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Abstract 

Earth ' s lower mantle is mainly composed of (Mg,Fe)Si03 perovskite and (Mg,Fe)O 

magnesiowilstite. It is essential to detemune the rheological properties of MgSi03 

perov. kite and periclase for understanding the rheology of the lower mantle. 

Determination of diffusion coefficiems and e timation of grain size of const ituem 

materi al. are lbe most importan t parameter among the rheo logical properties. because 

donlinant defom1ation mechanism in the lower mantle is considered to be diffusion 

creep. 

Mg2Si04 spinel tran form to MgS i03 perovskite and periclase by the incoherent 

and nucleation and growth mechanism based on the TEM examination. The grain 

growth rates of MgSi03 perovskite and periclase in aggregates have been deternlincd at 

25 gigapascals and 1573 to 2 173 kelvin. The average grain size (G) was fitted to the rate 

equation, and the gra in growth rates of perovskite and periclase were c' 0
·
6=I x 10'57

" 1 

exp(-320.8/RT) and GJ0.8=1 x 10'62 3 
1 ex p(-247.0/RT) , respectively. where 1 is the time, 

R is the gas constant and T is the absolute temperature. On the other hand , the grai n 

growth rate of MgS i03 perovski te single phase was obtained to be G5·3= I o·JJJ, at 

constant temperature of 1873 K. The lattice di ffusion coefficient (D1) and grain 

boundaty diffusion coefficient (Dgb) of si licon in MgSi03 perovskite were determined to 

be Dt=4.12xl0' 10exp(-34 1/RT) and liDgb=L 88x i0.16exp(-310/RT) , respectively , at 

pressure of 25 GPa and temperature range of 1673-2073 K, where 1i is the width of the 

grain boundary. 
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Consequently, it can be estimate that lhe visco ity of the subducted slab is 1017
-

1019 Pa·s at the depth of 700 krn. The result suggests that the subducting ·Jab is much 

softer than the surrounding lower mantle (102 1-1023 Pa·s) inferred from post-glacial 

rebound. The grain size of perovskite in the lower manlle is estimated to be 1-JO mm, 

which suggest diffusion creep is dominant deformation mechanism in the large part of 

lower mantle . 
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1. Introduction 

Dynamics of the eaith' s interior depends on the rheologica l pro pen ies of its 

constituent materials. Pressure-induced phase transition from spinel, (Mg.Fch Si04 • to 

perovskite, (Mg,Fe)Si03, plus magnesiowiisti te, (Mg,Fe)O, separate the upper and 

lower mantle relevant to the 670 km seismic discontinuity (Dziewonski and Ander. on, 

1981 ; Kennett and Engdahl , 199 1) (fig. 1- 1). The lower manrle is most like ly composed 

of primarily (Mg.Fe)Si03 perovskite with cettain amoun t. of (Mg,Fe)O 

magnesiowiistite (and CaS i01 perovsk.ite) (e.g., Ringwood and Major, 197 1; Knittle and 

Jeanloz. 1987; Mao et al., 1989, Ringwood, 199 I) (fig. 1-2). These three componen ts 

probably account for 95% of volume of the mantle (Anderson, 1989). The comparison 

with pressure-vo lume-temperature equations of tate and thermoelastic propenie of 

lower mantle minerals and the seismically observed density and bulk sound veloc ity 

profiles of the lower manlle indicate that perovskite may exceed 85 % of its volume 

(Stixrudc et a/., 1992). Thus the rheological properties of the lower man tle, which 

control the dynamics, is determined largely by those of perovsk.ite. However, the 

rbeological properties of the lower mantle depend on that of magnesiowlistite if it 

occurs as .interstitial s between perovskite grains because magnesiowiisti te may 

significant ly reduce the strength of the lower mantle (Karato, 198 1; Handy, 1994). 

Plastic defon11ation of rocks occurs ei ther by motion of dis locations (dislocation 

creep) or by the diffusive transpott of individual atom~ (diffus ion creep) (Poirier, 1985). 

Deformation by di slocation creep causes a ignificant amoun t of lattice preferred 

orientation because particular s lip systems contro l the deformati on, but diffusion creep 
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does not (Karato er al. , 199Sa: Karato. 1988). The measured elas tic anisotropy of 

perovskite (Bas, 1984; Yeganeh-Haeri era/. , 1989, 1994) sugge ted that the preferred 

orientation of perovskite can produce a detectable seismic anisotropy in the lower 

m~\ntle (for example, Yaganeh-Haeri ( 1994) reported that A,(=(Y,,,.-Y1,"n)/VI',.el = 

0.07 and A,(=(V nnax-Vm,inlNsavcl = 0.18 where Y111na. and Y"""" are maximum of 

measured P- and S-wave velocities respectively, Ypmin and Ysmm are minimum of 

measured P- and S-wave ve locities respectively and Ypavc and Ysave are the average of 

measured P- and S-wave velocities respectively). Based on the shear wave sp litting, 

Meade et a/. ( 1995) conc.luded that the magnitude of anisotropy in the lower mant le was 

less than 1/LOO of that of U1e upper mantle and the lower mantle was effectively 

isotropic. The measured elastic anisotropy of olivine, which mainly constitutes the upper 

mantle, is about five times as large as that of perovskite (Kumazawa and Anderson, 

1969). ll can be considered that there is little preferred orientation of mineral in the 

lower mantle. Therefore, the lack of the seismic an isotropy of the lower mantle may 

give a supporting ev idence for prevalence of the diffusion creep mechanism in the lower 

mantle. Karato and Li ( 1992) and Li e1 al. ( 1996) conducted the deformation experiment 

of CaTi03 perovskite as an analogue material of MgSi03 perovskite , and suggested that 

the dominant deformation mechanism in perovskite may be the lattice diffusion creep 

(Nabarro-Herring creep) at lower mantle conditions when the average grain size is less 

than the mi llimeter order. Karato era/. (1995a) reported that a fine-grained sample (8 

!1-m) was deformed by the diffusion creep at conditions of pressure of 300 MPa. 

temperature of 1498 K and hear strain rate of 4x l0·5 sec·' and shear strain of 173 %, on 



the other hand, a coarse-grained sample (70 J.lm) was deformed by the dislocation creep 

at conditions of pressure of 300 MPa, temperature of 1498 K and shear strain rate of 

18x i0-5 sec· ' and ·hear strain of 310 %. AJthough the experimental strain rate of - 10"5 

sec· ' is much larger than that in the mantle, these results also suggest that the dominant 

defonnation mechanism is diffusion creep when grain size is small. 

[n the diffusion creep regime, the effective viscosity i. independent of the applied 

stress and therefore the Jlow can be regarded as the Newtonian viscous fluid (Karato and 

Li. 1992; Raj and Ashby, 197 1 ). The effective viscosity can be described as a function 

of diffusiv ity of species involving the material, temperature and the grai n size (Raj and 

Ashby, 1971). On the other hand, in the dis location creep regime, the viscosity is 

independent of the grain size but it depend. on the applied stress together with 

temperature and . 

Recently, orne seismic tomographic studies reveal that high-velocity anomalies 

may correspond to a cold and subducting s lab penetrati ng or sinki ng into the lower 

mantle (S ilver and Chan, 1986; Fischer eta!, 1988; Fukao el al. , 1992; Van der Hilst et 

al .. 1991, 1997). As well as the phase transfonnation from olivine to spi nel (Rubie, 

1984), a significant grain size reduction should occur in the subducted slab because of 

phase transfom1ation from spinel to perovskite and magnesiowUstite (Ito and Sato, 

199J ) when a subducting slab passes through the 670 km discontinuity. The grains of 

perovskite and magnesiowiistite start to grow after this transformation. Because 

rheological properties strongly depend on grain size, grain growth rate. of perovskite 

plus magnesiowUstite are important factors for understanding the rheology of the lower 



mantle (Karato, 1986; Kararo and Li , 1992). 

Most of previous works about rheological propertie~ on perov~ki te analogues 

have been focused on single crystals (Poirier eta/., l 983; Beauchesne and Poirier, 19, 9: 

Poirier et al. , 1989: Wright et a/., 1992; Wang eta/. , 1993) . In contrast, some of works 

on polycrys tal. of perovsk.ite analogues was investigated (Kararo and Li , 1992; Karato et 

at., 1995a; Ho hikuma et a/. , 1995 ; Li et a/. , 1996). h is very important to study 

rheo logical propert ies io polycystalline aggregates because the viscosity depends on the 

grain size in the diffusion creep regime. MgSi01 perovskite i. stab le onl y at high 

pressures (Ito and Takahashi. 1987) and the direct detem1inations of rheological 

properties of MgSi03 perovskite under its stable conditions are difficult. Thus, 

rheo logical properties of pero vs k.i te under lower mantle conditions have been deduced 

based on the results of experiments using analogue materi als. However the d iffusion 

creep rate is sensitive to the indi vidual species which compose the materials, and thus 

the direct experimental determination of the lower mantle materi als is very needed. 

