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cubic symmetry) on non-silicate perovskite analogues deformed at high temperatures and ambient pressure. The microstructures of climb-accommodated dislocation creep controlled by diffusion in the MgSiO 3 perovskite can provide useful information on the plasticity at high temperatures and slow strain rates corresponding to the Earth's lower mantle.

Abstract.

Dislocation microstructures of polycrystalline MgSiO 3 perovskite, synthesized in a multianvil type high pressure apparatus at 26 GPa and 2023 K for 600 min, have been investigated using transmission electron microscopy (TEM). The recovered MgSiO 3 perovskite displayed deformation lamellae under cross-polarized optical microscopy, suggesting that the sample was deformed during the high pressure experiment. TEM observations showed that curved dislocations with Burgers vectors lying in the {110} plane, potentially b = <110> and [00w] (orthorhombic symmetry) were nucleated. Lowangle tilt boundaries controlled by <110> dislocation climb were also activated at high temperature and pressure. The potential Burgers vector of b = <110> is consistent with previous results of slip to <100> cubic , [100] pc and [010] pc (cubic symmetry and pseudo-

Introduction

Dislocation textures of MgSiO 3 silicate perovskite under high pressures are of interest in high-pressure mineral physics, seismology, and geodynamics of the Earth's interior, Since MgSiO 3 perovskite is the most dominant material in the Earth's lower mantle (e.g., [START_REF] Ito | Postspinel transformations in the system Mg 2 SiO 4 -Fe 2 SiO 4 and some geophysical implications[END_REF], mechanical properties of this material are likely to dominate the rheology of this large region of the Earth (e.g., [START_REF] Karato | Superplasticity in Earth's Lower Mantle: Evidence from Seismic Anisotropy and Rock Physics[END_REF][START_REF] Cordier | Dislocation creep in MgSiO 3 Perovskite at conditions of the Earth's uppermost lower mantle[END_REF] which accounts for more than half of the total volume of our planet. In order to explain the source of local anisotropy in the D" layer, deformational textures of the silicate perovskite are indispensable in comparison with the CaIrO 3 -structured phase ("post perovskite"), which is one of the strongest candidates because of its high elastic anisotropy. However, no direct demonstrations on the deformational microstructures of polycrystalline MgSiO 3 perovskite at high temperatures have been published yet.

Unfortunately, the MgSiO 3 silicate perovskite phase is unstable under ambient pressures (e.g., Wang et al. 1992). It is not possible to study the mechanical properties and lattice A c c e p t e d M a n u s c r i p t 3 defects of the phase under usual laboratory conditions, such as high temperature around 1000-2000 K at an ambient pressure. Plastic properties of the analogue oxide phases with the perovskite structure (non-silicate perovskite) at ambient conditions have been investigated in order to help constrain those of the silicate perovskite, but there is no systematic relation of their high temperature creep behaviour (e.g., Poirier et al., 1989;Wright et al.. 1992;Wang et al., 1999). One of the reasons for the divergence of the results (e.g., slip systems) of analogue studies may be due to the difference in symmetries (cubic and tetragonal in addition to orthorhombic) in some oxide and fluoride perovskites which undergo phase transitions at high temperatures in deformation experiments, which stabilize a higher symmetry rather than the orthorhombic symmetry (Space group, Pbnm) of MgSiO 3 . For an orthorhombic perovskite analogue, Wang et al. (1999) reported a dominant (001)[010] slip system with the minor (012)[100] slip system in YAlO 3 at high temperatures of 1763-1883 K (0.82-0.88 T/T m , where T m is the melting temperature at 0.1 MPa) and an ambient pressure. Walte et al. (2007) have recently performed coaxial shortening experiments in the orthorhombic CaIrO 3 perovskite at 1GPa and 1450°C [T/T m = 0.8-0.9, where T m is about 1550 °C at 1-3 GPa, according to [START_REF] Hirose | Clapeyron slope of the post-perovskite phase transition in CaIrO 3[END_REF]].

