone shown in 

Figure 1-2 (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 the 660-discontinuity and sink down to the core-

mantle boundary (e.g. Central American arc) (Fukao et al. 2001, 2009, Fukao and Obayashi 

2013) which then trigger upwelling plumes from the Dôô layer and get erupted as ocean-island-

basalts (OIB) (Campbell and OôNeill 2012). Such a mechanism could lead to a mixing of the 
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whole 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).  

 

 

 

Figure 1-2: Tomographic image of a subducting slab flattening out horizontally above the 

660 km-discontinuity (indicated by the thick black line) in the Izu-Bonin subduction arc (modified 

from Fukao et al. 2009). The blue shaded areas represent fast cold areas (e.g. the cold slab) 

through which waves travel faster. The areas in red represent the hot surrounding mantle with 

slower wave propagation.   

 

Understanding whether the 660 km-discontinuity is caused by a simple phase transformation or 

also represents a boundary between two distinct chemical reservoirs is therefore crucial for 

constraining the composition of the lower mantle. 

 

1.2.1 Phase relations at the 660 km-discontinuity 

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

depth in a pyrolitic mineral assemblage are ringwoodite and majoritic garnet (e.g. Frost 2008, see 
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Table 1-1). 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 

reproduce the seismic velocity profile of the transition zone (Dziewonski and Anderson 1981, 

Kennet et al. 1995), especially at its base close to the 660 km-discontinuity. The mineralogical 

models systematically underestimate the wave velocities for both compressional (~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 garnet (e.g. Irifune et al. 2008, Pamato 2014, Pamato 

et al. 2016). One possible explanation is the stagnation and accumulation of slab material at the 

660 km-discontinuity that was observed in several tomographic studies (e.g. Van der Hilst et al. 

1991, Fukao et al. 2001, 2009 Fukao and Obayashi 2013), which could raise velocities through 

creating globally significant chemical or thermal anomalies. Subducting slabs have a distinct 

stratification consisting of three layers: a top layer of mid-ocean-ridge basalt (MORB), a 

harzburgite middle layer and a pyrolitic bottom layer (see Ringwood and Irifune 1988, Figure 1-

3). Proposed average compositions of these three lithologies are reported in Table 1-1.  

 

Table 1-1: Compositions of the three dry lithologies stable in a slab environment: pyrolite (Sun 

1982), harzburgite (Michael and Bonatti 1985) and mid-ocean ridge basalt (MORB) (Green et al. 

1979).  

 pyrolite harzburgite MORB 

SiO2 44.5 43.6 50.4 

TiO2 0.2  0.6 

Al 2O3 4.3 0.7 16.1 

Cr2O3 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 

Na2O 0.4  1.9 

K2O 0.1  0.1 
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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 layer at the bottom.   

 

The MORB layer is denser than the harzburgite and pyrolite layers all the way down to 650 km 

depth due to a higher Al2O3 content stabilizing the dense garnet component (Ringwood and 

Irifune 1988). This stabilization of garnet due to a larger Al2O3 content, however, leads to a sharp 

reversal in the MORB density relative to pyrolite between 650 and 730 km depth because the 

garnet component in MORB transforms to the even denser bridgmanite over a wider depth range 

than in pyrolite, which contains less Al2O3 (Ringwood and Irifune 1988). The harzburgite layer 

on the other hand is less dense than the pyrolite layer due to a depletion in Al2O3 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 than pyrolite between 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 between 650 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 

around the 660 km-discontinuity, which were referred to as ñmegalithsò by Ringwood and Irifune 

(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 (e.g. Irifune and Ringwood 1987). It was found, 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 slabs do not 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 660 km-discontinuity, the temperature could 

be significantly lower (~400 K, 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 around 1673-1873 K, akimotoite can 

make up to 15 vol.% of the harzburgitic mineral assemblage (Irifune and Ringwood 1987, Ishii et 

al. 2019). For a pyrolitic composition, previous studies reported contradictory results. Hirose 