In the present study, two eries of high pre sure and temperature experiments was 

conducted to determine directly the rheological properties of MgSi03 perovsk.ite in the 

lower mantle conditions. One is the grain growth experiments, the other is diffusion 

experiments. In a . eries of grain growth ex periments, forsterite and enstatite was used as 

the starting material for tbe grain growth of single phase and two phase aggregates, 

respectively. Tn a series of diffusion experiments, si licon self-diffusion in perovski te was 

conducted. lt has been considered that the diffusion of ~ilicon i. a controlling 

mechanism of the diffusion creep of perov. kite, because the diffusion of iii con is much 



slower than those of other ions in silicate crystals in most of the silicates (Muchlenbachs 

and Kushiro, 1975; Jaoul er a/ .. 1981, 1983: Houlier et a/. , 1988; Fi~ler et al. , 1997). 

Further, the fact that an activation energy for the diffusion creep of CaTiQ_. perovsk.ite is 

equivalent to that for titanium self-diffusion in CaTiO~ perovskite suggests that the self-

di1Iusion of titanium in CaTiO, perovskite is a rate control ling factor to the diffusion 

creep of CaTi03 perovsk:ite (Li eta/. , 1996). Therefore, the s ilicon diffusion in MgSiOJ 

perovsk.ite may be very important for understanding the rheology of the lower mantle. 
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Fig. 1-l. Standard seismic velocity profiles, and pressure-depth relation. Sol id 
lines and dotted lines show the PREM model (Dziewonski and Anderson, 1981) and 
iasp9l model (Kennell and Engdah l, 1991), respectively. Dashed line show the 
pressure increase wi th depth from PREM. The 670 km discontinuity separates the 
upper and lower mantle. 
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2. Experiment 

2.1. High pressure and high temperature gene•·ation 

High pressure experiments were performed using a multianvil apparatus. A large 

DlA type cubic guide block system driven by a 3000 ton uniaxial press at Tohoku 

University. The DlA type cubic guide block system was designed and manufactured by 

TRY Engineering Co., Tokyo, <Uld it enables to drive the rnultianvil system with 26 mm 

edge cubes routinely up to 1300 ton (fig. 2- 1 ). The u·uncated edge length of anvi ls of 

DlA type guide block (the first stage) is SO rnm. All experiments were conducted by 

using the multianvil apparatus wi th a 2.0 mm anvil truncation (truncated edge length = 

TEL) which consists of tungsten carbide (WC) (Ohtani eta!. , 1997). Twelve pieces of 

performed pyrophyll.ite gaskets of 2.0 mrn thick and 4.0 mm wide were u ed (fig. 2-2). 

The pressure at high temperature was calibrated on the basis o[ the phase 

boundary at 1873 K of ilmenite-perovsk.i te transition in MgSi03 (Yusa et a./. , 1993; 

Kato e1 a/ .. 1995) and spinel-post spinel transition in Mg2S i04 (lto and Takahashi, 

1987) (fig. 2-3). The uncertainly of the pressure at high temperature i estimated to be 

about I GPa around 25 GPa. 

The furnace assemblies used in this study, as shown in Fig. 2-4. are composed of 

a sintered zirconia pressure medium, a LaCr03 heater and Mo electrode. A g:rapl1ite was 

used as sample capsule, which rapidly transform to diamond in the experimental 

pressure range (> 20 GPa). Diamond has higher thermal diffusivity than any other 

ceramics and it may reduce the thermal gradient in the run charge. Temperature was 

monitored with a W3%Re-W25%Re thermocouple located in the fumace without the 



correction of pres ure effect on emf of the thermocouples. During runs, temperatuJ·e was 

kept within l0°C of a desired value. The measured tbennal gradient of the sample at 

1873 K is estimated to be less than about 50°C. 

2.2. A series of grain growth experiments procedure 

Annealing experiments were conducted at pressures up to 25 GPa to detennine 

grain growth rates of aggregates of perovsk.ite (MgSi03) and periclase (MgO), using a 

multianvil apparatus. The starting material was synthesized of pure forsteritc by heating 

the stoichiomeu·ic mixtures of reagents (MgO : Junsei Chemical Co. Ltd ., Si02 : Wako 

Pure Chemical lndustries Ltd.) for 45 hours at J600°C in air. Another starting material , 

which is enstatite, was ynthesized from the toichiometric ox.ide mixtures at pressure of 

1.5 GPa and temperature of 1550°C for 18 hours by using the piston cylinder apparatus. 

Components of the furnace as. embly, expect for graphite capsule and Mo electrode, 

were dried at 800°C for over several hours before conducting experiments to make the 

furnace assembly free from water. 

A fine powder (>I Jlm grain size) of synthetic forsterite aggregates or sintered 

enstatite surrounded by NaCI were loaded in the apparatus at room temperature and the 

pressure was increased to 25 GPa, which corresponds to about 700 krn depth in the 

mantle (Dziewonski and Anderson. 198 1 ). Then the sample was heated to the run 

temperature ranging from 1573 to 2173 K. Run durations at the constant temperature 

ranged from a few seconds to 1897 minutes. The run with heating duration of a few 



seconds was terminated when the temperature reached the prescribed value by shutting 

off the heating power supply. 

The run products were investigated to measure grain sizes with a scanning 

electron microscope (JEOL JSM-840) at Geological lnstiture, University of Tokyo using 

operating condition of accelerating voltage of 20 kV and the beam current of 10"
9
- 10 

10 

A. Chemical <malysis of run products were made with an electron microprobe (JEOL 

JXA-8900) at Geological Institute, University of Tokyo. Typical operating conditions 

were accelerating voltage of IS kV and beam current of 1.2x 10·
8 

A. An x-ray 

diffractometer (JEOL DX-MAP2), at Mineralogical Institute, University of Tokyo, was 

used to identify the each phase. The instrumental conditions were as follows: X-ray 

beam diameter, 30-lOO ~m; counting time, I 0000 sec; X-ray generator, 35 kV and 25 

rnA with Cu fi lter. To investigate the microstructure, a transmission electron microscope 

observations were carried out with a JEOL JEM-20 10EX and a JEM-2000FX using an 

accelerating voltage of 200 kV at Hokkaido University and at Geological Institute, 

University of Tokyo, respectively. The double-tilt specimen bolder was u ·ed. 

The grain boundaries were traced on back- cattered electron images (BSE) of th in 

sections, using computerized image-processing. For a series of grain growth 

experiments using forsterite as starting material , the grain sizes were estimated from the 

area of each grain, assuming the irregular grain boundary outlines could be 

approximated by a circle. Scbwartz-Saltykovs method (Sallykov, 1958) was used to 

estimate the three-dimensional average grain size fTom the estimated grain areas. For a 

series of grain growth experiment> using enstatite as starting material, the grain size 

9 



measurements were made on back-scattered electron images (BSE) of thi n sec tions 

using the intercept method (Mendelson, 1969). Average grain size was (G) estimated 

from the measured average intercept length (L) by G=cL. where c is 1.56, a sumi ng that 

the grain size distribution was log-normal distribution (Mendelson, 1969). 

2.3. A series of diffusion experiments procedur·e 

To detennine the coefficient o.f sili con self-diffusion in pcrovskite. MgSi03 

perovsk.ites were first synthesized at 25 GPa and 1973K from single crystals of synthetic 

enstatite as starting material. The recovered sample was polycrystaUine perovskite and 

the grain size of perovskite was -20 l!m. After synthesis of perovskite, the samples were 

polished with di amond paste (0.25 [.Lm in diameter) and were cleaned up carefull y using 

ultrasonic cleaner with alcohol , and then they were coated with a 29Si-enriched thin film 

(a few tens nan1ometer thickness) formed by high vacuum thermal evaporation of an 

29Si02 enriched powder (95.65 atomic %, Oak Ridge National Laboratory , USA). The 

coated perovsk.ires of 29Si film were used for diffusion ex periments as starting materials. 

These perovsk.ites were pressurized up to 25 GPa at room temperature and were heated 

at a constant rate of 500 oc per minute up to the experimental temperatures ( 1673 K-

2073 K). Prescribed temperature was kept constant during the desired tinle ( l -50 hours) . 

For the both diffusion and synthetic experiments under high pressure, the sample was 

loaded with NaCI pre sure medium in order to suppress the generati on of the differential 

stress. After the annealing, the recovered run charges were carefully washed by pure 

water to ex pose 2''s i film coated surface. 

.:n 



The annealed perovskite were moLtnted in epoxy disks to analyze the diffusion 

profile of 29Si using a econdary ion mass spectrometry (SIMS). The profile W<L~ 

obtained by the depth profile analysis by a Cameca IMF-3F at Tokyo Institute of 

Technology. The primary ion beam was mass filtered 160 ' accelerated to 12.5 keY and 

adjusted for a beam current of about 40 nA. Secondary intensities of the ions 25 Mg, 

26Mg, 28Si , 29Si and 30Si from the center area (-60 ~un in diameter) of sputtered crater 

( 150x 150 ~m) were detected in order to eliminate crater edge effect. The depth 

calibration of the craters was carried out with a surface profi ler and/or a multibeam 

interferometer after SfMS measurements (Yurimoto and Sueno, 1984; Yurimoto et al, 

1989). 
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Fig. 2- 1. 3000 ton uni axial press with OfA type guide block system for 

rnultianvil apparatus installed at Tohoku University (MAP3000). 