They have observed curved [100] and [010] dislocations as well as <110> screw dislocations in the recovered sample. But no crystallographic preferred orientation could be detected in their deformed samples, suggesting that dislocation glide was not the main deformation mechanism.

For MgSiO 3 perovskite, [START_REF] Cordier | Dislocation creep in MgSiO 3 Perovskite at conditions of the Earth's uppermost lower mantle[END_REF] preference of b = <110> ortho was reported, which is expected to become dominant under high temperatures from studies of various perovskite analogues (e.g., Poirier et al. 1989). , [START_REF] Carrez | Implications for plastic flow in the deep mantle from modeling dislocations in MgSiO 3 minerals[END_REF] and [START_REF] Ferre | First principles determination of dislocations properties of MgSiO 3 perovskite at 30 GPa based on the Peierls-Nabarro model[END_REF] presented a numerical modelling of dislocations for possible slip systems of MgSiO 3 at 30 GPa and 0 K. They demonstrated that the orthorhombic distortion has a significant influence on the dislocation core fine structure, which suggests perovskite-structured materials having various symmetries do not constitute an isomechanical group.

In the present study we report a transmission electron microscopy (TEM) investigation of a type of dislocation and subgrain boundary consisted of a dislocation array in a synthetic MgSiO 3 phase. With a view to understanding better the rheology in the Earth's lower mantle, the first report on the deformation microtextures of the MgSiO 3 phase can provide us with useful information.

Experimental procedure

Polycrystalline MgSiO 3 perovskite was synthesized from synthetic MgSiO 3 clinopyroxene at 23 GPa and 2073 K for 152 min using a Kawai-type multi-anvil apparatus (1200 ton press) with a 10/4-type assembly at Bayerisches Geoinstitut (BGI), University of Bayreuth. Subsequently, the recovered silicate perovskite was annealed as part of a diffusion couple at 26 GPa and 2023 K for 600 min using the same high pressure apparatus with a 7/3-type assembly [START_REF] Miyajima | Electron channelling spectroscopy of iron in majoritic garnet and silicate perovskite using a transmission electron microscope[END_REF]). The temperature corresponds to ~0.7 T/T m (where T m is the melting temperature at 23 GPa) [START_REF] Ito | Melting of ferromagnesian silicate under the lower mantle A c c e p t e d M a n u s c r i p t 11 conditions[END_REF]. The recovered sample was cut and polished to 30-m thin sections and then mounted on a 3mm Mo grid with a 0.3 mm hole. Electron transparent foils were produced by Ar-ion A c c e p t e d M a n u s c r i p t 5 milling at 4.0 kV under a low beam angle of 13° at lower temperatures using an Ar milling attached with a liquid-nitrogen cooling system. TEM characterization was carried at the Institute for Solid State Physics, University of Tokyo using a transmission electron microscope (JEOL 2010F) operated at 200 kV. In the TEM observations, we used a liquid nitrogen cooling holder in order to reduce the amorphization process during electron irradiations [START_REF] Miyajima | Electron channelling spectroscopy of iron in majoritic garnet and silicate perovskite using a transmission electron microscope[END_REF]). The conventional determination of Burgers vectors of the dislocations, based on the g ▪ b = 0 and g ▪ (b x u) = 0 invisibility criteria [START_REF] Edington | Practical Electron Microscopy in Materials Science[END_REF], was used with Bright field (BF) and Dark Field (DF) images in TEM.

In this study, the convention of the orthorhombic symmetry (Space Group, Pbnm) and the unit cell setting (the c-axis > the b-axis > the a-axis) is used for the crystallographic direction, [uvw] or < uvw> and plane, (hkl) or {hkl} of the MgSiO 3 perovskite phase. In case of a different symmetry, the corresponding subscript is additionally noted after those crystallographic directions and planes (e.g, < uvw> cubic and {hkl} cubic for cubic symmetry; <uvw> pc and {hkl} pc for pseudo-cubic symmetry, where an unit cell with a pc = 2 x a cubic = 2 x a ortho , b pc = 2 x a cubic = 2 x b ortho and c pc = c ortho , followed in Appendix A in Wang et al. 1999).

