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Abstract 

Although the majority of deep mantle, i.e. from deep upper mantle (~200 km) to the 

deep lower mantle (~2700 km), was considered to be seismically isotropic, strong seismic 

anisotropy was observed in the mantle transition zone and Dǌ layer. Furthermore, various 

scales of heterogeneities were detected by seismology in the lower mantle, from tens of km 

(seismic scatters and reflectors) to hundreds of km (large velocity anomalies). Subducted slab 

which is comprised of former oceanic crust, underlying harzburgite and depleted peridotite 

layers is the most dominant source of chemical heterogeneities in the mantle. Global seismic 

tomography suggested the stagnation of subducted slabs at lower mantle transition zone, Dǌ 

layer and top of lower mantle. The subducted oceanic crust, including sediment and mid-

ocean ridge basalt (MORB) layers, is SiO2-rich compared with the surrounding peridotite 

and/or pyrolite and hence they could cause seismic anisotropy and anomaly in the deep 

mantle. Therefore, understanding the rheology of SiO2 phase, predominant phase in SiO2-

rich rock, at high pressure and high temperature provides us important information on mantle 

dynamics. Furthermore, the mechanism of slab stagnation at mid-mantle depth is still unclear 

to us. Viscosity of the dominant phases of lower mantle, bridgmanite and ferropericlase, plays 

an important role in slab stagnation. In this study, we investigated the viscosity and lattice 

preferred orientation (LPO) of SiO2 phase and ferropericlase and bridgmanite two-phase 

aggregate by high pressure and high temperature experimental methods.  

Some of the subducted SiO2-rich components were thought to be deformed and 

stagnated in the mantle transition zone indicated by seismic tomography. The lower mantle 
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transition zone, therefore, was proposed to be the fate of subducted SiO2 phase with forming 

SiO2-rich layer at bottom of mantle transition zone. Another possibility for accumulation of 

SiO2-rich component is indicated by the observation of seismic anomalies at the bottom of 

lower mantle, suggesting that the stagnation of subducted slab in the Dǌ layer. Seismic 

anisotropies were reported in both the mantle transition zone and Dǌ layer, which would be 

caused by the LPO of constituting minerals if they are elastically anisotropic. With 

understanding the mechanism by which LPO is formed, we can infer the flow pattern of SiO2-

rich components and subducted slab. SiO2 will be stable as rutile structure (stishovite) and Ŭ-

PbO2 structure (seifertite) in the mantle transition zone and Dǌ layer, respectively, both 

showing significant anisotropy in elasticity. We conducted deformation experiments on pre-

sintered stishovite and Ŭ-PbO2 as an analogue of seifertite using deformation-DIA apparatus 

at high pressure and high temperature. As a result, the most dominant slip system in stishovite 

and Ŭ-PbO2 was suggested to be [001] {110} and [100] (010), respectively. The present 

results suggest that the polarization anisotropy with faster vertically polarized S-wave 

observed in the lower mantle transition zone can be explained by vertical mantle flow with 

LPO of stishovite. This may indicate the penetration of subducted SiO2-rich components into 

the lower mantle. On the other hand, our result of LPO of Ŭ-PbO2 suggests the considered 

horizontal flow in the Dǌ layer will result in a faster vertically polarized S-wave under circum 

Pacific region, which is inconsistent the seismic observation of faster horizontally polarized 

S-wave. This indicates an absence of large accumulation of seifertite in the Dǌ layer, the 

subducted SiO2-rich components may be trapped in the lower mantle which were observed 

as seismic reflectors and scatters. 
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In the mid-mantle, seismologically observed reflectors were considered to be the 

preserved subducted SiO2-rich fragments which penetrated through the mantle transition 

zone. However, it is still a mystery up to date how the platy shaped seismic reflectors be 

preserved for a geologic time scale without mixing up with surroundings in the vigorous 

convecting mantle. High viscosity may play an important role in preservation of seismic 

reflectors from convective stirring. Because the viscosity is closely related to diffusivity, Si 

and O self-diffusion in stishovite, which is one of dominant phase of SiO2-rich fragments, 

was studied simultaneously up to 21.5 GPa and 2073 K by means of the isotopic tracer 

method adopting single crystals. Self-diffusion coefficients of Si (DSi) and O (DO) were 

determined as DSi [m2/s]=2.4 ×10-12 exp{-(237 [kJ/mol]+6.0 [cm3/mol]×P)/RT} and DO 

[m2/s]=7.2 ×10-11 exp{-(263 [kJ/mol]+4.8 [cm3/mol]×P)/RT}, respectively, where P is 

pressure (in GPa), T is absolute temperature (in K) and R is the ideal gas constant. Present 

experiments demonstrated that Si diffusion in stishovite is distinctly slower than those in 

other mantle minerals. Assuming the inverse relationship between viscosity and diffusivity 

of Si, it is likely that stishovite is ~4 orders of magnitude harder than bridgmanite at 1000 

km depth. Therefore, we anticipated that the high viscosity of SiO2-rich components is the 

key to prevent the seismic reflectors from mixing up with the bridgmanite-dominated 

surrounding mantle. 

Seismic tomography imaged slab stagnation and seismic reflectors at mid-mantle depth. 

The depth of slab stagnation in the lower mantle is coincident with the observed viscosity 

change inferred from geophysical observation. Subducted slab may temporarily or 

permanently stagnate in mid-mantle once encounter viscous barrier during subduction. 
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However, there is no unique mechanism to be responsible for the viscosity change due to the 

lack of experimental data on rheology of main phases of the lower mantle, bridgmanite and 

ferropericlase, because of experimental difficulty. Compared with the proposed perovskitic 

lower mantle, subducted harzburgite layer consists of ~20 vol.% ferropericlase, which is 

significantly softer than bridgmanite. Chemical difference between the subducted harzburgite 

layer and underlying perovskitic lower mantle may cause the viscosity jump once 

ferropericlase dominated the bulk viscosity of harzburgite. To identify the viscosity contrast 

between the subducting slab and perovskitic lower mantle, deformation experiments on 

ferropericlase and bridgmanite aggregate were designed. For the deformation experiment 

under lower mantle conditions, we developed Kawai-type cell assembly (6ï8 type) because 

of sufficient pressure generation. In-situ deformation experiments were conducted using 

deformation-DIA apparatus. After more than 20 trials with modification, we obtained little 

strain less than 0.03 at maximum. Alternatively, the newly developed DT-Cup apparatus was 

used because of the advantage of inducing strain with sample column aligned with the 

moving direction of differential anvils. We succeed to extend pressure range up to 25 GPa at 

1500  from 19 GPa at room temperature. The experimental setup was applied to uniaxial 

deformation of post-spinel and bridgmanite two-layer sample up to strain of ~0.2. The 

virtually identical strain of post-spinel and bridgmanite was observed, suggesting comparable 

viscosity of post-spinel to bridgmanite and that bridgmanite controls the bulk viscosity of 

post-spinel. This indicates harzburgite unable to be responsible for the viscosity jump in the 

lower mantle, or because the strain is not large enough to induce the interconnectivity of 

ferropericlase. Present development demonstrates an approach of using DT-Cup to study the 
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rheology of lower mantle minerals. More detailed study on post-spinel and bridgmanite 

deformation is planned.
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Heterogeneity and anisotropy in the deep mantle 

In a one-dimentional Earth model such as PREM (the preliminary Reference Earth 

Model) (Dziewonski and Anderson, 1981), a vertical transverse isotropic Earth was assumed. 

However, mantle is under severe convection, which indicates chemical or temperature 

deviations from the homogeneous model. The lateral variation can be detected by seismic 

probing as seismic heterogeneities. During the mantle flow, elastically anisotropic minerals 

tend to align in certain directions. Seismic velocity observation on this region will turn out 

to be direction dependent which referred to as seismic anisotropies.  