Fig. 2-2. Schematic ligure of 

MA8 system with high pressure 

apparatus and pressure medium 

with them1ocouple wires. An 

MA8 is constructed by eight WC 

anvils with 2 mm truncated edge 

length (TEL). 
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Fig. 2-3. Calibration curve for TEL= 2 mm on the basis of the phase boundary at 1873 
K of ilmenite-perovskite transition in MgSi03 of 22.5 GPa (Kato et al. , 1995) and spinel
post spinel transition in Mg2Si 0 4 of 23. 1 GPa (Ito and Takahashi, 1987). Open circles, 
open squares and solid circ les represent perovski te + periclase, spinel + perovskite + 
pericla e, and spinel in Mg2Si04, respectively. Open diamonds and sol id diamond 
represent perovskite and ilmenite in MgS i03, respectively. High pressure experiments in 
the present s tudy were cmTied out at load of 1300 ton rega rded as 25 GPa. 
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Fig. 2-4. Furnace assemblies for a series of grain growth experiments using 
forsterire as starting materials (A) , and for a series of grain growth 
experiments using sin tered enstatite as starting materials and a series of 
diffusion experiments (B). I: Zr02 pressure medium: 2: Mo elecu·ode; 3: 
LaCrO heater: 4: (Mg,Co)O insulator; 5: W91Re3-W1sRe2s thermocouple; 6: 
graphite capsule: 7: sample; 8: NaCI medium. 



3. Results 

3.1. Microstructural observation 

Annealing experiments were conducted to determine the grain growth rates of 

aggregates of perovskite (MgSiOJ) and pericla~e (MgO) at pressures up to 25 GPa, 

temperature ranged from 1573 to 2173 K (heating rate is a constan t rate of I oooc per 

minute) and durations at constant temperatures ranged from a few seconds 10 1897 

minutes. A fine powder (>I run grain size) of synthetic for terite was used as starling 

material. 

At 25 GPa, the stable phase in Mg2Si04 is spinel structure (low pressure phase) 

below ca. 950 °C but perovskite + rock salt structure (high pressure pha~e) is Mable 

phase above ca. 950 oc, because the phase boundary between Mg2Si04 'pine! and 

MgSiO, perovsk.ite + MgO periclase has the negative slope (dP/dD (P (GPa) = 27.6 -

0.0028T (0 C)) (Ito and Takahashi, 1989) (fig. 3- J ). Therefore, forsterite which was 

starting material transformed to spinel and then to perovskite + periclase during heating 

up to desired temperatures. Such phase change was observed in the previous studies 

(Wang eta/ .. 1997; Martinez eta!., J 997). 

At low temperature ( 1573 K) for a few seconds duration, only spinel with 

equigranular grains was formed, and after 6 minutes heating duration aggregates of 

perovsk.ite and periclase formed eutectoid-type grains witb equigranular spinel grains 

(fig. 3-2A), and further perovskite + periclase aggregates was formed for 60 min 

duration. The variations of phases and volume fraction of each phases with lime resulted 

from the kinetics of phase transformation from spinel to perovsk.ite + periclase. For 

.1" I" l . 
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Fig. 3-l. Pressure and temperature path of experiments. Solid circles show the 
experimental conditions. Dotted lines represent the phase boundaries ( 1) between 
ilmenite and perovskite in MgSi0 3 to be P (GPa) = 26.5- 0.0025 T (°C) (Kato et at .• 
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0.0028T(°C) (Jto and Takahashi, 1987). The P-T paths in experiments undergo the 
stable fields of lower pressure phases. 



Fig. 3-2. Back scattered electron images of run products. Aggregates of perovskite (Pv, light gray) 
and periclase (Pc, dark gray) show a homogeneous and equigranular texture, except for (A). (A) 
Sample from run no. PV20. The coarse grains showy-spinel with grain size of- 10 ~m (Sp, gray 
portion). Perovskite and periclase aggregates show eutectoid texture. (B) Sample from run no. PV 17. 
(C) Sample from run no. PVJ 6. (D) Sample from run no. PV 19. 
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longer-duration (600 min) run. the texture became more uniform and most of grains 

were equigranular (fig. 3-2B). At high temperature ( 1873 K -) for a few seconds 

duration, perovskite + periclase aggregates were instantaneously formed and the 

aggregates show equigranular texture (fig. 3-2C), so that high temperature hastens the 

rate of tran formation (e.g. Rubie era/., 1990). 

A transmission electron tn.icroscope observations were carried out with the 

double-tilt specimen holder to ob ·erve the microstructure and to investigate the 

crytallographic orientation. Unfortunately, it was very difficult to observe MgS i03 

perovskite by a transmission electron microscope, because MgSi0.1 perovskite was 

unstable phase at ambient conditions and it quickly amorpbized by the damage of 

electron beam. In the present study, only several selected-area electron diffraction 

patterns of perovskite could be obtained (fig. 3-3). Selected-area electron diffraction 

patterns of perovskite, periclase aod pine! were indexed with Pbnm, Fd3m and Fm3m 

space groups, respectively, showing orthorhombic perovskite. 

The run product at 1573 K (run no. PV20) consists of fine intergrowths of 

perovskite and periclase with host equigranular spinel (Figs. 3-2A, 3-3A). Tbe 

nucleations of new phases, which were perovskite and pericla~e, were occurred on the 

grain boundary between host spinel grains. The electron diffraction patterns revealed no 

topotaxy between host spinel and periclase nor among periclase grains (fig. 3-4), as well 

as olivine-modified spinel transformation (Fujino and lri.fune, 1992). No topotactic 

relation in this study was inconsistent with previous study by Wanger a/. (1997). They 

reported the following topotactic relatioos among the three phases: [IOO],p II [IOO]mw. 

1~ 



Fig. 3-3. Transmission electron micrographs. The photographs represent 
panially transformed from spinel to perovskile + periclase (A) (run no. PY20), 
and completely transformed to perovsk.ite + periclase (B) (run no. PY II ), with 
selected-area electron diffraction pattern of spinel and periclase. The 
diffraction patterns correspond to the marked grains in the bright field images. 
Pv: perovskite, Pc: periclase, Sp: spinel. 
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Fig. 3-4. Crystallographic orientations revealed by transm ission electron 
microscope. (A) Showing the relation of lattice orientation between spinel 
and periclase in equal area projection, (B) showing the relation of lattice 
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Fig. 3-5. Back scatt ered electron images of run products. 
Perovsk.ite (l ight ponion) show equigranular and homogeneous 
texture. (A) Sample from run no. PVEN 18 at 1873 K for 6 nun. (B) 
Sample from run no. PVEN20 at 1873 K for 60 min. (C) Sample 
from run no. PVEN23 at 1873 for 600 min. Scale bar: I 0 J..l m. 

2.1 



[O !OJ,P II [OIO]mw. [OOI],p II [OO llmw and [IOO] mw II [IIO]q)V, [O!Olrnw II [IIOlcp" 

[00 1] 111w II [00 l]cpv, where sp, mw, and cpv indicate spinel, magnesiowi.istite and cubic 

perovskite, respectively. The orthmhombic perovskite structw·e can be derived from the 

cubic form by continuous tilting of the Si06 octahedra, with the general topo logy 

remaining unchanged (Wang eta /., 1990). TEM exami nation was conducted usi ng the 

run product at 1873 K (run no. PY II) with equigranu lar perovskite and periclase (fig. 3-

38). Although electron diffraction patterns of perovskite are not enough to discuss, it 

seems to be no topotaxy between perovskite and periclase. 

The run products, us ing enstatite as starting materi al. cons isted of only 

equigranular grains of perovskite (fig. 3-5). The texture of tbe polycrystalline perovskite 

shows more straight grai n boundary between perovskite grains (fig. 3-2) rather than that 

between perovskire and periclase grai ns in their aggregates (fig. 3-5). It eems that there 

is no change of the shape of perovskite grains wi th time. As shown in fig . 3-5, the grai n 

boundary between perovskite grains was charac te ri zed by the thick boundary, on the 

other hand, the thin boundary might represent the crack caused by decompression duri ng 

the experimenl. 

3.2. Grain growth of perovskite and periclase in their dual phase 

The grain size di tribmions of perovskite in perovskite + periclase aggregates 

showed almost log-normal distribution - Lifshitz-Slyozov-Wagner (LSW) di stri bution 

(fig. 3-6), suggesting that normal grain growth was occu tTed and that the driving force 

was grain boundary energy (Lifshits and Slyozov , 1961 ; Wagner, 196 1). During grain 



growth, the patterns of grain size distribution did not much change and the grain 

boundary energy was reduced by the incre<L~es of grain size. The standard deviations o.f 

grain size distributions, o, which represent the shape of size distribution, increase with 

increasing annealing time from 0.15 to 0.5 tfig. 3-7). 