(2002) found 15 vol.% of akimotoite forming at 1873 K, however, Ishii et al. (2011, 2018) 

showed that no akimotoite formed from a pyrolitic composition at these temperatures. The 

presence of around 10 vol.% akimotoite in a pyrolitic 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 seismic 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 transition zone and uppermost lower 

mantle is that the 660 km-discontinuity 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 Figure 1-4). Vacher et al. (1998) computed seismic profiles with the 

mineral physics data available at that time and came to the conclusion that the transition from 

ringwoodite to Mg-perovskite and Mg-wüstite in combination with the formation of akimotoite at 

the expense of garnet would form a strong 660 km-discontinuity and smaller seismic gradients at 
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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 geotherm to be the 

transformation first of garnet to akimotoite between 610 and 690 km depth followed by a sharp 

velocity increase at 690 km depth when the post-spinel transformation occurs, and another steep 

velocity gradient between 700 and 740 km depth that corresponds to the akimotoite-bridgmanite 

transition. They also proposed a high-velocity layer forming when slab material is sitting on the 

660 km-discontinuity which has also been discussed before by Weidner and Wang (2000). Wang 

et al. (2004), however, suggested that this high-velocity layer is a pure akimotoite layer formed in 

colder slab material surroundings and is not a pile up of subducted slab material.  

 

Figure 1-4: Observation of multiple discontinuities around the 660 km-discontinuity (modified 

from Ai et al. (2003). While the main discontinuity is attributed to the transformation of 

ringwoodite to bridgmanite and magnesiowüstite, there are two weaker discontinuities detected 

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 explain 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 was 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 (Shiraishi et al. 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 results of akimotoite into a modelled phase assemblage with 

akimotoite, ringwoodite and Ca-perovskite and found that the overall wave velocity anisotropy of 

this assemblage was significantly lower but had the same anisotropic features as akimotoite. 

Shiraishi et al. (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 the Tonga slab based on 

the obtained textures of akimotoite.  

Akimotoite being stable at the base of the transition zone close to the 660 km-discontinuity at 

colder temperatures relative to the hot mantle surrounding introduced by subducted slab material 

could therefore 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 MgSiO3 akimotoite 
 

MgSiO3 akimotoite was first synthesized and described by Kawai et al. (1974) and is referred to 

as MgSiO3 ilmenite (Il) (Horiuchi et al. 1982) because of its FeTiO3 ilmenite-type structure. It 

was given its name after the high-pressure researcher Syun-iti Akimoto once it was identified in 

the Tenham chondritic L6 meteorite (Sharp et al. 1997, Tomioka and Fujino 1997). MgSiO3 

akimotoite crystallizes in the Rσ space group (No. 147) with a distorted hexagonal closed packed 

setting. The MgO6 and SiO6 octahedra form alternating face-sharing layers as shown by Horiuchi 

et al. (1982) (Figure 1-5). The MgO6 octahedra are more distorted than the SiO6 octahedra 

(Horiuchi et al. 1982) due to a larger shift of the Mg2+ cation from their center.  
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Figure 1-5: Crystal structure of MgSiO3 akimotoite in the trigonal space group R . The structure 

consists of alternating layers of MgO6 and SiO6 octahedra perpendicular to the c-axis.  

 

Experiments investigating the phase relation in the MgSiO3 system showed that akimotoite is a 

stable mineral phase at transition zone and uppermost lower mantle conditions between 18 and 

25 GPa and 900 to 2200 K (Ito and Yamada 1982, Sawamoto 1987, Gasparik 1990). The 

akimotoite-garnet transformation has a positive Clapeyron slope, whereas the akimotoite-

bridgmanite transition has a negative Clapeyron slope. The negative slope implies a downward 

deflection of the akimotoite-bridgmanite phase transition to greater depths relative to the garnet 

to bridgmanite phase transition having a positive Clapeyron slope (e.g. Weidner and Wang 2000). 