Seismic tomography is the most commonly used technique to infer velocity 

heterogeneity in the deep mantle. Over the last three decades of work, seismic tomography 

has produced long-wavelength features and also many detailed structures (e.g. Masters et al., 

2000; Romanowicz, 2003; Trampert and Van der Hilst, 2005). The most prominent features 

of tomographic images in the transition zone is the presence of high-velocity anomalies in 

the broad regions associated with the subducted slabs (e.g. Fukao et al., 2009, 2013; 

Romanowicz, 2003; Zhao, 2004). However, corresponding to the subduction region, high-

velocity region was also observed in the bottom of the lower mantle, which may suggest that 

the stagnated slabs ultimately sink to the bottom of the mantle (e.g. Grand, 1994; van der 

Hilst et al., 1997). In addition, stagnation and broadening of subducting slab in the shallow 

lower mantle was also observed under South America and Indonesia (Fukao et al., 2013; Li 

et al., 2008). Two large low shear wave velocity provinces (LLSVP) corresponding to the 

location of surface hotspots were found at the bottom of lower mantle, one beneath the south 

Pacific and another beneath Africa (e.g. Garnero, 2000; McNutt, 1998). It is considered that 
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LLSVP is the origin of upwelling plumes. In addition to the large scaled heterogeneities, a 

number of seismic reflectors have been discovered beneath the circum-Pacific region in the 

mid-mantle from 800 to 1800 km depths (e.g. Kaneshima and Helffrich, 1999, 2003; Castle 

and Creager, 1999; Niu et al., 2003) (recently reviewed by Kaneshima, 2016). 

Very little is known about the nature of seismic anisotropy in the deep mantle before as 

the limitation of seismology. As the improvement of resolution using overtones of surface 

waves or free oscillations, both polarization anisotropy and azimuthal anisotropy in the 

mantle transition zone was observed (Montagner and Kennett, 1966; Panning and 

Romanowicz, 2006; Visser et al., 2008). The S-wave tomography of the whole mantle 

showed the high association of seismic anisotropy with subducted slabs (Panning and 

Romanowicz, 2006). The majority of the lower mantle is devoid of anisotropy (Mead et al., 

1995) except significant anisotropy observed in the lower most mantle (Dǌ layer) (e.g. Vinnik 

et al., 1995; Garnero et al., 2004). The presence of seismic anisotropy in mantle transition 

zone and Dǌ layer is because they are boundary layers. Collision of subducted slabs may lead 

to deformation with higher stress and strain (McNamara et al., 2002). However, Panning and 

Romanowicz (2004) reported highly variable anisotropy in the Dǌ layer below the circum 

Pacific region and central Pacific region. 

The heterogeneity in seismic wave velocities should due to the variation of the physical 

environment (mainly temperature) and/or chemical composition. As the most important 

dynamic process which recycles oceanic crust into the Earth, slab subduction brings both 

thermal and compositional anomalies into the mantle. Therefore, subducted slabs are the 

most potential source of observed heterogeneities. By considering the effect of temperature 
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and composition, origin of the seismic heterogeneity can be understood. Vice versa, origin 

of the anomalies is critical for us to better understanding of the evolution of the Earth.  

Seismic anisotropy can be caused by layered structure of elastically distinct materials 

(shape preferred orientation, SPO), or lattice preferred orientation (LPO) of elastically 

anisotropic minerals. In both cases, the nature of anisotropy is highly dependent on the 

geometry of deformation, combining with the property of minerals. Therefore, we can infer 

the deformation geometry in the Earth from the deformation mechanism of constituting 

minerals and observed seismic anisotropy. In the recent years, important progress has been 

made by experimental studies (e.g. Jung and Karato, 2001; Ohuchi et al., 2015; Tsujino et 

al., 2016) and numerical modeling (e.g. Wenk and Van Houtte, 2004; Mainprice et al., 2008) 

on the variation of LPO under mantle conditions.  

Theoretical background of plastic deformation 

At the high pressure and high temperature in the Earthôs mantle, deformation of minerals 

are dominated by plastic deformation including dislocation creep and diffusion creep. The 

plastic properties of a mineral are expressed in terms of relationship between stress (ů) and 

strain (Ů) or strain rate (‐) known as ñflow lowò: 

‐ ὃ ÅØÐ                (1.1) 

where t is time, A is a constant dependent on the material and the particular creep mechanism, 

d is the grain size, n and m are the stress and grain size exponents dependent on the creep 

mechanism, H is the activation energy, R is the ideal gas constant, and T is the absolute 

temperature. 

Dislocation creep is plastic deformation occurred by a collective motion of line defects 
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as crystal dislocations with n=~3-6 and m=0 in Eq. 1.1. The rate of deformation is controlled 

by dislocation density and the velocity of dislocation motion. Deformation occurs by motions 

of dislocations including dislocation glide on a given glide plane and dislocation climb out 

of its glide plane. Theoretical model proposed by Weertman (1968) was widely used in which 

plastic strain is produced mostly by dislocation glide whereas the rate-controlling process is 

dislocation climb (e.g. Kohlstedt, 2006). The slowest diffusing species in minerals controls 

the rate of plastic deformation involving the climb-controlled dislocation creep (e.g., Kirby 

and Raleigh, 1973), so the creep rate is described as Weertman model (Weertman, 1968): 

‐ ςʌ
Ⱦ

             (1.2) 

where µ is the shear modulus, ů is the stress, D is the diffusion coefficient, ɋ is the molar 

volume, and b is the burgers vector, lg is the glide distance, and lc is the climb distance. The 

ratio of lg/lc is one of the important parameters to describe the dislocation creep in the 

Weertman model. 

In dislocation creep region, non-random distribution of crystallographic orientation of 

grains, LPO, develops during deformation. LPO of elastically anisotropic minerals leads to 

the seismic anisotropy by seismological observations. Based on the distribution of 

anisotropic microstructures in the Earth, dislocation creep was demonstrated dominates in 

certain regions in the mantle under relatively high stress and/or large grain size conditions as 

in the boundary layers (Karato, 1998; Karato and Wu, 1993). On the other hand, with 

experimental understanding the mechanism of forming LPO, we can infer the dynamic 

process in Earth based on geophysical observations of anisotropic properties. 

In diffusion creep region, deformation occurs by transportation of individual atoms due 
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to thermally activated process. Different from dislocation creep, plastic deformation in 

diffusion creep is inversely proportional to grain size and weakly dependent on applied stress 

with n=1 and m=~2-3 in Eq. 1.1. The rate of deformation due to diffusive mass transport is 

sensitive to diffusion coefficient. Strain rate is described as follows (Nabarro, 1948; Herring, 

1950; Coble, 1963; Frost and Ashby, 1982): 

‐ ὃ„              (1.3) 

Where Deff is the effective diffusion coefficient. Diffusion creep is considered to play an 

important role when stress is low with small grain size. Different from dislocation creep, 

diffusional mass transport does not have a rotational component, and no LPO will develop 

consequently in the diffusion creep region. Diffusion creep will be dominant in the large parts 

of mantle (e.g. Elliott, 1973; Karato and Li, 1992). One important evidence for inference of 

diffusion creep in the mantle is the absence of strong LPO despite large strain (Karato et al., 

1995).  

Experimental approach to mantle rheology 

Experimental determination of the rheological properties is important for understanding 

the deformation process of the Earthôs interior. There are mainly two experimental 

approaches to obtain the rheological properties: one is deformation experiments and the other 

is diffusion experiments. Because plastic deformation occurs via a thermally activated 

motion of defects, it is very sensitive to temperature, pressure and chemical environment 

(such as water fugacity, oxgen fugacity) and grain size (Karato, 2008a). For example, LPO 

in olivine was revealed to vary in pressure, temperature, and water content (e.g. Raterron et 

al. 2007; Katayama and Karato, 2006; Jung and Karato, 2001). Therefore laboratory 
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experiments corresponding to the real mantle conditions are critical to application to the Earth. 