The grain sizes of perovskite and periclase increased with increasing duration and 

temperature (fig . 3-2. Table 3-1 ). The grain size of peri cia e of run no. PV 10 (at 1573 K 

for lO hours) was not deternained because their grain size was less than 0.5 ~m and 

could not be measured. The rate equation was applied for normal grain growth (Burke, 

1949; Brook, 1976; Hillert, 1965; G laeser, 1984), 

G" - Gg = G" {I -( ~ J} = kt (3.1) 

where Go is the initial average grain size, n (>2) is the grain growth exponent., and k is 

the growth rate constant having a Arrhenius type dependence on temperature, 

k = koexp(-Q/RD (3.2) 

where ko is the pre-exponential factor and Q is the activation energy of grain growth. Por 

Go< G, the law may be written as 

G"=kr (3.3) 

therefore, the equation (3. 1) is rewritten as, 

G" = kotexp(-QIRT) (3.4) 

At 25 GPa, -y-sp ine l was formed at temperatures less than 1573 K. The grain size 

of y-spinel was several micrometers. They-spinel partially transformed (about. 80% by 

volume) into perovskite (about 55% by volume) plus periclase (about 25% by volume) 
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Fig. 3-6. Log-normal grain size distributions of perov kite. The 
samples, which were used forsterite as starti ng material , annealed at 25 
GPa and 1873 K for 0 min (A, run no. PV 15), for 60 min (B, run oo 
PV II ) and for 600 min (C, run no. PV 18). 302 (A), 167 (B) and 149 (C) 
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Table 3-1. Experimental conditions and calculated a erage grain size for perovskite 

and periclase. For each experimenL~ was held at 25 GPa at constant temperature (T) for 

the given duration. 

Run no. T Duration Phase* Grain size, Grain size, 
t ~ 

Pv Pc 

( K ) (min) (!!;nl) (!!;nl) 

struting material : forsterite 

PVI 3 L573 f.s. 
t 

n.d. n.d. y 

PV20** 1573 6 
tt tt 

y+ Pv + Pc n.d. n.d. 

PVIO 1573 60 Pv+Pc 0.75 (0.26) 
tt 

n.d. 

PV1 7 1573 600 Pv+Pc 0.92 (0.26) 0.67 (0.16) 

PVI 5 1873 r.s. t Pv+Pc 0 88 (0.22) 0.67 (0. 17) 

PV22 1873 19 Pv+Pc 1.03 (0.28) 0.80 (0 J 8) 

PVII 1873 60 Pv+Pc 1.29 (0.34) 1.07 (0.24) 

PV2 1 1873 190 Pv+Pc 1.27 (0.38) 1.03 (0.26) 

PV 18 1873 600 Pv+Pc 130 (0.36) ].()7 (0.30) 

PV23 1873 1897 Pv+Pc 1.69 (0.46) 1. 15 (0.33) 
t 

PV1 6 2 173 f.s. Pv+Pc 1.10 (0.3 1) 0.82 (0.22) 

PV1 2 2173 60 Pv+Pc 1.6 1 (0.43) 1. 12 (0.29) 

PV1 9 2 173 600 Pv+Pc 1.72 (0.48) 1.29 (0.36) 

struting material :enstati te 

PVE N1 8 1873 6 Pv 1.48 

PVEN20 1873 60 Pv 2.88 

PV EN23 1873 600 Pv 3.52 

* : y, Spinel; Pv, perovs.k.i te; Pc. periclase 

** Spinel, perovskite and periclase were observed in this run. Grains were not 

equi.granular but formed a eutectoid texture. 

t 
: Run duration is a few seconds. 

tt 
: Not determi ned because their grain size was Jess than 0.5 J.lm and could not be 

mea~ured . 

*: Schwru·tz-Salrykov's method (1958) was used for calcul ating the three-dimensional 

average grain size. Numbers in parentheses are the standa rd dev iation· fo r the grain 

size distributions. 
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at 1573 K after 6 minutes. From these observations, it was assumed that the grain 

growth of perovskite and peliclase staned at time, r0=6 minutes, at 1573 K and that 

perovskite and periclase in contact withy-spinel was the initial texture (Figs. 3-2A, 3-

3A). If the thickness and spacing of these perovskite and pcriclase grains represents Go, 

Go is always less than about 0.2 J..lm. satisfying the condition, G0<G. A least squares fit 

to the experimental results (Table 3- 1) give· n, ko and Q. Thus the grain growth rates 

were esti mated fo r perovskite as (eqn. 3.4), 

Gl0.6±1.0 = 10 -57.4±5.9 texp( 320.~~ 33.9) 

and for peliclase as , 

( 
247.0±55.3) GI0.8±1.9 = I 0-62.3±1 L6 rexp 

RT 

(3 .5) 

(3.6) 

where G is grain size in meter at Lime tin econd and Q (=320.8±33.9 or 247.0±55.3) is 

the activation energy of grain growth in kJ/mole (fig. 3-8). 

3.3. Grain growth of perovskite in single phase 

Annealing experiments using enstatite as starting material were conducted to 

compare the grain growth rates in single phase of MgSi0.1 perovskite with that in dual 

phase of MgSi03 perovskite + periclase aggregates at pressures up to 25 GPa, at 

constant temperature of 1873 K (at a constant rate of 200°C per minute) and durations 

from 6 minutes to 600 minutes. The phase boundary in MgSi01 between ilmenite (low 

pressure phase) and perovsk.i te (high pressure pha. e) is determined to be P (GPa) = 26.5 

- 0.00257 (0 C) (Kato er al. , 1995) (fig. 3-1 ). The stable structure in MgSiOJ was 



ilmenite type at 25 GPa and below about 600 °C, however it seems that temperature of 

<600 °C is too low to transform from enstatite to ilmenite. ln rhe pre cnt study. 

perovskite was only observed wi thout ilmenite and enstatite. 

The grain sizes of perovskite increased with increasing heating duration (fig. J -5). 

In run products, there was no grain which suggested abnonnal grain growth. The rate 

equation for normal grain growth was applied as well as the grain growth of perovsk.itc 

and peri cia. e aggregates, assuming that the grain size distribution was log-normal 

distribution. 

At 1873 K, the lower limit of the stability field of perovskite in MgS i03 is lower 

about 1 GPa than that of perovskite + periclase in Mg2Si04 (Ito a.nd Takahashi , 1989; 

Kato et a!. , 1995). At 25 GPa, the rate of transformation fTom enstatite to perovskite 

may be much larger than that from forsterite to spinel and t.o perovskite and periclasc 

because the overpressure of perovskite phase is larger than that of pewvski te +peri cia ·e 

phase. lt was ass umed that enstatite instantaneously u·ansformed into perov. kite and that 

the grain growth of perovskite started at time when temperature reached 1873 K. And 

assuming the condition of Go<G, a least squares til to the experimental results gives the 

rate of grain growth at constant temperature of 1873 K as (eqn . 3.3), 

(3.7) 

where G is grain size in meter at ti me 1 in second (fig. 3-9). The grain growth rate of 

perovskjte in the single phase aggregates js much larger than that in the dua l pha~e 

aggregates of perovskite + pe1iclase. 
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3.4. Equation of diffusion 

Penetration profi les of 29S i from the coaled surface of MgSi03 perovskite 

aggregates were measured by depth profi le method (Yurimot:o era/., 1989) (fig. 3-10). 

The influence of high diffusivity paths, such as grain boundary. has been classified by 

Harrison (196 1) as type A, B and C. Type A diffusion is observed when (D1t)
112?.G/2 . 

where Dt i ' the lattice diffusion coefficient and G is grain size. When th.is condition is 

satisfied, a penetration profile can be characterized by a sing le diffusion coefficien t DA 

where 

(3.8) 

and f is the fraction of grain boundary. DA represents the coeffic ient of bulk (effective) 

diffusion. Type C diffus ion is observed only when the annealing time is so short that 

(D11) 112 << 8, where 8 is width of the grain boundary. In th is case, diffusion from the 

grain boundary into surrounding body can be neglected and the penetration profile 

shows a single curve due to grai n boundary d iffusion. The diffusion is type B and is 

contributed by both along the grain boundary and in the lattice at following condil.ions 

(Atokin. on and Taylor, 1979) 

(3.9) 

In the pre ent study. when the annealing time was short ( 10 hours) at low 

temperature ( 1673 K). the penet ration depth wa~ short and the proftle was characte rized 

by a single curve, meaning a single d iffusio n mechanism due to gra in boundaty 

diffusion (fig. 3- 11 A, run no. D.fF IS). On the other hand. in the case that the annealing 

time was long or at high temperature, the diffus ional proft.les displayed the pauern 
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Fig. 3-10. Secondary ion intensities obtained by SIMS mea~urement of 
perovsk.ite as a function of penetration after annealing for I 0 hours at 25 GPa 
and 1873 K (run no. DIFI4). ~5Mg, 26 Mg, 28Si , 29Si and 10Si were measured, 
using 29Si as diffusant species. 



composed of two segments (fig. 3- 11 B): one is the lattice diffusion segment near the 

surface and Lhe other is the grain boundary diffusion segment at the deeper pan. The 

penetration curve composed of two segments have been often observed in diffusion 

experiments of polyctystal line matters (Han·ison. 1961 ; Atkinson and Tatlor, 1979). 

The lattice diffusion segment was fitted by Lhe followiJlg function of diffusion 

equation with a thin film reservoir of diffusant (Clank , 1975). 