Sawamoto (1987) interpreted this negative Clapeyron slope between akimotoite and bridgmanite 

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 net effect on the buoyancy is the same 

for the garnet Ą akimotoite Ą 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 and hypersthene and a network of <1 mm thin shock-induced veins (Sharp et 

al. 1997, Tomioka and Fujino 1997, Miyajima et al. 2007). In these veins, akimotoite crystallized 
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next to bridgmanite, majorite and ringwoodite (Sharp et al. 1997, Tomioka and Fujino 1997, 

Miyajima et al. 2007) having a maximum grain size of ~0.3 to 3 µm in length (see Figure 1-6). 

Analyses of the composition of the crystallized akimotoite grains performed found that 

akimotoite can incorporate between 3.72-13.54 wt.% FeO, 0.07-10.46 wt.% Al 2O3, 0.16-

0.69 wt.% Cr2O3 and 0.00-0.38 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) who suggested that akimotoite formed by a 

prograde solid-solid transformation from orthopyroxene and has not crystallized from a melt 

which would require a depletion in Fe. 

  

Figure 1-6: Natural occurring akimotoite crystals in shocked veins of the L6 Tenham chondritic 

meteorite (Photograph courtesy of Nobuyoshi Miyajima). Akimotoite crystallized next to 

bridgmanite, majorite and ringwoodite forming grains up to 3 µm in size. Natural occurring 

akimotoite contains varying amounts of FeO and Al2O3 and other minor elements (Sharp et al. 

1997, Tomioka and Fujino 1997, Miyajima et al. 2007). 

 

Recently, an Fe-analogue of akimotoite was also discovered in the same L6 chondritic meteorite 

and was 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 

(Fe2+
0.48Mg0.37Ca0.04Na0.04Mn2+

0.03Al0.03Cr3+
0.01)SiO3 and was additionally characterized using X-
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ray diffraction, concluding that hemleyite has the same crystal structure as MgSiO3 akimotoite 

(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 FeO (8.61 and 7.83 wt.%, 

respectively, Irifune and Ringwood 1987) and Al2O3 (4.31 and 0.65 wt.%, respectively, Irifune 

and Ringwood 1987) and since it has been found that natural akimotoite crystals in meteorites 

can incorporate significant amounts of these oxides, it is very likely that the composition of 

akimotoite in the Earthôs mantle is not that of the pure end-member. 

The solubility of FeSiO3 into the akimotoite structure was experimentally investigated (see 

Figure 1-7) using the multi-anvil apparatus and claimed to be limited to 10 mol.% (Ito and 

Yamada 1982) although the only single-phase akimotoite sample synthesized in their study 

contained 5 mol.% FeSiO3. Also, in the mentioned study, the phase boundaries among different 

high-pressure phases are not well constrained (Figure 1-7). With increasing pressure above ~25.5 

GPa, Ito and Yamada (1982) proposed a four-phase field of coexisting akimotoite, perovskite, 

ringwoodite and stishovite or akimotoite, perovskite, magnesiowüstite 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 ringwoodite and majorite 

garnet over akimotoite (Irifune and Ringwood 1987). 

The incorporation of Al into akimotoite follows a coupled substitution: Mg2+ + Si4+ = 2 Al3+ and 

was studied extensively (Irifune and Ringwood 1987, Kubo and Akaogi 2000, Akaogi et al. 

2002). Al incorporation into the Il-structure (Figure 1-8) was found to be possible up to the 

pyrope composition Mg3Al 2Si3O12 (25 mol.% Al2O3) between 25 to 27 GPa and 1173 K (Kubo 

and Akaogi 2000) or around 26 GPa at 1273 K (Akaogi et al. 2002). With increasing temperature 

to 1873 K, the stability field of akimotoite is limited to an Al2O3 content of 2.5 mol.% at 

pressures between 21 and 23 GPa (Kubo and Akaogi 2000, Akaogi et al. 2002).  
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Figure 1-7: Stability field of akimotoite in the MgSiO3-FeSiO3-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 FeSiO3-rich end. Aki: akimotoite, Pv: bridgmanite, 

Sp: ringwoodite, St: stishovite, mw: magnesiowüstite.  