Rheological properties that we need to know for geodynamical applications include the 

relationship between the creep strength (flow law), microstructures and physical and 

chemical conditions.  

By deformation experiments, the flow law (Eq. 1.1) can be obtained with measuring the 

strain rate and stress (Karato, 2008a). Microstructures including grain size, grain shape and 

LPO provide us remarkable information. But for deformation experiments, extending the 

pressure range of deformation apparatus and precisely determination of the deviatoric stress 

are the biggest challenging to assess the whole mantle rheology. Appropriate high-pressure 

deformation apparatus must meet several conditions: 1) high strength of differential rams to 

support the high differential stress; 2) stress and strain need to be applied with a controlled 

fashion so that we can determine the steady-state rheological properties; 3) uniform and 

stable thermal chemical conditions such as temperature, pressure, water fugacity etc.; 4) large 

sample value allows evaluation of effects of grain size on flow properties (e.g. Karato, 2008b; 

Wang et al., 2010).  

Many pioneering works have been done with Griggs apparatus (Heard et al., 1972) 

which was modified after piston-cylinder type high pressure apparatus. But the applicability 

of this apparatus is limited because the stress was measured outside the pressure vessel with 

large uncertainties. Later, a gas-medium high pressure deformation apparatus was designed 

by Paterson (Paterson, 1990) with high resolution in stress measurement (e.g. Mei and 

Kohlstedt, 2000). Because of the gas pressure medium, the confining pressure was limited to 

~0.5 GPa. Diamond anvil cell (DAC) was used attempts at extending the pressure range for 
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deformation experiments (Kinsland and Bassett, 1977; Sung et al., 1977). This approach has 

recently been expanded to higher pressures exceeds 200 GPa and widely used for 

deformation of deep mantle minerals (e.g. Mao et al., 1998; Wenk et al., 2004). However, 

most of the DAC experiments were conducted at low temperatures and high stresses where 

deformation mechanisms are likely different from those operating in Earth. The better 

approach is to use large-volume high pressure apparatus. Recently, three types of 

deformation apparatus have been designed, i.e. rotational Drickmer apparatus (RDA) 

(Yamazaki and Karato, 2001), deformation-DIA (Wang et al., 2003) and recently developed 

DT-Cup apparatus (Hunt et al., 2014). The available pressure and temperature conditions of 

RDA and DT-Cup reached lower mantle depth recently (Girard et al., 2016; Chapter 4, 

current thesis). These apparatus were utilized combining with synchrotron, with which stress 

and strain can be obtained to build up the flow law (Li et al., 2004; Chen et al., 2006).  

The other independent method to study the rheology of mantle minerals is diffusion 

experiments. In diffusion creep and climb controlled dislocation creep region, deformation 

rate is controlled by atomic diffusion of the slowest diffusion species (Eq. 1.2-4) (e.g. Jaoul 

et al., 1981). If the diffusion coefficient of the slowest diffusion species are determined, the 

creep rates of diffusion creep and climb controlled dislocation creep can be estimated. The 

experimental measurement of diffusion coefficients can be performed using isotopic tracer 

method over a wide pressure and temperature range. High differential stress in the 

deformation experiment can be avoid as the hydrostatic pressure condition in diffusion 

experiments. Up to date, diffusion coefficients of constituting elements in dominant mantle 

minerals have been determined (e.g. Dohmen et al., 2002; Shimojuku et al., 2009; Xu et al., 
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2011; Fei et al., 2013). 

In this study, we conducted deformation experiments on stishovite in the dislocation 

creep regime to observe LPO by means of high pressure experiments. The results can be 

applied to the interpretation of seismic observation as described in ñHeterogeneity and 

anisotropy in the deep mantleò section to understand the flow pattern in the mantle transition 

zone. We also conducted deformation experiments on the analogue of seifertite, Ŭ-PbO2, to 

clarify the contribution of SiO2 phase to the observed seismic anisotropy in the Dǌ layer 

(Chapter 2). For the estimation of the viscosity of seismic reflector, we determined the 

diffusivities of constituting species of stishovite because diffusivity controls viscosity in both 

of diffusion creep and climb dominated dislocation creep as mentioned in ñTheoretical 

background of plastic deformationò section. Based on the estimation of viscosity, we 

discussed the preservation of seismic reflector which may be dominant with SiO2 component 

(Chapter 3). Finally, we technically developed deformation experiment at high pressure more 

than 25 GPa to study the rheology of lower mantle minerals. After developing we apply this 

technique to deform post-spinel and bridgmanite two-layer sample to understand the 

mechanism of slab stagnation at mid-mantle depths (Chapter 4). 

Reference 

Chen, J., Li, L., Yu, T., Long, H., Weidner, D., Wang, L. and Vaughan, M., 2006. Do Reuss 

and Voigt bounds really bound in high-pressure rheology experiments? J. Phys., 18, pp. 

S1049- S1059. 

Coble, R.L., 1963. A model for boundary diffusion controlled creep in polycrystalline 

materials. J. App. Phys., 34, pp. 1679-1682. 



10 

 

 

Dziewonski, A.M. and Anderson, D.L., 1981. Preliminary reference Earth model. Phys. 

Earth Planet. Int., 25, pp. 297-356. 

Elliott, D., 1973. Diffusion flow laws in metamorphic rocks. Geol. Soci. Amer. Bulletin, 84, 

pp. 2645-2664. 

Fei, H., Wiedenbeck, M., Yamazaki, D. and Katsura, T., 2013. Small effect of water on 

upper-mantle rheology based on silicon self-diffusion coefficients. Nature, 498, pp. 213-

215. 

Frost, H. J., Ashby, M. F., 1982. Deformation mechanism maps: the plasticity and creep of 

metals and ceramics. Pergamon Press, Oxford, UK. 

Fukao, Y., Obayashi, M. and Nakakuki, T., 2009. Stagnant slab: a review. Annual Rev. Earth 

Planet. Sci., 37, pp.19-46. 

Fukao, Y. and Obayashi, M., 2013. Subducted slabs stagnant above, penetrating through, and 

trapped below the 660 km discontinuity. J. Geophy. Res., 118, pp. 5920-5938. 

Garnero, E.J. and Jeanloz, R., 2000. Fuzzy patches on the Earth's core-mantle boundary?. 

Geophy. Res. Lett., 27, pp. 2777-2780. 

Garnero, E.J., 2004. A new paradigm for Earth's core-mantle boundary. Science, 304, 

pp.834-836. 

Girard, J., Amulele, G., Farla, R., Mohiuddin, A. and Karato, S.I., 2016. Shear deformation 

of bridgmanite and magnesiowüstite aggregates at lower mantle conditions. Science, 351, 

pp. 144-147. 

Grand, S.P., 1994. Mantle shear structure beneath the Americas and surrounding oceans. J. 

Geophy. Res., 99, pp.11591-11621. 



11 

 

 

Heard, H.C., 1972. Flow and fracture of rocks (Vol. 16). AGU, Washingto DC, pp. 352. 

Herring, C., 1950. Diffusional viscosity of a polycrystalline solid. J. App. Phys., 21, pp. 437-

445. 

Hunt, S.A., Weidner, D.J., McCormack, R.J., Whitaker, M.L., Bailey, E., Li, L., Vaughan, 

M.T., Dobson, D.P., 2014. Deformation T-Cup: A new multi-anvil apparatus for 

controlled strain-rate deformation experiments at pressures above 18 GPa. Rev. Sci. Inst., 

85, pp. 085-103. 