(3.10) 

where c is the 29Si concentration at depth y, c0 is the initial 29Si concentration in 

perovsk.ite, 1 is the annealing time, D 1 is the lattice diffusion coefficient and M is Lhe 

amou nt of substance deposited at surface. 

The grain boundary diff·usion segment in the 29Si profi le was analyzed u ing the 

following grain boundary diffusion model (LeClaire, 1963), 

_ {dtn(c-co)}-
513 (4D1 )"

2 

liDab - 0.66 615 -
- dy . t 

(3. 11) 

where li and Dgb are t:he grain boundary widlh and the grain boundary diffusion 

coeJ'ficienL, respectively. The equation (3.1 1) is insensitive to the boundary struc ture 

(Atkinson and Taylor, 1979). ln the present study, the initial grain size of perov kite was 

about-20 t.tm and the tina! grain ize wa also -20 t.tm wilhout ignificant grain growth , 

which was consistent wi th the grain growth rate of perovskite (eqn . 3.7). Thus the grain 

growth during annealing hardly affected the penetration profiles. 
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Fig. 3- 1 I. The representative di ffusion profiles of 29Si in perovskite including the 
single segments of grain boundary diffusion contribution, which was annealed at 25 
GPa and 1673K for I 0 hours (run no. D[F I 5) (A), and including the two segmems, 
which was annealed at 25 GPa and 1873K for 10 hours (run no. DIF 14) (B). (A): 
The depths between 200 and 570 nm is regarded as the region of the grain boundary 
diffusion conu·ibution and is fitted to grain boundary diffusion model (eqn. 3. 1 0). 
Dotted lines represent model profiles using model profiles using 2/3 and 3/2xDgb 
values of the best fit. (B): It seems that the region from the surface to 30 nm depth is 
gold th in film layer, and the depth between 30 and 150 nm is the region of the 
lattice diffusion contribution and between 260 and 600 nm is the region of the grain 
boundary diffusion contribution. Details in text. 



3.5. Si -self' diffusion in perovskite 

Fig. 3-IIB shows the representative diffusion profile of 19Si in perovskite 

including the two segments, which was annealed at 25 GPa and 1873K for 10 hours. 

The region from the SLLrface to 30 nm depth is gold thin film layer due to electrostatic 

charge compensation during SIMS analysis. The depths between 30 and 150 nm is the 

region of the lattice diffusion contribution and between 260 and 600 nm is the region of 

the grain boundary diffusion contribution. Solid circles represent the data obtained by 

SIMS, sol id lines represent the best f:it to the diffusion model (eqn. 3. 1 0) for the 

measured profile of the lattice diffusion contribution and the best lit to grain boundary 

diffusion model (eqn. 3.1 1) for the measured profile of the region of grain boundary 

difl'usion contribution, respectively. Dotted lines represent the model profiles using 5/6 

and 6/5xDI of the best fit and model profi les using 2/3 and 3/2xDgb values of the best lit, 

respectively. These model profiles show that D1 and Dgb are probably between 5/6 and 

6/5 of the best fit value of D1 and between 2/3 and 3/2 of the best fit value of Dgb, 

respectively. The value of (D1t) 112 estimated for the lattice diffusion coefficient and the 

annealing time is equal to 6x 10·8 m. certainly satisfying the condition of Type B 

(eqn.3.9). 

Fig. 3- 11 A shows the representative diffusion profile of 29Si in pcrovskite 

including the single segments of grain boundary diffu ion contribution, which was 

annealed at25 GPa and 1673K for 10 hours. The depths between 200 and 570 nm is the 

region of the grain boundary diffusion contribution and deeper part from 570 nm seems 

to be the background. Solid circles represent the data obtained by SIMS , and solid line 



represents the best fit to the grain boundru·y diffusion model (cqn. 3. 10) for the 

measured profile of the region of grain boundary diffusion conu·ibution. Dolled lines 

represent model profiles using model profiles using 2/3 and 312xDgb values of the best 

fit. 

The sputtered depth calibrated by using a surface prolilcr and/or a rnultibeam 

interferometer may include a uncertainty of less than ±20-30% as shown in fig. 3- 12. 

Fig. 3- 13 shows the sample excavated during SIMS ru1alysis. The dark portion was 

sputtered area by the ion beam. 

The diffusion coefficients depend on temperature D=Doexp(-Q/R7), where Do is 

the pre-exponential factor in m2/sec, Q is the activation energy in kJ/mol, R is the gas 

constan t and Tis the absolute temperature. The diffusion coefficients were obtained by 

the least square fit to the experimental results (Table 3-2) as, 

D _ 4 12( +47.7 ) J0-10 (-341±40 ) I - . -3.79 x exp ~ (3. 12) 

(3. 13) 

where, 8 is the width of grain boundru·y (fig. 3- 14). As shown in fig. 3-14, uncertainties 

were smaLler than the size of symbols, except for the taking into account an error of 

depth measurements. An open ci.rcle marked by arrow was calculated value (run no. 

DlF 15) because the lattice diffusion coefficient was not determined because the run time 

was too sh01t. 8Dgb was calculated by using D1=9.28xl o-21 (m2/sec) at 1673K and, 

which was extrapolated from the Arrhenius relationship in fj g_ 3-14 (eqn. 3.12). There is 

no remru·kable gap in the diff usion coefficients, suggesting no change in diffusion 
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Fig. 3-12. Crater depth formed by spul'tering with primary ion current as a 
function of ion flux per unit area (spunering time x currem density) . Circles and 
diamonds show the depth of perovskite and slide glass. respectively. Open circles 
and solid circles represent the depths measured with a surface proll ler (Dcktak) and 
a multi beam interferometer, respectively . The uncertainties of depth calibration ru·e 
considered to be - 30 %, assuming that the difference between measured depths 
with a surface profi!er and with a multi beam in terferometer represents the error of 
depth calibration . 

Fig. 3-13. Optical micrograph of MgSi03 perovskite after S!MS analysi . The 
dark portion is crater formed by ion beam during SIMS measurement. The crater 
size i about I SOx I 50 ~m. 



Table 3-2. Experimental conditions and the diffusion coefficients. All 

experiments were conducted at 25 GPa at con tant temperature for given 

duration using. The initial and final grain size of perovskite were about 5-

20 !liT!. 

Run no. Temperature Time Dl• oDgb 
.. 

K hour m2/sec m3/sec 
DfFI5+ 1673 10 3.6lx 10-26 

DLF23 1773 50 5.45x J o-20 1.94x l0-2
' 

DfF14 1873 lO I.Ol x J0-19 3.94x l0-25 

DIF17 1973 6 4.4txi0-19 7.08x I o·2-' 

DIF21 2073 1.29xJ0-18 4.ll x l0-24 

*:Lattice diffusion coefficient. 

** : Dgh is grain boundary diffusion coefficient and o is the width of grai n 

boundary. 

t : D1 was not determined because the run was short duration. Dgh was 

calculated from assumed D1 at J673K, which wa5 extrapolated from the 

An-hen ius relationship. 



mechanism between intrinsic and extrinsic diffusion over a temperature range from 

1673 K to 2073 K. 

Cons idering that the width of grain boundary is approximated by the unit celJ size 

to be 10"
10

-I0.9m (Atkinson and Taylor, 1979), the grain boundary diffusion is about 4-

5 orders of magrutude faster than the lattice diffusion. The high diffusivity along the 

grain boundary or dislocation pipes, rather than in the latti ce, is consistent wi th other 

metals, ox.ides and si licate cty tal (e.g. Turnbull and Hoffman, 1954; Atkinson and 

Taylor, J 979; Yurimoto et al., 1992; Sakaguchi and Haneda, 1996). 
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4. Discussion 

4.1. Transformation mechanism and kinetics 

Tra.nsformalion mechanism 

The mechanism of transformation from olivine to modified spi nel have been 

considered to be no coherent nucleation and growth with low dislocation density in 

olivine (- I 0
7
/cm

2
) , whereas the initiation of coherent nucleation and growth of new 

phase with high di slocation density in olivine ( - 1010/cm2
) (Fuji no and Irifune, 1992). 

Dislocation densities is good indicator of the magnitude of differential stress, 

dislocation density of -107/cm2 and - 1010/cnl at differential stress of 30 MPa and I 

GPa, respectively (Kohlstedt el a!. , .1976). Kerschhofer e1 a/. (.1996) suggested that 

intracrystalline and grain boundary transformation mechani sms are competing processes 

and that ·intracrystalline trans fom1ation dominates in the large crystals. ln the present 

study , grains of perovskile and periclase start to grow on the grain boundaries between 

spinel grain during transformation from Mg2Si0 4 spinel to MgSi03 perovskite and 

MgO periclase, and there is no topotacti c relations, suggesting that incoherent grain 

boundary transformation is dominant mechanism rather than coherent (martensitic) 

mechanism (fig. 3-4). The differential tress should be low because spinel was formed 

by the u·ansformation from olivine in situ. Small grain . ize of spinel (- 10 J.!m) and 

considerable low differential stres suggest the incoherent grain boundary 

transformation. 