TEM results and interpretations

Optical image of the recovered specimen shows four single crystal domains of silicate perovskite, which appears with crossed polarizers (Domain 1-4 in Figure 1). The whole specimen exhibits a barrel shape, a characteristic shape for samples deformed plastically in compression [START_REF] Li | Olivine flow mechanisms at 8 GPa[END_REF], indicating that the sample was plastically deformed during the experiment. In one of the middle domains (Domain 2 in Figure 1), high A c c e p t e d M a n u s c r i p t 6 density of bands of birefringence is visible as black lines in the images. The birefringence bands can therefore be interpreted as elongate cells [START_REF] Boland | Dislocations Associated with Optical Features in Naturally-Deformed Olivine[END_REF]) and deformation lamellae [START_REF] Mclaren | Dislocation structure of deformation lamellae in synthetic quartz[END_REF][START_REF] Mclaren | Transmission electron microscope investigation of some natural deformed quartzites[END_REF][START_REF] Hobbs | An Outline of Structural Geology[END_REF], on which plastic deformation occurred. Their crystallographic orientation is nearly parallel to the domain walls that are nearly parallel to the {110} twin plane. This parallel relation between the birefringence band and the twins is different from the relation that the {110} twins are sheared by deformation bands in [START_REF] Cordier | Dislocation creep in MgSiO 3 Perovskite at conditions of the Earth's uppermost lower mantle[END_REF]. We examined the dislocation texture of the domain with the conventional contrast method in TEM. Typical dislocation microstructures of a synthetic MgSiO 3 silicate perovskite are shown in Figure [010] pc ) of analogue perovskites in previous studies at high temperature corresponding to ~0.7 T/T m [START_REF] Doukhan | Dislocations in Perovskite BaTiO 3 and CaTiO 3[END_REF]Poirier et al., 1989;[START_REF] Besson | Dislocation in CaTiO 3 perovskite deformed at high-temperature. a transmission electron microscopy study[END_REF] and contradistinctive with [100] ortho and [010] ortho dislocations in MgSiO 3 perovskite [START_REF] Cordier | Dislocation creep in MgSiO 3 Perovskite at conditions of the Earth's uppermost lower mantle[END_REF].

Discussion and conclusion

The observed dislocation microstructures of silicate perovskite are more complex than those of the post-perovskite phase with CaIrO 3 composition (i.e. Figure 2 in [START_REF] Miyajima | Crystal morphology and[END_REF]Walte et al. 2007). On scanning the thin region by using TEM, the dislocation lines do not appear to be aligned to any specific crystallographic directions and the length of dislocation lines is shorter and curved in the foil oriented nearly to the 1 1 1 zone axis. Some longer dislocation lines exhibit parallelity with the projected [100] and <110> directions, but the lines spread over various directions. This may be due to the (001)<110> (e.g., Wenk et al. 2006), in perovskite structures, and as previously reported in a variety of analogues of silicate perovskite (e.g., Poirier et al., 1989[START_REF] Karato | Diffusion creep in perovskite: inplications for the rheology of the lower mantle[END_REF], Wang et al., 1999) as well as in the MgSiO 3 silicate perovskite phase itself [START_REF] Karato | Plasticity of MgSiO 3 perovskite: The results of microhardness tests on single crystals[END_REF][START_REF] Cordier | Dislocation creep in MgSiO 3 Perovskite at conditions of the Earth's uppermost lower mantle[END_REF]. It is noted that most dislocation lines are curly and not confined in the above-mentioned glide planes, which indicates that not only dislocation [START_REF] Cordier | Dislocation creep in MgSiO 3 Perovskite at conditions of the Earth's uppermost lower mantle[END_REF]). We Stereographic projection oriented with respect to zone axis images of (a) and (b). Some elongate dislocations are approximately parallel to the trace of (100), ( 010) and ( 110), which means the dislocation lines lie in the corresponding planes. Indexing of crystal directions is for the upper hemisphere of the projection. 