Jaoul, O., Poumellec, M., Froidevaux, C., Havette, A., 1981. Silicon diffusion in forsterite: a 

new constraint for understanding mantle deformation. Anelasticity in the Earth, pp.95-

100. 

Jung, H. and Karato, S.I., 2001. Water-induced fabric transitions in olivine. Science, 293, pp. 

1460-1463. 

Kaneshima. S, 2016. Seismic scatterers in the mid-lower mantle. Phys. Earth Planet. Inter., 

257, pp. 105ï114. 

Kaneshima, S., Helffrich, G., 1999. Dipping low-velocity layer in the mid-lower mantle: 

evidence for geochemical heterogeneity. Science, 283, 1888-1892. 

Kaneshima, S., Helffrich, G., 2003. Subparallel dipping heterogeneities in the mid΅lower 

mantle. J. Geophys. Res., 108, 2272. 

Karato, S.I., 1998. Some remarks on the origin of seismic anisotropy in the Dǌ layer. Earth 

Planets. Space, 50, pp. 1019-1028. 

Karato, S.I., 2008a. Deformation of earth materials: an introduction to the rheology of solid 



12 

 

 

earth. Cambridge University Press. 

Karato, S.I., 2008b. Recent progress in the experimental studies on the kinetic properties in 

minerals. Phys. Earth Planet. Int., 170, pp. 152-155. 

Karato, S.I. and Li, P., 1992. Diffusion creep in perovskite: implications for the rheology of 

the lower mantle. Science, 255, pp. 1238. 

Karato, S.I. and Wu, P., 1993. Rheology of the upper mantle: A synthesis. Science, 260, pp. 

771-778. 

Karato, S.I., Zhang, S. and Wenk, H.R., 1995. Superplasticity in Earth's lower mantle: 

evidence from seismic anisotropy and rock physics. Science, 270, pp. 458. 

Katayama I, Karato S. 2006. Effects of temperature on the B- to C-type fabric transition in 

olivine. Phys. Earth Planet. Inter. 157, pp. 33-45. 

Kinsland, G. L., Bassett, W., 1977. Strength of MgO and NaCl polycrystals to confining 

pressures of 250K bar at 25 . J. Appl. Phys., 48, pp. 978-985. 

Kirby, S.H., Raleigh, C.B., 1973. Mechanisms of high-temperature, solid-state flow in 

minerals and ceramics and their bearing on the creep behavior of the mantle. 

Tectonophysics 19, pp. 165-194. 

Kohlstedt, D.L., 2006. The role of water in high-temperature rock deformation. In: Keppler, 

H., Smyth, J.R. (Eds.), Water in nominally anhydrous minerals. Rev. Min. Geochem. 

vol. 62, pp. 377-396. 

Li, C., van der Hilst, R.D., Engdahl, E.R. and Burdick, S., 2008. A new global model for P 

wave speed variations in Earth's mantle. Geochem. Geophys. Geosys. 9, Q05018. 

Li L, Weidner D, Raterron P, Chen J, and Vaughan M, 2004. Stress measurements of 



13 

 

 

deforming olivine at high pressure. Phys. Earth Planet. Int., 143-144, pp. 357-367. 

Masters, G., Laske, G., Bolton, H. and Dziewonski, A., 2000. The relative behavior of shear 

velocity, bulk sound speed, and compressional velocity in the mantle: implications for 

chemical and thermal structure. Earth's deep interior: mineral physics and tomography 

from the atomic to the global scale, pp.63-87. 

McNamara, A.K., Van Keken, P.E., Karato, S.I., 2002. Development of anisotropic structure 

in the Earth's lower mantle by solid-state convection. Nature, 416, pp. 310-314. 

Meade, C., Silver, P.G. and Kaneshima, S., 1995. Laboratory and seismological observations 

of lower mantle isotropy. Geophy. Res. Lett., 22, pp. 1293-1296. 

Mei, S., and Kohlstedt, D. L., 2000. Influence of water on plastic deformation of olivine 

aggregates: 2. Dislocation creep regime, J. Geophys. Res., 105, pp. 21471-21481. 

Montagner J P, Kennett B L N., 1996. How to reconcile body-wave and normal-mode 

reference Earth models. Geophys. J. Int., 125, pp. 229-248. 

Nabarro, F.R.N., 1948. Deformation of crystals by the motion of single ions. In Report of a 

Conference on Strength of Solids (pp. 75-90). 

Niu, F., Kawakatsu, H., Fukao, Y., 2003. Seismic evidence for a chemical heterogeneity in 

the midmantle: a strong and slightly dipping seismic reflector beneath the Mariana 

subduction zone. J. Geophys. Res., 108, 2419. 

Tsujino, N., Nishihara, Y., Yamazaki, D., Seto, Y., Higo, Y., Takahashi, E., 2016. Mantle 

dynamics inferred from the crystallographic preferred orientation of bridgmanite. 

Nature, 539, pp. 81-84. 

Ohuchi T, Fujino K, Kawazoe T, et al., 2014. Crystallographic preferred orientation of 



14 

 

 

wadsleyite and ringwoodite: Effects of phase transformation and water on seismic 

anisotropy in the mantle transition zone. Earth Planet. Sci. Lett., 397, pp. 133-144. 

Panning, M. and Romanowicz, B., 2004. Inferences on flow at the base of Earth's mantle 

based on seismic anisotropy. Science, 303, pp.351-353. 

Panning M, Romanowicz B., 2006. A three-dimensional radially anisotropic model of shear 

velocity in the whole mantle. Geophys. J. Int., 167, pp. 361-379. 

Paterson, M.S., 1990. Rock deformation experimentation. The brittle-ductile transition in 

rocks, pp. 187-194. 

Raterron P, Chen J, Li L,Weidner DJ, Cordier P. 2007. Pressure-induced slip system 

transition in forsterite: single-crystal rheological properties at mantle pressure and 

temperature. Am. Mineral. 92, pp. 1436-45 

Ringwood, A.E., Hibberson, W., 1991. Solubilities of mantle oxides in molten iron at high 

pressures and temperatures: implications for the composition and formation of Earth's 

core. Earth Planet. Sci. Lett., 102, pp.235-251. 

Romanowicz, B., 2003. Global mantle tomography: progress status in the past 10 years. 

Annual Rev. Earth Planet. Sci., 31, pp. 303-328. 

Shimojuku, A., Kubo, T., Ohtani, E., Nakamura, T., Okazaki, R., Dohmen, R., Chakraborty, 

S., 2009. Si and O diffusion in (Mg, Fe)2 SiO4 wadsleyite and ringwoodite and its 

implications for the rheology of the mantle transition zone. Earth Planet. Sci. Lett., 284, 

pp. 103-112. 

Shimojuku, A., Kubo, T., Kato, T., Yoshino, T., Nishi, M., Nakamura, T., Okazaki, R. and 

Kakazu, Y., 2014. Effects of pressure and temperature on the silicon diffusivity of 



15 

 

 

pyrope-rich garnet. Phys. Earth Planet. Int., 226, pp. 28-38. 

Sung, C.M., Goetze, C. and Mao, H.K., 1977. Pressure distribution in the diamond anvil 

press and the shear strenght of fayalite. Rev. Sci. Instru., 48, pp. 1386-1391. 

Mainprice, D., Tommasi, A., Ferré, D., Carrez, P. and Cordier, P., 2008. Predicted glide 

systems and crystal preferred orientations of polycrystalline silicate Mg-Perovskite at 

high pressure: Implications for the seismic anisotropy in the lower mantle. Earth Planet. 

Sci. Lett., 271, pp. 135-144. 