The textural evolution during grain growth of perovskite and peric lase aggregates 

with time is consistent with previous observations of the high pressure transition of 'Y-



spinel to perovsk.ite and periclase (Poirier et a/.. 1986 • suggesting that the 

transfmmation stans as a eutecto id texture and becomes more equigranular during grain 

growth. Ito and Sato ( 199 I) reported that spinel ((Mgo 9, Feo. 1l2Si04) transformed to 

perovsk.ite + magnesiowiistite with a eutecto id texture at 24 GPa and 1873 K for J hour. 

The eutectoid texture may be due to the growth of nuclei of new phases, con trolled by 

atomic diffusion toward the interface between the host grain and the new gra ins which is 

high-pressure pha~es (Fournelle and Clark, 1972: PuJs and KirkaJdy, 1972). The atomic 

diffusion toward the reaction interface bas b.igh mobility or high driving force rather 

than the diffusion among host grains and among new grain (Hornbogen. 1972). 

Transformation kinetics 

The transformation mechanism affects on the kinetics of transformation. The 

general rate equation derived by Cabn ( 1956) for transformation by grain boundary 

nucleation is 

where 

f= l-exp{-
6
·
7 

f '[t -exp(-z):Jdy} d 0 

r•-·· { ? )? 2u z = -rt Jo N x- (t - 'C - - y f''C 

(4 . 1) 

(4.2) 

andfis the volume fraction transformed, dis the grain size of host phase, 1' (=ylx) is the 

time for a nucleus to grow to radius y, y' (=xt) is the growth distance after time 1, and 'C 

is the Lime at which a nucleus fmms. Here, it is assumed as fo llowing; ( I) fig. 3-2A 

shows the texture when the nucleation of perovsk.ite and periclase on the grain boundary 
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have just finished, (2) the width of perovskite + periclase phases from the spinel 

interface, that is length of lamellae, represent the growth distance for 1 = 6 minutes. (3) 

the number of lamellae was produced by constant nucleation at grain boundary for 1 = 6 

minutes . These assumption lead to obtain the growth rate of 0.5x1o·8- l. lx l0"8 m/sec, 

assuming that growth rate is constant and homogenous, the grain size of spinel (host 

gra in) is 5-10 !lJn. and transfo1med volume fracrion is 80%. And nucleation rate is 

estimated to be 5.6xl09 /m2sec. assuming that thickness and spacing of perovskitc and 

periclase lamellae is 0.2 IJ.m. Fig. 4-1 shows the comparison with calculated u·ansformed 

fraction applying above assumptions to eqn. (4.1) and experimental result (run no. 

PV20). Therefore, transformation from spinel with grain s.i ze of several micrometers to 

perovskite + periclase have finished until 15 minutes at 1573 K (fig. 4-1 ). 

The growth rate of the product phase in an inte rface contro lled phase 

transfom1ation have the Arrhenius type dependence on temperature and the pressure 

dependence of growth rate given by activation volume is assumed to be small (Tum bull , 

1956: Carson and Rosenfeld, 1981 ). The growth rate of the new phase produced by 

Ni2Si04 olivine-spinel transformation was determined to be 1.8x I o-.1 m/sec at 1573K by 

extrapolating of Rubie's result which was 6.5xl0 11 exp(-438/R7) (Rubie et al. , 1990). 

The growth rate of the Mg2Si04 spinel during spinel-post spinel transfonnation is lower 

than that of the Ni2Si04 olivine-spinel transformation at l573K. The u·ansfonnation 

rates obta ined in this study are still preliminary results because they depend on 

conditions of the grain boundary and the applied deferential stress (Rubie eta/., 1990), 

hence more experiments in detail are needed obviously. The initial grain size of new 



phase (Ginil is represented as the formula , G;ni = (8xlrtN) 11
·'. where the . hape of grain is 

assumed to be sphere. The initial grain size calculated from the nucleation rate and 

growt h rate is about a order magrtitude larger than observed thickness and spacing of 

lamellae of perovsk.ite and periclase (fig. 4-2) , since the nucleation rate may be 

e. timated to be lower than exact value because the nucleation may have already finished 

at time r = 6 minutes. lt is impossible to estimate the initial grain size a function of 

temperature because of no data of activation energy for growth rate during 

transfotmation. 

4.2. Grain growth 

The grain growth rate were determined to be eqns. (3.5) for perovskite and (3.6) 

for periclase in two phases aggregates of perovsk.ite + periclase aggregates, ~md (3.7) for 

perovsk.ite in the single phase aggregates. 

The exponents n = 10.6 and 10.8 for perovskite and peri.cla~e. respectively. are 

larger than those for other silicate mineral.s and oxides in two phase aggregates; Kapadia 

and Leipold ( 1974) reported the grain growth of pure den.e MgO, being 11 = 2 and Q 

(activation energy) = 277 kJ/mol; Wong (1980) reported the grain growth of ZnO, being 

n =6 and Q = 243 kJ/mol; Karate ( 1989) obtained grain growth Jaws of olivine, being n 

= 2 or 3 and Q = 160 kJ/mol under wet condition at 300 MPa and n = 2 or 3 and Q = 

520-600 kJ/mol under dry condition at 0.1 MPa; Senda and Bradt ( 1990) reported grain 

growth of Zn0-4.0 wt% Bi20 1, showing n = 5 and Q = 156 kJ/mol ; Hoshikuma era/. 



( 1995) reported gra in growth law of MnTi03 and MnO as an analog material of 

(Mg,Fe)Si03-perovski te, being 11 = 3.55 and Q = 560 kJ/mol. 

The geometric factors influence the grain growth exponent.. The large exponents 

indicate how dLfti ult gTain growth is and the slow growth rate may be attributed to the 

spatial distributions of two phases within the aggregates. Here, the presence of two 

interlocking phases may decrea~e the grain growth rate of perovskite and peticlase due 

to grain boundlU)' pinning (Nicholson, l966; 1-J.arku lich eta/., J 966; Gupta, 197 1; Baldo 

and Bradt, 1988: Chen and Xue, 1990). 

The large grain growth exponents cannot be explai ned by previous models 

(Nichols , 1966; Hanitzch and Kalweit , 1968). Nicbol's model (Nichols. 1966) suggests 

that grain growth is controlled by a grain boundary drag effect exerted by pores within 

which the material is transported by surface diffusion t.o the pore urface. Here. the pore 

drag mechanism is unlikely to occur, s ince porosity was not de tected in our SEM 

observations. Hanitzch and Kalweit's model (1-lanitzch and Kal weit, 1968) describes 

grain growth controlled by atomic di(fusion along di. location pipes. Grain growth 

through diffusion along dislocations is not applicable in ou1· experiments since a high 

di slocation density probably does not exist in the starting material, which was hot

pressed at high temperature under low differential stress field (see section 4.1 ). 

On the other hand, it has been reported that the grai n growllt was suppressed 

significantly , indicating large exponent. Carpenter (1967) observe that the growth 

exponent for grain growth in Au-Pt alloys strongly depends on chemical compositions, 

that is, n = 4.8, 9.3, and 3.2 for 40:60, 60:40 and 80:20 Au-Pt alloys. respecti vely. 



Miyazaki er a/. ( 1986) proposed a new theory (bifurcation theory ) to interpret the large 

exponent during grain growth . They introduced not only grain boundary energy but also 

the e lastic strain energy and interaction energy between two pha es for driving force. 

According to this theory, the small grains consume the large gmins aod each grains 

become uniform size. Therefore, the average grain ize increase with increasing 

anneaLing time, and the size distribution becomes sharper with increa ing annealing time 

(Miyazaki and Doi , 1989). As shown in fig . 3-7, the standard deviation of U1e 

distributions of grain size. cr ( I cr), show the patterns which increase wi th increasing time. 

It is not obvious whether bifurcation theory is applicable to explain the large growth 

exponents of perovskite and periclase in this study or not. 

The growth exponents for perovsk:ite in dual phases should depend on the 

contents of perovs ldte in two phases. The determined exponent for the gra in growth of 

perovskite and periclase, us ing forsterite as staring rnateri.al which transformed into 

perovski te and periclase with the ratio of Pv:Pc = 68:32 in vol. , was estimated to be I 0-

ll and was larger than that of perovskite in single phase(= 5.3). The exponent for the 

grain growth of periclase in single phase reported to be n=2 at ambient pressure 

(Kapadia and Leipold. 1974). The exponents for grain growth may change with the ratio 

of Pv:Pc as shown in fi g. 4-3. 

The dependence on temperature for grain growth was represented by an acti vation 

energy. The activation energy for grain growth is related to that for atomic diffu. ion 

because the grain growth in the present study is controlled by ato mic diffusion. The 

act ivation energy for self-diffusion of oxygen in periclase is 261 kJ/rnol by Oishi and 
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Kingery ( 1960). 3 12.6 kJ/mol by Yoo el a/. (1985) and so on, whereas the activation 

energy for self-diffusion of magnesium in periclase is 23 1 kJ/mol by Sakaguchi et a/ .. 