 

 

Figure 1-8: Stability of akimotoite in the MgSiO3-Mg3Al2Si3O12 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 becomes narrower and at 1873 K akimotoite can have a maximum 

Al2O3 component of ~2.5 mol.%. Aki: akimotoite, Ga: garnet, Sp: ringwoodite, St: stishovite, Pv: 

bridgmanite, Cor: corundum. 
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1.3.2 Elastic properties of the MgSiO3 akimotoite end-member 

The elasticity of the MgSiO3 akimotoite end-member has been investigated by several 

experimental and computational studies (e.g. Weidner and Ito 1985, Reynard et al. 1996, Wang et 

al. 2004, Zhou et al. 2014, Da Silva et al. 1999, Zhang et al. 2005). The first study to determine 

the full elastic tensor at room pressure and temperature was performed by Weidner and Ito (1985) 

who investigated a single-crystal of MgSiO3 akimotoite using Brillouin spectroscopy. These are 

the only measurements performed on a single-crystal of akimotoite that experimentally determine 

the elastic coefficients. Reynard et al. (1996) performed a high-pressure equation of state study 

on MgSiO3 akimotoite on a powdered sample in the diamond anvil cell (DAC) up to 28 GPa 

using H2O as pressure transmitting medium. They fixed the bulk modulus to ὑ  = 212 GPa that 

was previously determined by Weidner and Ito (1985) and fitted a ὑ = 5.6(10) using the ice VII 

equation of state (Hemley et al. 1987) for pressure determination. The first thermal equation of 

state was determined by Wang et al. (2004) who conducted synchrotron X-ray diffraction 

experiments on polycrystalline akimotoite in the large volume press up to 19 GPa and 1373 K. 

Also in this study, the bulk modulus was fixed to ὑ  = 212 GPa (ὑ  = 210 GPa) which resulted 

in ὑ  = 5.6(8), in excellent agreement with Reynard et al. (1996). The latest study that 

successfully determined both bulk and shear moduli of the MgSiO3 end-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 be ὑ =219.4(7) GPa which is larger than the bulk 

modulus obtained by Weidner and Ito (1985) with a ὑ  = 4.62(3). The shear modulus Ὃ  = 

132.1(7) GPa (Ὃ = 1.63(4)) is instead in excellent agreement with the shear modulus of 132 GPa 

reported by Weidner and Ito (1985). Since the elastic parameters of akimotoite are larger and the 

wave velocities faster than those reported for majoritic garnet (ὑ  = 167(2) GPa and Ὃ  = 

91.8(7) GPa for Py76Mj 24, Pamato et al. (2016), the incorporation of MgSiO3 akimotite into 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 pressure have 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, the influence of Fe and Al end-members 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 

akimotoite is 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 experiments to arrive at firm 

conclusions concerting its stability field.  

    

1.4 The objectives of this thesis  
  

In order to investigate the elasticity of MgSiO3 akimotoite 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 high-quality single-crystals of MgSiO3 akimotoite containing no impurities 

and inclusions to allow single-crystal X-ray 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 akimotoite at pressure and use this to derive aggregate 

compressional and shear wave velocities at the pressure conditions of MgSiO3 akimotoite 

stability at the base of the transition zone. Also to constrain the anisotropic behavior of MgSiO3 

akimotoite in order to allow the interpretation of regions of seismic anisotropy observed near the 

660 km-discontinuity. 

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

measurements on a single-crystal as a function of pressure. 

(4) To determine the mixing behavior in the MgSiO3 akimotoite - Al 2O3-corundum solid solution 

and the structural evolution between the isostructural akimotoite and corundum end-members by 

performing single-crystal X-ray diffraction measurements at ambient conditions.  

 (5) To determine the influence of Al and Fe on the wave velocities and elasticity of MgSiO3 

akimotoite at high-pressures and temperatures.  
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(6) To examine the implications 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 Single-crystals 

In order to perform single-crystal elasticity measurements at both ambient and high pressure 

conditions and to characterize the crystal chemistry of the (Mg,Al)(Al,Si)O3 system, it is crucial 

to synthesize high-quality single-crystals of several tens of µm in size. Eight single-crystals in the 

solid solution MgSiO3 akimotoite - Al 2O3 corundum were synthesized (Table 2-1). The starting 

material for synthesizing pure MgSiO3 akimotoite single-crystals was produced by mixing the 

two synthetic oxides MgO and SiO2 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 starting material was then rapidly 

quenched 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 growth of stishovite crystals as reported by Shatskiy et al. 