Mao, H.K., Shu, J., Shen, G., Hemley, R.J., Li, B. and Singh, A.K., 1998. Elasticity and 

rheology of iron above 220 GPa and the nature of the Earth's inner core. Nature, 396, 

pp. 741-743. 

McNutt, M.K., 1998. Superswells. Rev. Geophys., 36, pp. 211-244 

Trampert, J. and Van Der Hilst, R.D., 2005. Towards a quantitative interpretation of global 

seismic tomography. Earth's Deep Mantle: Structure, Composition, and Evolution, pp. 

47-62. 

Van der Hilst, R.D., Widiyantoro, S. and Engdahl, E.R., 1997. Evidence for deep mantle 

circulation from global tomography. Nature, 386, pp. 578-584. 

Vinnik, L., Romanowicz, B., Le Stunff, Y. and Makeyeva, L., 1995. Seismic anisotropy in 

the Dǌ layer. Geophy. Res. Lett., 22, pp. 1657-1660. 

Visser K, Trampert J, Lebedev S, et al., 2008. Probability of radial anisotropy in the deep 

mantle. Earth Planet. Sci. Lett., 270, pp. 241-250. 

Wang, Y., Durham, W.B., Getting, I.C. and Weidner, D.J., 2003. The deformation-DIA: A 

new apparatus for high temperature triaxial deformation to pressures up to 15 GPa. Rev. 



16 

 

 

Sci. Instr., 74, pp. 3002-3011. 

Wang, Y., Hilairet, N. and Dera, P., 2010. Recent advances in high pressure and temperature 

rheological studies. J.  Earth Sci., 21, pp. 495-516. 

Weertman, J., 1968. Dislocation climb theory of steady-state creep. Transactions of the Am. 

Soci.  Metals, 61, 681-694. 

Weertman, J., 1999. Microstructural mechanisms of creep. Mechanics and materials: 

Fundamentals and linkages, pp. 451-488. 

Wenk, H.R. and Van Houtte, P., 2004. Texture and anisotropy. Reports on Progress in 

Physics, 67, pp. 1367. 

Wenk HR, Lonardelli I, Pehl J, et al., 2004. In situ observation of texture development in 

olivine, ringwoodite, magnesiowustite and silicate perovskite at high pressure. Earth 

Planet. Sci. Lett., 226, pp. 507-519. 

Xu, J., Yamazaki, D., Katsura, T., Wu, X., Remmert, P., Yurimoto, H. and Chakraborty, S., 

2011. Silicon and magnesium diffusion in a single crystal of MgSiO3 perovskite. J 

Geophy. Res., 116. 

Yamazaki, D. and Karato, S.I., 2001. High-pressure rotational deformation apparatus to 15 

GPa. Rev. Sci. Instru., 72, pp. 4207-4211. 

Zhao, D., 2004. Global tomographic images of mantle plumes and subducting slabs: insight 

into deep Earth dynamics. Phys. Earth Planet. Int., 146, pp. 3-34. 

 

 

 



17 

 

 

 

 

 

 

 

 

 

Chapter 2. Lattice preferred orientation of high-pressure 

polymorphs of silica deformed at high pressure and high 
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Abstract 

Although the majority of deep mantle is seismically isotropic, strong seismic anisotropy 

was observed in the boundary layers, i.e. mantle transition zone and the lowermost mantle 

(Dǌ layer), which could be caused by the lattice preferred orientation (LPO) of constituting 

minerals. Whole mantle S-wave tomography showed the high association of seismic 

anisotropy with subducted slabs. The subducted sediment, MORB layers and possible 

entrained primordial continents are SiO2-rich, which will be stable as rutile (stishovite) and 

Ŭ-PbO2 structure (seifertite) in the mantle transition zone and Dǌ layer, respectively. 

Stishovite and seifertite show significant anisotropic elasticity and they would contribute to 

the observed seismic anisotropy once SiO2-rich components accumulated in the layers. With 

understanding the mechanism by which LPO was formed, we can infer the flow pattern of 

SiO2-rich components in mantle. However, the knowledge of LPO of stishovite and seifertite 

developed at high pressure and high temperature is not enough to understand the observed 

seismic anisotropy.  

In this study, deformation experiments were conducted on pre-sintered stishovite and 

analogue of seifertite (Ŭ-PbO2) using deformation-DIA apparatus at high pressure and high 

temperature. LPOs were identified by electron backscatter diffraction measurement and two-

dimensional X-ray diffraction. The most dominant slip system in stishovite and seifertite was 

suggested to be [001] {110} and [100] (010), respectively. The polarization anisotropy with 

faster vertically polarized S-wave observed in the lower mantle transition zone indicated the 

vertical flow related with the subducted SiO2-rich components. It may suggest the stagnation 

of stishovite layer with horizontal flow in the lower mantle transition zone is not favored. our 
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result of LPO of Ŭ-PbO2 suggests the horizontal flow in the Dǌ layer, which was considered 

as dominant flow in the circum Pacific region, will result in a faster vertically polarized S-

wave. This is inconsistent with the seismic observation of faster horizontally polarized S-

wave. This indicates an absence of large accumulation of seifertite in the Dǌ layer, the 

subducted SiO2-rich components may be trapped in the lower mantle which were observed 

as seismic reflectors and scatters. 
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2.1. Introduction 

Although the majority of deep mantle is devoid of anisotropy, strong seismic anisotropy 

was observed in the boundary layers, i.e. mantle transition zone and the lowermost mantle 

(Dǌ layer) (e.g. Panning and Romanowicz, 2004, 2006; Visser et al., 2008). The observed 

seismic anisotropy could be caused by the LPO of constituting minerals if they are elastically 

anisotropic, and the LPO can be formed by deformation during the dynamic mantle flow. The 

presence of seismic anisotropy in the boundary layers partially reflects the strong dynamic 

process at the layer boundary (McNamara et al., 2002), but the elastic anisotropy of 

constituent materials also plays a significant role. The S-wave tomography of the whole 

mantle showed the high association of seismic anisotropy with subducted slabs (Panning and 

Romanowicz, 2006). The subducted slab transports chemically heterogeneous sediment and 

basalt (MORB, mid-ocean ridge basalt) layers as far as 660 km depth discontinuity and even 

deep into the lower mantle based on both seismic observation (e.g. Fukao and Obayashi, 

2013) and also mineralogical density estimation (e.g. Hirose et al., 2005; Komobayashi et al., 

2009). They could significantly contribute to the observed seismic anisotropy once they are 

more elastically anisotropic compared with surrounding mantle. 

Compared with the pyrolytic surrounding mantle, sediment and MORB layers are 

enriched in SiO2, i.e. ~10-20 vol.% in MORB and ~30-40 vol.% in sediment (Irifune and 

Ringwood, 1993; Irifune et al., 1994). The SiO2 composition will be stable as rutile-type 

polymorph as stishovite in the mantle transition zone (Stishov and Popova, 1961), and Ŭ-

PbO2 like structure known as seifertite in the Dǌ layer (Grocholski et al., 2013; El Goresy et 

al., 2008). Kawai et al. (2009) proposed that the Archean ñgraniteò, tonalite-trondhjemite-
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granodiorite (TTG), had been stagnated in the lower transition zone, in which silica 

dominates more than 75 vol.%. The bottom of the Dǌ layer could be more enriched in silica 

due to the chemical reaction with the liquid iron of the outer core (Knittle and Jeanloz, 1991). 