(1992), 330.7 kJ/mol by Lindner and Parfitt (1957) and so on. Because rhe activation 

energy reported for self-diffusion is scattered, the acti ation energy for grain growth of 

periclase (247.0 kJ/mol) does not clem·ly suggest what species governs the grain growth 

of peric lase. The activation energies for grain growrh of perovskite and for self-diffus ion 

will be described in a later section . 

Fig. 4-4 shows the calculated grain size change with time by extrapolating 

experimental results as eqn. (3.5), (3.6) and (3.7). The grai n ize of perovskite in dua.l 

phase of perovs.kite + periclase is 1es · than - 15 !J.m after grain growth for I million years, 

on the other band, that in the single phase is more than I 00 J.Lm after grain growth for .I 

million years. However, the both grain sizes are smaller than the expected grain size in 

the lower mantle (d iscussed in section 5). 

4.3. Diffusion 

Comaarison wilh previous results 

The experimental determinations of lattice si licon diffusion coeffi cients in 

perovskite (eqns. 3.12, 3. 13) are the flrst reports so that there is no other ilicon 

diffusion data to compare with. Here, the diffusion coefficien ts are compared with 

previous result., , such as in forsterite, in CaTi03 perovskite. in enstatite and in periclase 

(fig. 4-SA). Lattice di ffusion coefficient of silicon in perovskitc is larger tban that in 

fors terite at ambient condi tion (Jaoul et a/. , 1981 ) and is larger than oxygen in CaTiO~, 



perovskite at ambient condition (Gaustasou and Muehlenbachs, 1993: Sakaguchi and 

Haneda, 1996). The high diffusivity of silicon in perovskite rather than in forsterite may 

be understood as resulting from the change of number of Si-coordinate, suggesting that 

the Si-0 bondi11g of 6-coordinated Si in perovskite may be weaker than that of 4-

coordinated Si in forsterite, as well as ilicon and oxygen self-diffusion in silicate 

liquids (Poe eta/. , 1997). 

To compare with diffusion coefficient~ of magnesium and oxygen in periclase at 

same pressure, van Liempt's law is used as, 

Q= 8RT,.. (4. 1) 

where T, is the melting temperature of periclase and 8 is the constant. The con tant of 8 

is calculated to be 5-13 (Lindner and Parfitt. 1957; Oishi and Kingery, L960; Sakaguchi 

et a/., 1992; Yoo e1 aL. , 1985) (Table 4-l) and the self-diffusion coefficients of 

magnesium and oxygen in periclase at 25 GPa was assumed as shown in fig. 4-5B. The 

diffus ion coefficient of silicon in perovskite is much smaller than that of magnesium in 

periclase and is similar to that of oxygen in peric lase. 

The activation energy for lattice diffusion is larger than that for grain boundary 

diffusion, uggesting that the thermal barrier for jumping of silicon atoms related to the 

bonding energy in the crystal is higher than that in the grain boundary even at high 

pres ·ure. The activation energy for grain growth of pcrovskite (32 I kJ/mol) is close to 

that for lattice diffusion rather than that for grain boundary diffu. ion, indicating the 

mass transport along grain boundaries predominanUy for grain growth of perovskite in 

dual phase of perovskite + periclase. 



Table 4-1. Diffusion coefficient of oxygen and magnesium in periclase 

at high pressure estimated by van Liempt 's law. 

Diffusant Ql atm 
. s" Q 25GPa 

t reference 

kJ/mol kJ/mol 

Mg 331 13.0 378 Lindner and Parfitt, 1957 
Mg 231 9.1 263 Sakaguchi et a/., 1992 

Mcr1 
b 139 5.5 159 Sakaguchi er a/., 1992 

0 261 10.3 298 Oishi and Kingery , 1960 

0 313 12.3 357 Yoo eral., 1985 

* : Activation energy at I atm. 

** :The constant in van Liempt's law (eqn. 4. 1). 

t · Estimated acti vation energy at 25 GPa, using melting temperature of 

periclase at 0 GPa and 25 GPa to be 3063 K and 3500 K, respectively 

(Zerr and Boehler. 1994). 

1 : Grain boundary diffusion . 
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10 
m. ( 1) Mg diffu ion (Lindner and Parfi tt, 1957), (2) 0 diffusion (Oishi 

and Kingery, 1960), (3) Mg diffusion (Sakaguchi et al., 1992), (4) Mg grai n 
boundary diffu ion (Sakaguchi et a/., 1992), (5) 0 diffusion (Yoo e1 a/., 1985). 



Computer simulation techniques were used to study the defect and diff~1sion 

processes in the perovskites SrTi03 , CaTi03, and MgSi03 (Wall and Price, 1989: 

Wright and Price, 1993). Wright and Price (1993) e timated the acti vation energy for 

intrinsic diffusion of Schottky type to be I J 12.8 .kJ/moJ in MgS i03 perovskite. This 

value is much higher than the value detenuined here. They described in the paper 

(Wright and Price, 1993) that the value calculated for intrinsic diffusion is too high to be 

realistic, and that diffusion may take place by more complex mechanisms than those so 

far investigated, for example by coupled diffusion or diffus ion in the presence of 

vacancies 011 another sub lattice in real systems. 

In general, the lattice diffusion coefficients of same species in different materials 

have universal Jaw which is the relationship between an activation energies and pre-

exponential factors. Fig. 4-6 shows the relationship of universal law of silicon diffus ion . 

The diJfusion coefficient of s ilicon show in perovskite in the present study is plotted on 

near the line of universal law in the figme, suggesting that the diffusion coefficient in 

tl1is study is correct val ue. 

Effective di{jusion 

In polycrystalline materials, the atom transportation is controlled by the effective 

diffusion (Dcrr), which represents total mass flux controlled by migration by both in the 

lattice and along the grain boundary, 

(4.2) 

~ (I 



where G is the grain size and 8 is the width of the grain boundary (Raj and Ashby. J 971 ). 

The effecti ve diffusion coeftlcienl. is close to the lattice diffusion coefficienl when the 

grain size is large. Whereas, when the grain size is small , the effeclive diffusion 

coefficient is close to the grain boundary diffusion coefficient. At high temperatures the 

effective diffusion coefficient is approximated by the lattice diffusion coefficient. On 

the other band, at low temperatures it is c lose to the grain boundary diffusion coeffi cient. 

because the activation energy for the lattice diffusion is smaller than that for the grain 

boundary diffusion. Estimaled effective diffusion coefficients are represented in fig. 4-7 , 

where the width of the gra in boundary, 15. is assumed to be 3x I o·10 m. Above 1 000°C, 

the lattice di.ffusion is dominant with grain sizes larger than a few micrometers, whereas 

the effective diffusion is controlled by the di ffusion along the grain boundary when the 

grain size is smaller than a few micrometers. 

Furthermore, the effective diffusion in multicomponent materials is con trolled by 

the diffusivities of the each species, 

(4.3) 

where V; is the stoichiometric coefficients of the i-th compound and D ;<ff is the effective 

diffusion coefficients of i th species (Jaoul. 1990). Tn the case of MgSi03 perovskite, 

l I I 3 -- =--+- +-
Derr DMg Ds; Do, 

(4.4) 

where DMg. Ds; and D0 , are effective self-diffusion of magnesium, silicon and oxygen, 

respective ly . Again , silicon is the slowest diffusion specie among other ions in s ilicate 
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crystal , in most of silicates (MuehJenbachs and Kushiro, I 975; Jaoul eta/,, I 98 I, 1983: 

Houlier eta/. , 1988; Fisler era!. , 1997). It is obvious that diffus ion of cation is almost 

always much fasrer than other ions in oxide and si licate minerals. Gaustason and 

Muchlenbachs ( I 993) calculated oxygen diffusion rates in (Mg,Fe)Si0.1 perovskite from 

the anion porosity <I> defined as l- V11/V, where VA i. the volume of anions in the unit cell 

and Vis the unit cell vo lume, to be lnD =A+ 8<1>- (L+M<P) I RT, where A= 36,5±7.7, B 

= - l.Ol±0. 17. L =I I 16±60 and M = - 18.6± 1.3, and <P ~ 15% at 25 GPa (fig. 4-8). If 

the ir calculation is correct, the diffusion coefficient of oxygen is about severa l order of 

magnitude larger than that of s ilicon in the wide range of temperature (fig, 4-8), and 

silicon di ffus ion ultimately controls the effective diffusion in perovsk.ite (fig, 4-9). At 

lower temperature (< 1100-1200 °C), however, oxygen diffus ion may conu,ol the 

effective diffusion (fi g. 4-9). 
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5. Geophysical implications 

Deformation in the lower mantle 

The textures of perovskite and periclase (magnesiowlistite) aggregates in the 

previous study (Ito and Sato. 1991) and in the present study (fig. 3-2) show that 

perovskite gra[ns tend to form a network whereas periclase grains tend to round and 

isolate. It is unlikely that rheological properties of the lower mantle is determined by 

those of magnesiowlistite suggested by Karato ( 1980), becau~e magnesiowi.islite does 

not form continuous films along grain boundaries of perovskite. Consequently, ir is 

concluded that deformation in the lower mantle, which composes of perovskite 

exceeding 85 %of its volume (Stixrude et al., 1992), depend on rheology of perovskite 

because of a network of the perovskite grains. 