(2007). The starting mixture was filled into a 3.5 mm long Pt capsule and a drop of H2O was 

added as flux material to enhance crystal growth.  

For all other single-crystal syntheses, starting materials were prepared from synthetic MgO, SiO2, 

Al 2O3 and Al(OH)3 oxides ground in an agate mortar under ethanol for one hour to produce fine-

grained homogenous mixtures. Water in the form of Al(OH)3 was added to facilitate the growth 

of large single-crystals. The starting materials were heated at 1873 K for 3h and then quenched in 

an icy water bath into glasses. In two experiments MgCl2 was added as flux material to test 

whether it would enhance the crystal growth even further (see Table 2-1). Also these starting 

mixtures were filled into Pt capsules. 

All capsules were welded carefully with a Lampert PUK U3 welding device in micro mode 

(power: 7 %, time: 3-5 ms). The capsules had to be perfectly sealed to prevent the leakage of the 

solvent or melt produced during the synthesis experiments.  
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Table 2-1. Multi-anvil synthesis conditions, resulting run products and sample compositions. 

experiment  starting material pressure (GPa) temperature (K) heating (h) run products Composition 
crystal 

size (µm) 

S6925 Ak100 Mg1.15SiO3.15 + ~15% H2O 22 1873* 4 akimotoite + melt Mg0.993(1)Si1.003(1)O3 <500 

S7179 Ak99 Ak90Cor10 + ~10% H2O 22 1773 23 
Al 2O3-rich akimotoite + garnet 

(+ stishovite) 

Mg0.975(8)Al 0.016(3)Si1.001(4)O3 

 
<30 

I796 Cor75 Ak40Cor60 + MgCl2 27 2300* 3.3 
MgSiO3-rich corundum + MgO 

+ melt 
Al 1.501(9)Mg0.239(5)Si0.260(6)O3 <100 

I789 Cor80 Ak40Cor60 + MgCl2 27 2100* 2 
MgSiO3-rich corundum + MgO 

+ melt 
Al 1.599(11)Mg0.192(8)Si0.209(4)O3 <100 

S7237a Cor81 Ak40Cor60 + MgCl2 24 1673* 2 
MgSiO3-rich corundum + MgO 

+ melt 
Al 1.628(12)Mg0.162(4)Si0.186(5)O3 <250 

S7156b Cor92 Ak20Cor80 + ~10% Al(OH)3 24 1873 22 
MgSiO3-rich corundum + 

hydrous Al-phases + melt 

Al 1.847(4)Mg0.073(3)Si0.080(2)O3 

 
<250 

S7156a Cor97 Ak10Cor90 + ~10% Al(OH)3 24 1873 22 
MgSiO3-rich corundum + 

hydrous Al-phases + melt 

Al 1.947(3)Mg0.025(2)Si0.028(2)O3 

 
<200 

S7203 Cor100 Al 2O3:Al(OH)3 (6:4) 24 1873 25.5 
corundum + hydrous Al phases 

+ melt 
Al 1.962(2)O3 <250 

S6741 Ak97.5 Ak2.5Cor97.5 glass 27 1173 1 akimotoite Mg0.977(11)Al 0.043(12)Si0.980(8)O3 <3 

I444 Ak80 Ak20Cor80 glass 26 1123 1 akimotoite Mg0.820(7)Al 0.405(7)Si0.775(11)O3 <5 

I436 Fe10 Mg0.9Fe0.1SiO3 glass 25 1123 1 akimotoite Mg0.918(8)Fe0.080(10)Si1.000(7)O3 <10 

I594 Fe10Al10 Mg0.9Fe0.1Si0.9Al 0.1O3 glass 27 1073 10 akimotoite Mg0.899(6)Fe3+
0.089(2)Si0.911(7)Al 0.101(2)O3 <5 