By first principle calculation, Karki et al. (1997) obtained the pressure dependence of 

elasticity of high-pressure polymorphs of silica. Although decrease with pressure, silica 

under deep mantle condition shows strong elastic anisotropy and may significantly contribute 

to the observed seismic anisotropy. In particular, acoustic velocity measurement on a single 

crystal of stishovite revealed S-wave polarization anisotropy as much as ~60 % in the wave 

propagating along the <110> direction (Yoneda et al., 2012). Therefore, the LPO of stishovite 

and seifertite accumulate in the lower transition zone and Dǌ layer has a high potential to 

contribute to the observed seismic anisotropy. With understanding the mechanism by which 

LPO is formed, we can infer the flow pattern of SiO2 components and subducted slab.  

Probably the most practical and effective way to investigate the fabric of the stishovite 

and seifertite is direct observation of microstructure and crystallographic orientation on 

samples recovered from large strain deformation experiment. There are several attempts to 

investigate the LPO of stishovite, Cordier et al. (2004) and Texier and Cordier (2006) 

conducted the stress relaxiation experiments using the Kawai-type multianvil apparatus at 13 

GPa and 1300 ÁC. The transmission electron microscopy observation on dislocations of 

stishovite indicated the easy slip systems with the [001] direction in the {100} and the {210} 

planes. On the other hand, various slip directions in the (001) plane are activated at high 

pressure and room temperature during uniaxial compression in diamond anvil cell (Kaercher 

et al., 2014). There is no consensus on the dominant slip system of stishovite because of the 
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lack of well-controlled deformation experiments at high pressure and high temperature. On 

the other hand, because the seifertite is only stable at pressures higher than 120 GPa and 

temperatures higher than 2500 K (Grocholski et al., 2013), which make it impossible to study 

the rheological feature by deformation at high pressure and high temperature. There is no 

investigation on the fabric on seifertite until now. 

In this study, we conducted three types of deformation experiments, uniaxial 

deformation (compressional and tensional) and shear deformation, of stishovite at high 

pressure and high temperature to obtain LPO pattern formed by well controlled deformation 

process. Deformation experiment on Ŭ-PbO2, which is an analogue of seifertite at relatively 

low pressure, was conducted to study the fabric of Ŭ-PbO2 phase. The slip system and LPO 

pattern strongly depend on crystal structure, but not on chemistry (Karato, 1989). Therefore, 

the fabric developed in Ŭ-PbO2 was observed and applied to the Dǌ layer.  

2.2. Experimental procedure 

2.2.1. Starting materials 

To avoid large deformation during compression, well sintered polycrystalline 

aggregates of stishovite and Ŭ-PbO2 were pre-synthesized as starting materials for 

deformation experiments. All synthesis experiments were done at high pressure and high 

temperature in the Kawai-type multianvil apparatus installed at Institute for Planetary 

Materials, Okayama University, Japan. MgO+5 %Cr2O3 octahedra with a 18 mm or 25 mm 

edge length and WC cubes with 11 mm or 15 mm truncated edge length were used for 

synthesis of stishovite and Ŭ-PbO2 aggregates (Fig. 2.1 a and b), respectively. 
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To synthesis well-sintered stishovite, we compressed the starting material of anhydrous 

gel powder wrapped with platinum capsule to 12 GPa and annealed at 1450 ÁC for half an 

hour. Even small amount of water will promote grain growth largely, so silicagel was baked 

at 1000  for ~10 hours to remove the water. The baked silica gel put in capsule were kept 

at 473 K in a vacuum oven to minimize the water absorption of the powder before the 

experiment. The sintered stishovite samples were core-drilled with a diameter of 1.1 mm by 

ultrasonic coring machine and sliced with a thickness of 1.1 mm for uniaixal deformation 

experiments. For shear deformation experiments, stishovite aggregates were sliced at an 

angle of 45Á respect to the cylindrical axis with 200 ɛm thickness. 

The commercial PbO2 powder was further ground down to ~1 Õm to be the starting 

material of synthesis experiment for Ŭ-PbO2 aggregates. The PbO2 powder wrapped with 

platinum capsule was kept at 473 K in a vacuum oven to minimize the water contamination 

before the experiment. Ŭ-PbO2 aggregates was synthesized at 5 GPa and 550 ÁC for 1 hour. 

The samples were core-drilled with a diameter of 2.0 mm by ultrasonic coring machine and 

sliced at an angle of 45Á respect to the cylindrical axis with a thickness of 250 Õm.  

2.2.2. Deformation experiment 

Deformation experiments were conducted with D-DIA type apparatus (Wang et al., 

2003). Two differential rams introduced in the upper and lower guide blocks allow 

independent control of the differential strain and stress field under high confining pressure. 

As shown in Fig. 2.2, the 6-8 type deformation cell (Fig. 2.2a) (Kawai-type multianvil cell 

assembly, Nishihara, 2008; Tsujino et al., 2016), eight second-stage cubic anvils with an 
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octahedral shape pressure medium, was applied for deformation of stishovite. For 

deformation of Ŭ-PbO2, 6-6 type cell assembly (Fig. 2.2b) (Nishiyama et al., 2008), six 

tungsten carbide (WC) anvils with cubic pressure medium, was utilized. As the better 

hydrostatic condition with more anvils compressing from more directions compared with 

MA6-6 type cell, the MA6-8 type cell has advantage of generating high pressure.  

Deformation of stishovite 

We conducted deformation experiments on stishovite at high pressure and high 

temperature using D-DIA type apparatus (SPEED MK-II) installed at Bl04B1, SPring-8, 

Japan. We performed deformation experiments in the stability filed of stishovite at 12 GPa 

and 1600 ÁC. Pressure medium of semi-sintered 5 wt.% Cr2O3-doped MgO octahedra with 

10 mm edge length were compressed by tungsten carbide (WC) cubes with 5 mm truncation 

edge length. The cross-sections of cell assemblies for deformation experiments are shown in 

 

Fig. 2.1. Configuration of cell assemblies for synthesis of stishovite (a) and for Ŭ-PbO2 

aggregates (b). 
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Fig. 2.3. High temperature was generated using a LaCrO3 heater and was monitored with a 

W97%Re3%-W75%Re25% thermocouple whose junction was set next to the samples. Mo foil 

was used as electrode between WC anvils and LaCrO3 heater. In the uniaxial deformation 

experiments, we use sintered-diamond (SD) with Si binder as pistons, and Re foils to prevent 

the direct contact between sample and SD pistons in order to separate them easily after 

deformation experiments (Fig. 2.2a). In the shear deformation experiments, we cut the 

ellipsoid slices of sample to two halves to insert the platinum foil as strain marker (Fig. 2.2b). 

The samples were sandwiched by two alumina pistons with 45Á cut respect to the cylindrical 

axis. In both cells, porous crushable alumina rods were used to avoid the deformation of 

sample during compression at room temperature.  

We conducted deformation experiments by both advance and retraction of differential 

rams after compression to the target pressure (12 GPa) and heating to the target temperature 

(1600 ÁC). For deformation by advancement of differential rams, which were not activated 

 

Fig. 2.2. Schematic show of 6-8 (a) and 6-6 (b) type assembly for deformation. 
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during compression, we lifted the differential rams before deformation by rapidly oil pump 

to the differential rams until the loads reach one third of the main ram load. Sub-sequentially, 

the deformation were conducted with a constant advancement rate. As shown in Fig. 2.4a, 

first, the loads of differential rams rapidly increased up to more than 1.4 MN (main load is 4 

MN) with insufficient movement of displacements, it is considered that the displacements of 

differential rams increased by elastic deformation of differential rams and guide block of 

apparatus. Plastic deformation is thought to occur during the next stage, in which activated 

differential ram efficiently moved with slightly increase of loads. For deformation by 

retraction of differential rams, we advanced the differential rams during compression to keep 

the cubic space after interference of alignment by increasing of top-bottom ram distance. The 

 

Fig. 2.3. Configuration of cell assemblies for uniaxial deformation experiment (a) and for 

simple shear deformation experiment (b). 
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loads of differential rams were around one third of main ram (1.3 MN) load just after 

compression (Fig. 2.4b). The differential rams were retracted with constant retraction rate in 

order to deform the sample. The differential ram loads gradually decreased until ~1.0 MN, at 

which the differential rams reached at the end position. The insufficient movement causes 

the largely drop of differential rams loads by elastic deformation of differential rams and 

apparatus, deformation wouldnôt occur during this stage. In this study, uniaxial deformation 

by both retraction and advancement of differential rams were conducted. Shear deformation 

experiment was conducted by advancement of differential rams. 