  reported that Burgers vectors, b = [100] ortho and [010] ortho in the orthorhombic symmetry (S.G., Pbnm) were activated in deformation experiments at 25 GPa and 1673 K (~0.6 T/T m ) for 1 h, whereas no

  2. In the TEM image along the 1 1 1 zone axis, most of free dislocations do not form systematic arrays in any particular crystallographic orientations and are not straight enough to determine the direction of the dislocation lines and the slip systems. However some dislocation lines are nearly parallel to the[110] or   10 1 directions, corresponding to [100] pc or [010] pc directions in case of the pseudo-cubic symmetry (Stereographic projection on the zone axis in Figure 2(d)). These dislocation lines fulfil the invisibility criterion with g = 110 (arrows in Figure 2(c)), i.e. the Burgers vectors lies in the (110) plane. It is reasonable to assume that the Burgers vectors are b =   in previous studies of nonsilicate perovskites. Figure 3 shows a typical result of contrast experiments on some free dislocations. Here, the specimen was viewed along the 11 3 zone axis with different diffraction vectors (g). Almost all dislocations except for one labelled by D are visible and the contrasts are not largely changed with g = 121, 112, Burgers vectors are not b = [u00] and [0v0], i.e. [100] and [010] but b = <uv0> and [00w], i.e. <110> and [001]. Some subgrain boundaries with an array of parallel dislocations are also observed in bright field image with g = 020 (Figure. 4(a)), which may correspond to deformation lamellae of slightly different crystallographic orientations in the optical image (Figure 1). The tilt boundary consists of parallel edge dislocations forming a tilt boundary and a mixed dislocation (labelled ABC in Figure 4(a)), which might be a remnant of glide processes before the formation of the tilt boundary. The texture in the orthorhombic perovskite is related with the climb motion of edge dislocations controlled by diffusion. These dislocation microstructures are potentially consistent with <110> dislocations (comparable direction to [100] pc and

  symmetric multiplicity of the perovskite structure in comparison to the post-perovskite structure. The present observation is consistent with co-activation of the multiple slip systems, such as (010)[100], (100)[010], (001)[100], {110}<110> and

  glide but also diffusion-assisted dislocation creep (climb-accommodated dislocation creep) occurred during the dynamical recovery process assisted by diffusion at high temperature. Therefore, the texture of a simple tilt boundary consisting of parallel edge dislocations with possible Burgers vectors of b = <110> implies that dislocation climb related with atomic diffusion becomes a dominate process at the high temperature of 2023 K, corresponding to ~0.7 T/T m . The interpretation of the deformation microstructures is consistent with the dominant slip direction of [100] pc and [010] pc in pseudo-cubic symmetry (equivalent to <110> in orthorhombic symmetry) at high temperature in several analogue materials (Poirier et al., 1989). In summary, dislocation microtextures of a synthetic high-pressure sample of MgSiO 3 are documented for the first time directly by using TEM. Potential dislocations with b = <110> were nucleated and the microstructures indicated that dislocation creep assisted by climb of the dislocation becomes dominant at the higher temperature of 2023 K, corresponding to ~0.7 T/T m , which is contradistinctive with b = [100] (equivalent to 1/2<110> pc ) of the previous study at 1673 K, ~0.6 T/T m
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 2 Figure 2. (a) TEM image showing dislocation microstructures in a single crystal domain

Figure 3 .

 3 Figure 3. Dislocation analysis of dislocations in the MgSiO 3 perovskite. (a) Bright field TEM image with g = 121, showing some free dislocations with label from A to G. (b)-(d)

Figure 4 .

 4 Figure 4. (a) Bright field TEM image with g = 020, showing a subgrain boundary
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