I788 Fe10Al10 Mg0.9Fe0.1Si0.9Al 0.1O3 glass 27 1173 24 akimotoite Mg0.911(6)Fe3+
0.090(3)Si0.895(7)Al 0.104(2)O3 <5 

* temperature estimated from power-temperature relationships 

Ak: akimotoite, Cor: corundum 
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All synthesis experiments were performed in the Sumitomo 1200t Kawai-type large volume press 

or the Iris-15 Voggenreiter LPH 1500-840/200 at the Bayerisches Geoinstitut. Pressures between 

22-24 GPa were reached using F08 WC anvils with 4 mm truncation edge length (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 TF05 WC 

anvils. Assemblies consisting of a 10 mm edge-length MgO octahedron doped with Cr2O3 that 

acts as pressure medium and 4 mm truncated WC anvils (10/4) (Figure 2-1 left) were employed. 

Each Pt capsule was placed into a MgO sleeve to separate the sample from the LaCrO3 furnace. 

In addition, a ZrO2 sleeve was placed between the LaCrO3 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 S6925 and S7237a due to the length of the Pt capsules (Table 2-1), however, reliable power-

temperature relationships were used from previously conducted experiments performed at exactly 

the same P-T conditions. For all other single-crystal synthesis runs, the temperature was 

monitored using a D-type thermocouple (W97Re3-W75Re25) of 0.005ôô of diameter. Synthesis 

details are reported in Table 2-1.  

 

Figure 2-1: Schematic setup of the 10/4 and 7/3 assembly types used for single-crystal and 

polycrystalline sample syntheses. For single-crystal syntheses and one polycrystalline sample 

synthesis, the 10/4 assembly (left) has been used. The 7/3 assembly (right) was used for two 

single-crystal syntheses at pressures of 27 GPa. D-type thermocouples were inserted into both 

assemblies, but failed at reading the temperature at high-pressure.  

 

Two further experiments, I796 and I789, were performed in the Iris-15 Voggenreiter press using 

a 7/3 assembly consisting of a 7 mm edge-length MgO octahedron doped with C2O3 (Figure 2-1 

right). Two Pt capsules were placed on top and bottom of the D-type 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 LaCrO3 heater and a ZrO2 spacer acting as thermal 

insulator. On top and bottom, LaCrO3 disks 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 power-temperature relationships were used to estimate the 

temperatures inside the assembly. After recovering the Pt capsules from the multi-anvil 

experiments, they were polished sideways from one side to approximately 1/4th of the capsule 

diameter to get an overview 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 interferometry 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 double-sided polished to have parallel faces in order to perform 

ultrasonic experiments. Polycrystalline akimotoite samples having different Fe- and Al contents 

were synthesized from mixtures of synthetic MgO, SiO2, Fe2O3 and Al2O3 oxides finely ground 

in ethanol in an agate mortar for one hour. These mixtures were then heated up to 1873 K in a 

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 obtain fine-grained 

homogeneous starting materials. Powder X-ray diffraction was performed on all glass samples to 

ensure that no crystallization occurred during quenching.   

The synthesis experiments were performed using the Iris-15 Voggenreiter LPH 1500-840/200 

multi-anvil press and the Sumitomo 1200t Kawai-type large volume press at BGI. To reach 

pressures of up to 28 GPa in the Iris-15 Voggenreiter press, a modified 7/3 assembly has been 

used (Figure 2-2) which consists of a 7 mm edge length of the Cr2O3-doped MgO octahedron and 

of a 3 mm TEL of the TF05 WC anvils. The starting materials were encapsulated by Mo-foil 

capsules that also acted as furnaces and were then inserted into a ZrO2 sleeve and a Cr2O3-doped 