Deformation of Ŭ-PbO2 

We conducted deformation experiment at pressure of 4 GPa and temperature of 727 ÁC 

in the stability filed of Ŭ-PbO2 (Yagi&Akimoto, 1980). This temperature corresponds to ~0.7 

of melting temperature (Tm) of PbO2 (Grocholski et al., 2014), which is comparable to the 

ratio of temperature at the bottom of Dǌ layer to the Tm of SiO2 composition (Luo et al., 2002). 

 

Fig. 2.4. Loads and displacements of upper and lower differential rams during 

deformation of stishovite by advancement (a) and retraction (b) of D-rams. (a) Each 

differential ram was advanced with constant speed of 5 ɛm/min. (b) Each D-ram was 

retracted for 200 ɛm with constant speed in 50 mins.  
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Shear deformation experiments on Ŭ-PbO2 aggregates were performed using Kawai-type 

multianvil apparatus (KATD) installed at Institute for Planetary Materials (Nishihara, 2008; 

Tsujino et al., 2016). WC anvils with a truncated edge length of 4 mm and a cubic pressure 

medium of semi-sintered 5 wt.% Cr2O3-doped MgO with 8 mm edge length was used for 

generate high pressure. The cross-section of the cell assembly for deformation experiment 

was shown in Fig. 2.5. The ellipsoid slice of sample was cut to two halves to insert the 

platinum foil as strain marker. The samples were sandwiched by two alumina pistons with 

45Á cut respect to the cylindrical axis. High temperature was generated using a graphite heater 

and was monitored with a W97%Re3%-W75%Re25% thermocouple which were connected to 

each other via the platinum capsule.  

Shear deformation experiments on Ŭ-PbO2 were conducted by advance of differential 

rams after compression and heating. Same with compressional deformation of stishovite, we 

lifted the differential rams before deformation by rapidly oil pump to the differential rams 

 

Fig. 2.5. Configuration of cell assemblies for shear deformation experiment of Ŭ-PbO2 

with 6-6 type cell assembly. 
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until the loads reach about one third of the main ram load (0.23 MN). Sub-sequentially, the 

deformation were conducted with a constant advancement rate. As shown in Fig. 2.6, during 

deformation, load of differential rams increase at a constant rate. Although top ram shown 

some sluggish during deformation, the deformation was conducted with a uniform rate.  

After deformation, samples were quenched and sub-sequentially decompressed with 

controlling the differential ram position to avoid additional deformation during 

decompression. In the uniaxial deformation experiments, we calculated the strain from the 

change of sample lengths before and after deformation experiments. In the shear deformation 

experiments, strain was estimated from the rotation of the strain marker, which was initially 

located perpendicular to the shear direction. We simply calculated the averaged strain rate 

with total strain and duration of the deformation under the assumption of constant strain rate 

during deformation. 

 

Fig. 2.6. Loads and displacements of upper and lower differential rams during deformation 

of Ŭ-PbO2 by advancement of D-rams.  
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2.2.3. Microstructure analysis 

After experiments, the recovered uniaxial deformed samples were separated from other 

parts and then polished parallel or perpendicular to the cylindrical axis after mounted in 

epoxy resin. Shear deformation cell was directly mounted in epoxy resin and polished 

parallel to the shear direction and shear plane normal. The samples were polished 

sequentially using SiC sand papers and diamond paste, and finally colloidal silica 

suspension to remove the physically damaged surface. We investigated the microstructure 

of recovered samples by field emission scanning electron microscopy (FE-SEM, JEOL 

JSM-700F) with electron backscatter diffraction (EBSD) system. The LPO of stishovite and 

Ŭ-PbO2 was evaluated from the EBSD patterns obtained at 15 kV acceleration voltage and 

5.0 nA probe current. The EBSD patterns were indexed with HKL CHANNEL5 software 

(Oxford instruments, Ltd.). The measurements were performed by the automatic beam 

scanning with a step of 1-3 ɛm and indexing of EBSD patterns to cover the large area of 

polished sample section.  Ŭ-PbO2 is too soft to be well polished, we also measured the LPO 

using the two-dimensional (2D) monochromatic X-ray diffraction pattern method. 2D X-

ray diffraction pattern was obtained using the radial diffraction of 63.182 keV (wavelength 

ɚ=0.1962 ) monochromatic X-rays (Seto et al., 2012) at Bl04B1, SPring-8, Japan. The 

sample was measured with the direction perpendicular to the shear direction and shear 

normal direction along the direction of the X-ray beam (Fig. 2.7). Optical parameters 

including camera length, pixel shape of camera, and so on were calibrated using a CeO2 

standard. The two-dimensional (2D) diffraction patterns were collected with a beam size of 

200 ÕmĬ100 Õm for 15 min using an imaging plate (IP). The IP data were acquired using a 
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FUJI BAS 2000 reader under a resolution of 100 ÕmĬ100 Õm. The LPO was calculated 

using the software package of both ReciPro (Seto et al., 2012) and MAUD (Lutterotti et al., 

2007) by simulating the obtained the 2D data.  

2.3. Result  

2.3.1. Result of deformation experiment on stishovite 

The recovered samples after uniaxial deformation experiments by the advancement of 

the differential rams showed elongation along the cylindrical axis as a tensional geometry 

(hereafter, we call it ñtensional deformationò) with the 6-8 type cell assembly, whereas 

samples deformed by retraction of differential rams showed shortening along the cylindrical 

axis as a compressional geometry (hereafter, we call it ñcompressional deformationò). The 

inconsistence between the movement of differential rams and resulted deformation geometry 

 

Fig. 2.7. Schematic showing of the two-dimensional X-ray diffraction measurement set-

up.  
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may be due to the flow of gasket and pressure medium between the anvils. As shown in Fig. 

2.8a, the material tend to flow from the horizontal anvil gaps to vertical anvils gaps with the 

advancement of top and bottom anvils. This flow will drive the tension of the sample column 

which was located at the center of the pressure medium, and vice versa in the case of 

retraction of differential rams (Fig. 2.8b).  

Results of deformation experiments were summarized in Table 2.1. The uniaxial 

tensional experiments were performed with strain of ʀ~0.25 (M1462), 0.33 (M1436) and 0.43    

(M1395) corresponding to strain rate of ‐~1.39×10-4 s-1, 0.96×10-4 s-1, and, 1.36×10-4 s-1 

respectively. Strain and strain rate of uniaxial compression experiments (M1515) were 

calculated to be ʀ~0.1 and ‐~0.42×10-4 s-1, respectively. The strain of shear deformation 

 

Fig. 2.8. Schematic view shows movement of anvils and flow of gasket and pressure 

medium during deformation by advancement (a) and retraction of differential rams (b). 

The arrows indicate the direction of movement or flow. 
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experiment was estimated to be ɾ~1 from the rotation of strain marker to ~45°and strain rate 

is ‎~2.90×10-4 s-1 (M1397). 

Fig. 2.9 (a-g) shows the microstructure of synthesized and deformed samples. Before 

deformation, the sample shows equigranular texture with grain size of 5-10 ȋm (Fig. 2.9a). 