MgO octahedron that served as pressure medium. Connection between the furnace and the anvils 

was ensured by 0.5 mm thick Mo electrodes that were put inside two ZrO2 spacers placed at the 

top and bottom of the Mo capsule (Figure 2-2). The temperature was monitored using a D-type 
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thermocouple (W97Re3-W75Re25) that was inserted through pre-drilled holes at the center of the 

octahedron. One experiment was performed in the Sumitomo 1200t Kawai-type large volume 

press using a 10/4 BGI standard assembly as described above (Figure 2-1 left). All synthesis 

experiments to produce polycrystalline samples were performed between 24 and 28 GPa and 

temperatures between 1073 to 1243 K for heating durations between one hour and 24 h (see 

Table 2-1) before being rapidly quenched by switching off the power. After the multi-anvil 

experiments, the Mo capsules were carefully opened to avoid breaking the run product. The 

extracted cylinders were glued with super glue on a glass slide or fixed in epoxy and one-sided 

polished for further characterization. 

 

Figure 2-2: Schematic setup of the modified 7/3 assembly type used for the polycrystalline 

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 Figure 2-1 right) by removing the LaCrO3 

heater and MgO sleeves and by using the Mo capsule as furnace connected 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 unit-cell lattice parameters and atomic 

structures of crystalline materials and it is based on the Bragg equation:  

 ὲ‗ ςὨίὭὲ— (eq. 1) 
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which describes the relationship between the wavelength ɚ of the incident radiation, the lattice 

spacing d of crystalline materials and the scattering angle ɗ. When an incoming beam is 

diffracted from two successive hkl planes, the path difference between the beams scattered from 

the two hkl planes is ὃὄ ὄὅ ςὨίὭὲ—  (Figure 2-3). In addition, Bragg found that the path 

difference for diffraction from two hkl planes are an integral number n of the wavelength. In 

polycrystalline samples the Bragg equation is satisfied for all different d spacing at once since the 

different crystallites are randomly distributed. For single-crystals, different Bragg angles can be 

satisfied only by rotating the sample (e.g. Putnis 1992). In this study, one powder diffractometer 

and two four-circle diffractometers have been used to characterize the synthetized samples as 

described in the following. 

 

Figure 2-3: The condition for a Bragg reflection from plane (hkl) with a d spacing dhkl at a 

scattering angle of ɗ. The path difference between the two beams diffracting from two adjacent 

planes is AB+BC which is an integral number of ɚ. This image has been modified from Putnis 

(1992).  

 

2.2.1 Powder X-ray diffraction 

Experimental run products that contain polycrystalline samples were polished from one side after 

being recovered from the multi-anvil experiment either embedded in epoxy or glued with super 

glue on a glass slide. They were characterized by X-ray diffraction using a Bruker Discover X-

ray micro-diffractometer equipped with a two-dimensional solid-state detector (VÅNTEC500) 

and a micro-focus source (IɛS) of Co-KŬ radiation operated at 40 kV and 500 ɛA. The X-ray 
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beam was focused to 50 µm using a IFG polycapillary X-ray mini-lens. Data collections were 

performed in a 2ɗ range between 18° and 102° for a total measurement time ranging between 

600 s and 12,000 s per frame in order to exclude the presence of minor phases using the software 

DIFFRACMC-V3.3.43. Several points on different parts of the run-products were measured to 

investigate the homogeneity of the sample throughout the capsules. The collected X-ray patterns 

were integrated using the DIFFRACEVA-V3.1 package and compared to the ñCrystallography 

Open Dataò data base (www.crystallography.net/cod/). The unit-cell parameters of the Al-bearing 

(Table 4-1) were determined using full profile LeBail refinements with the GSAS software 

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

 

2.2.2 Single-crystal diffractometers with area detector 

An Oxford Xcalibur diffractometer equipped with a graphite monochromator and a Sapphire 2 

CCD area detector (90-92 mm diagonal, 1024x1024 pixels) (Figure 2-4) was used in order to 

determine the orientation matrices of the selected single-crystals and to perform full intensity data 

collections for structural refinements both at room conditions and at high pressures in the 

diamond anvil cell (DAC). The diffractometer operates with a MoKŬ radiation (ɚ=0.70784 Å), 

monochromated using a graphite crystal at 50 kV and 40 mA. The single-crystals measured at 

room pressure were glued to the tip of a glass capillary. Complete and redundant intensity data 