After tensional deformation, the original cylindrical shaped stishovite aggregates changed to 

inverse barrel-like shape (Fig. 2.9b), whereas, the compressional deformed sample changed 

to barrel-like shape (Fig. 2.9d). The microstructure of recovered samples show   

protomylonitic structures with large porphyloclasts (5-10 ȋm) and small recrystallized grains) 

(~1 ȋm, Fig. 2.9c, e, g). The dominant deformation mechanism is considered to be dislocation 

creep because the dynamic recrystallization were observed in all the samples.  

The pole figures and inverse pole figures of synthesized and tensional, compressional 

and shear deformed samples are shown in Fig. 2.10. The patterns of sample before 

Table 2.1 

Experimental conditions and results. 

Run NO.# Deformation 
geometry 

Assembly* Strain Averaged strain rate (s-1)§ 

M1395 Tension a ắ=0.43 ‐=1.36×10-4 

M1515 Compression a ắ=0.1 ‐=0.42×10-4 

M1436 Tension a ắ=0.33 ‐=0.96×10-4 

M1462 Tension a ắ=0.25 ‐=1.39×10-4 

M1397 Simple shear b ɔ=1.0 ‎=2.90×10-4 

# All the experiments were conducted at 12 GPa and 1600 °C. 

* The cell assembly a and b represent the assemblies showed in Fig. 2.3a and Fig. 2.3b 
respectively.  

§ Strain rate was calculated with the time of deformation stage. 
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Fig. 2.9. Representative secondary electron images of recovered samples. SEI images of 

synthesized stishovite (a), uniaxial tension experiment (b and c, M1462), uniaxial 

compression experiment (d and e, M1515) and simple shear deformation experiment (f 

and g, M1397). The samples were sectioned parallel to the shear direction and shear plane 

normal. 
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deformation indicated crystal orientation with almost random distribution (Fig. 2.10a). 

Results of tensional experiments (Fig. 2.10b, c and d) showed that the [001] axes are 

preferentially subparallel to the elongation direction. Both the <100> and <110> axes lie on 

the plane normal to the elongation direction. In the inverse pole figures, the uniaxial tension 

direction concentrates near the [001] axes position. The pole figure of compressional 

deformation experiment (Fig. 2.10e) shows little concentration of the <100> or <110> axes, 

but the [001] axes is oriented on the plane normal to the compression direction. Also 

indicated by the inverse pole figure, the direction normal to the compressional direction 

concentrate on the [001] axes. The uniaxial compression direction distributes both <100> 

and <110> axis and does not show obvious preference. 
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The pole figure of shear deformation experiment (M1397, Fig. 2.10f) shows significant 

concentration of the [001] axes subparallel to the long axis of strain ellipsoid, which was 

calculated to be 153.3Á for ɾ=1 (broken line in Fig. 2.10f). Both the <100> and <110> axes 

concentrated on the plane perpendicular to the long axis of strain ellipsoid. The strong 

concentration of the [001] axes parallel to the long axis of the strain ellipsoid was also shown 

in the inverse pole figure (Fig. 2.10g). The inverse pole figure plotted for the direction 

perpendicular to the long axis of strain ellipsoid showed obviously that the concentration of 

Fig. 2.10. Pole figures and inverse pole figures of stishovite before and after deformation with 

equal area upper hemispheres projections. The samples were synthesized (a), uniaxial tension 

experiment (b, M1462; c, M1436; d, M1395), uniaxial compression experiment (e, M1515) 

and simple shear deformed (e, M1397). The lines in figure (f) were at angle 63.3Á, which is 

the direction perpendicular to the long axis of strain ellipsoid. Inverse pole figure along the 

direction parallel (Ŭ=153.3Á) or perpendicular (Ŭ=63.3Á) to the long axis of strain ellipsoid 

direction were also shown (g). Note that the degree of concentration of data represent by color 

in the inverse figure perpendicular to the long axis of strain ellipsoid direction is different 

from others. A half-width of 20Á and cluster size of 10Á was used for plotting and contouring 

(same conditions applied for current chapter). 
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<110> axes is the highest among all the crystallographic axes.   

2.3.2. Result of deformation experiment on Ŭ-PbO2 

Microstructure of Ŭ-PbO2 aggregate recovered from synthesis and deformation 

experiments are shown in Fig. 2.11. The synthesized sample shows equigranular texture with 

grain size of 10-20 µm (Fig. 2.11a). Initially, sample was polished with alumina piston as 

shown in Fig. 2.11b, c and d. The dense Al2O3 was largely advanced with deformation and 

extrude the sample out. The geometry of strain marker shows that the sample was deformed 

nearly homogeneously at the scale of sample thickness with strain of ɔ~1.3 and strain rate of 

‎ ~4.3×10-4 s-1. The large difference in hardness between alumina and Ŭ-PbO2 makes the 

sample very challenging to be well polished (Fig. 2.11c and d). Furthermore, the polished 

grains turn to be cluster of small grains compared with the relatively well kept unpolished 

grains. We re-polished Ŭ-PbO2 sample after separation from alumina pistons for further 

EBSD measurement (Fig. 2.11e and f). All the grains were polished with showing serrated 

grain boundaries (Fig. 2.11e and f). Small grains with straight grain boundaries can be 

observed in the large grain domains.  

Fig. 2.12 shows the pole figure and inverse pole figure of deformed sample obtained 

by EBSD measurement. Because of the low quality of surface condition, ~60% of the 

measured data were indexed as Ŭ-PbO2. The pole figure shows significant concentration of 

the [010] direction subparallel to the shear plane normal direction. The [001] direction 

preferred oriented along the shear direction. Although more concentrated perpendicular to 

shear direction and shear plane normal direction, [100] direction tend to distribute on the 
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shear plane as a girdle. The inverse pole figure plotted for the shear direction and shear plane 

normal direction showed concentration of [001] and [010] direction, respectively.  

 
 

 

Fig. 2.11. Representative secondary electron images of recovered samples. SEI images 

of synthesized Ŭ-PbO2 (a) and simple shear deformation experiment (b-f, D022). The 

samples were sectioned parallel to the shear direction and shear plane normal. 
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Fig. 2.13 shows the pole figure and inverse pole figure of deformed sample obtained 

by 2D X-Ray diffraction method with ReciPro. The [010] direction shows consistent 

concentration with EBSD measurement with alinement along the shear plane normal 

direction. However, [100] direction turns to be subparallel to the shear direction, which is 

inconsistent with the result indicated by the EBSD measurement. This discrepancy was also 

shown in the inverse pole figure, with [100] direction concentrated on the shear direction. As 

 

Fig. 2.12. Pole figures (a) and inverse pole figures (b) of shear deformed Ŭ-PbO2 measured 

by EBSD with equal area upper hemispheres projections. The arrows indicate the shear 

sense. Coordination of sample geometry was used. The color coding refers to the density 

of data points and the number in the legend indicates the multiples of the uniform 

distribution (Mud). A half-width of 20 Á and cluster size of 10Á was used for plotting and 

contouring. 
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shown in Fig. 2.14, the CPO of the deformed Ŭ-PbO2 from the ReciPro and MAUD software 

programs were confirmed to be same. The coincident pattern from different algorithms used 

in each program convince us the simulating process.  

2.4. Discussion 

2.4.1. Dominant slip system 

The slip direction of stishovite was determined to be the [001] direction based on the 

LPO formed by the tensional deformation (Fig. 2.10b-d). However, as the limited strain in 

the compressional deformation experiment, neither the <100> nor the <110> axes show 

 

Fig. 2.13. Pole figures (a) and inverse pole figures (b) of shear deformed Ŭ-PbO2 obtained 

by 2D X-ray diffraction using ReciPro.  

 










































































































































