(redundancy of 5) were collected using ɤ scans with a width of 1° and a default time of 5 to 10 s 

in a 2ɗ range between 2 and 75Á. For measurements performed on crystals in the DAC, ɤ scans 

with a width of 1° and a default time of 60 s in a 2ɗ range between 2 and 70° were employed. In 

addition, the cell was not tilted or reversed during the data collection.  
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Figure 2-4: Single-crystal Oxford Diffraction Xcalibur diffractometer with a four-circle 

goniometer having a kappa geometry. It is equipped with a Mo ceramic X-ray tube, a graphite 

monochromator and a Sapphire 2 CCD area detector (90-92 mm diagonal, 1024x1024 pixels).  

 

One intensity data collection on a very small crystal of sample S7179 having each size less than 

30 Õm was performed on a Bruker IÕS Inside diffractometer using AgKŬ radiation 

(ɚ=0.55941 Å) provided through a microfocusing X-ray tube operated at 50 kV and 880 µA and 

having a beam size of 50 µm. The crystal was measured in a 2ɗ range between 4 and 29° using an 

exposure time of 40 s.  

 

2.2.3 Single-crystal diffractometers with point detectors 

 

Accurate unit-cell lattice parameters of single-crystals belonging to the akimotoite-corundum 

system were measured on a Huber four-circle diffractometer with a Eulerian cradle geometry 

(Figure 2-5). It is equipped with a point detector, that can maximize the signal to noise ratio in 

intensity measurements by collimating the diffracted beam, and a MoKŬ glass X-ray tube 
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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).  

 

Figure 2-5: Huber four-circle Eulerian cradle diffractometer equipped with a point detector. 

This diffractometer has been used to perform eight positions centering of several reflections on 

akimotoite-corundum single-crystals to determine accurate lattice parameters as well as to orient 

three single-crystals 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 centered at eight equivalent positions. In this way it is 

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

of the 2ɗ, ɤ, ɢ and ű circles of the diffractometer. X-ray diffraction measurements at room 

pressure were performed on eight samples (S6925, S7179, I796, I789, S7237a, S7156 a and b, 

S7203, see Table 2-1) using up to 28 reflections for each single-crystal. Accurate unit-cell lattice 

parameters were then obtained by means of the vector least squares method (Ralph and Finger 

1982) and were constrained to the trigonal system (Table 4-1). Constrained and unconstrained 

unit cell parameters were identical within the uncertainties. Single-crystals having the sharpest 
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reflections with a full-width at half maximum between 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 orient three MgSiO3 akimotoite single-crystals of the 

MgSiO3 akimotoite end-member sample (S6925) according to the planes (0 0 1), (0.43 -3.28 

8.91) and (-3.08 4.60 -2.36), respectively. The oriented crystals were then fixed inside a drop of 

UV glue which was dried using a UV light lamp for about 30 min. After the glued hardened it 

was possible to double-side polish the single-crystals down to a 15 µm thickness.  

In-situ single-crystal X-ray diffraction measurements at high-pressure using a diamond anvil cell 

(DAC) were performed using a Huber four-circle Eulerian cradle diffractometer equipped with a 

high-brilliance rotating anode X-ray source FR-E + SuperBright using MoKŬ radiation 

(ɚ=0.70784 Å) operated at 55 kV and 45 mA (Figure 2-6). A multilayer optics VaryMaxTM is 

used to focus the X-ray beam at 800 mm distance. The detector consists of a YAP:Ce scintillator 

coupled to a photomultiplier, amplifier and two discriminators. This diffractometer is preferred 

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

increase the reflection intensity by up to 80 times (Trots et al. 2011, Pamato 2014).  

 

Figure 2-6: Eulerian cradle four-circle diffractometer in combination with the Brillouin 

spectroscopy setup at BGI. The diffractometer has a high-brilliance rotating anode and a point 

detector allowing the measurements also of small single-crystals.  
































































































































































































































































































