According to the previous results by Karato and Li (1992) and Li eta/. ( 1996), 

the dominant deformarion mechanism in CaTiO, perovskite may be diffusion creep at 

lower mantle T!Tm (= 0.6-0.8) when the average grain size is less than millimeter orders 

(fig. 5-l after Karato and Li, 1992). Assuming that tbe[r result is applicable to MgS iO, 

perovskite, it is likely that diffusion creep is dominant defonnation mechanism rather 

than dislocation creep in the Lower mantle when the average grain s.ize is les. than 

millimeter orders. For the diffusion creep, the effective viscosity is independent of the 

app lied stress and therefore the flow can be regarded as Newtonian fluid (Raj and Ashby, 

197 1; Karalo and Li, 1 992). The viscosity T\ can be described by the following equation 

(Raj and Ashby. 1971 ) 



_!_=A E._ D.rr 
''1 RT G2 (5. 1) 

where A is constant (~ 13.3) and Q is mole volume, where Q is ~2.44x 10-5 tl1 3hno l for 

perovskite at I aun (Horiuchi e1 al., 1987). There is little pressure effect on the mole 

volume why the VIVo is less than 0.9 at around 25 GPa, where V0 is the unit cell volume 

at 1 atm and Vis the unit ce ll volwne at high pressure and high temperature (Funamori 

eta/., 1996). The relation between temperature-viscos ity-grain size was es timated in fig . 

S-2. The boundaty between diffusion and dislocation creep is assumed by the 

extrapolating of Karatos ' results (fig. 5-J ). The viscosi ty of lbe upper portions of the 

regular lower mantle has been inferred to be I 021 -1 02> Pa·s by means of analyses of the 

post-glacial rebound (Nakada and Lambeck. 1989; Mitrovica and Peltier. 199 1; 

Lambeck eta/. , 1996), and temperature at the uppennost lower mantle is estimated to be 

1873±1 00 K (Ito and Katsura, 1989). Therefore, the gra in size of perovski te in the 

regu lar lower mantle around 700 km depth is estimated to be 1- LO mm in similar to that 

of olivine in the upper mamle rocks (Ave Lallemant et al. ( 1980) measuTed the grai n 

size of olivine of mantle xenoliths to be I -13 mm). 

Considering that temperature in the lower mantle is estimated to be more than 

1873 K (e.g. Jeanloz and Morri s, 1986), the effective diffusion in the lower mantle may 

be almost represented by lattice diffusion but not grain boundary diffusion if the grain 

siz is larger than a few tens micrometers (fig. 4-7). Therefore, the domioaol 

deformation mechanism in the large part of the lower man tle seems to be the lattice 

diffu. ion creep without any correction of pres w·c effects, where the effec ti ve vi cosity 

is proportional to the square of the gra in size (eqns. 4.2 and 5. J ), controlled by ilicon 
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Fig. 5-2. Temperature-viscosity relations with each grain size (0.1 J.l.m to 
I 0 em), represented by dotted lines. The range of temperature and viscosity 
in the lower mantle are considered to be 1600 ± I 00 °C at around 670 km 
depth (Ito and Katsura, 1989) and 1021-1023 .Pa·sec (e.g. Lambeck et al. , 
1996). The boundary, showed by solid and dashed line , between diffusion 
creep and dislocai.ion creep was assumed by extrapolating of Karatos' 
results (fig. 5-1). 



diffusion in perov kite because of the lower diffusivity of si licon than that of oxygen in 

perovskite (section 4.3) with grain size of J-1 0 111111 (fig. 5-2). 

Rheology of the subducting slab 

Some seismic tomographic rudies reveal that the high-velocity zone, which may 

correspond to a cold subducted slab. penetrates into the lower mantle and continues 

even to the core-mantle boundary (Van der Hilst et a/., 1991, 1997). The subducting 

slab. mainly composed of olivine, underwent once or twice trans fo rmations before 

attaining the lower mantle. Along the mantle geotherm, at 400 km depth olivine (a. 

phase) transforlllS to modified spinel (j3 phase) and at 550 km depth modified sp inel (j3 

phase) transforms to spinel ('Y phase). On the other hand, in the case of cold s.lab, oli vine 

transformed direcily into spinel because of metastable a. phase in the stable field of 13 

phase due to low temperature < 600°C (Suito, 1977). The mechanism of olivine to 

spinel transition reported to be martinstic and coherent, and it causes the topotactic 

relation between olivine and spinel (Poirier, 1981 ). The preferred orientation of olivine 

in the upper mantle have been inferred from the seismic ani ·otropy (Anderson and 

Dziewonski , 1984; Tanimoto and Anderson, 1984) and from preferred orientation of 

olivine in xenoliths (Mercier and Nicolas, 1974). The preferred orientation changes the 

rheological properties of bulk rocks because of the change in dominant slip systems. 

The differential stress in the lower mantle has been estimated to be - lOMPa based on 

the relation f. =criT] , where the strai n rate f. i assumed to be 10-15 sec from the velocity 

of plates and depth of t11e lower mantle (Karato and Li , J 992) and viscosity in the lower 



mantle 1') is a~sumed to be 1021 -J02
J Pa·s (Nakada and Lambeck, 1989: Mitrovica and 

Peltier. 1991; Lam beck et a/ .. 1996). Because the Lran formation from spinel LO post

spi nel should be the incoherent nucleation and growth mechanism under .low differenti al 

stress (sect ion 4.1) (Fujino and lrifune, 1992), there is no preferred orientation in the 

subducting s lab transformed from spinel to post-spinel. 

When a subducting slab passes through the 670 km discontinuity, a significant 

grain size reduction , hou ld occur in the subducted slab because or phase transformation 

from spinel to perovskite and rnagnesiowlistite (Ito and Sa to, 1991 ). It o and SaLO ( 1991) 

reported that (Mg,Fe)S i03 perovskite and (Mg,Fe)O magnesiowUstite assemblage 

formed after I hour at 1600°C and 24 GPa was an aggregate of grains 0.1-2.0 J.Lm in size. 

ln the present tudy , it was observed that the significant grain size reduction was caused 

by the transformation from Mg2Si04 spinel to MgSi03 perovskite and pericla.~e (fig. 3-

2). The expec ted grain s ize red uction in the subducted slab affects on it. rheology, 

according to eqn. 5. 1. The strength of subducted s lab suddenly soften at the 670 km 

discontinuity , as well a softening at 400 km di ·continuity due to u-P transi ti on (Rubie , 

1984). The grains of perovskite and magnesiowUstite start to grow after spinel -post 

sp inel transformation. From the relation between grain size and viscos ity (eqn. 5. 1), 

rheological properties of the transfonned slab depend strongly on grain growth rates. 

Grain s ize change with time after transformation was estimated by extrapolating the 

expe timental results as eqns . 3.5, 3.6 and 3.7 (fig. 4-3). lt has been po inted out that the 

initial grain s ize of transformed pha~e by the mechanism of nucleation and growth 

depends on the nucleation rate and growth rate during transfonnation (Riedel and 



Karato. 1996, 1997). The initial grain size can not be estimated here because a lack of 

kinetic date for transformation from spinel to post-spinel. However, when the initial 

grain size is smaller than a few micrometers, tbe initial grain size little affects on the 

grain size after growth for geological time scale because of high growth rate with small 

grain sizes and low growth rate witb large grain size . . The change in viscos ity of the 

subducted slab as a function of time after the transformation is calculated from eqns. 3.5. 

3.7 and 5.1 (fig. 5-3). assuming tbat the diffusion in perovskite is contro lled by si licon. 

due to a lack of tbe data for gra in boundary diffusion of oxygen in perovski tc, with 

initial grain size of le s than a few micrometers. ll is considered that grain growth of 

lower mantle rock is represented by the dual phase growth rather than single phase 

growth . As shown in fig. 5-3 , it is notable that the viscosity curves show slightJ y convex, 

suggesting that dominant diffusion mechan ism is changed from tJ1e gra in boundary 

diffusion to the lattice diffu. ion. If the subduction rate is I 0 em/year, it takes - I My for 

the s lab to reach the depth of 700 km from 670 km after u·ansfonnation. Although the 

transformed slab may be cooler abou t several hundreds degrees than the surrounding 

mantJe at the depth of 700 km (Schubert et a/. , 1975) (fig. 5-4), it is concluded that the 

viscos ity of subduc ted slab is 1017-10 19 Pa·s and it is about 4 order of magnitude lower 

than that of the surrounding mantle. 

The subduc ting slab has the thermal structure such as the central core in the slab 

is cooler than the edge portion of slab (Schubert eta/., 1975) (fig. 5-4). Such thermal 

st1ucture in the subducted slab causes the rheologically layered tructure. Fig. 5-5 shows 

the variati on of visco ·ity as a fu nction of distance from the lab-regular mantle interface. 
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Fig. 5-3. The change of viscosity of subducted slab into the lower mantle 
with time at constant temperature, without the consideration of initial grain 
size. "Time" means the duration for grain growth of pe rovsk.ite after 
transformation from spinel to perovsk.ite and periclase. (A) The grain growlh 
rate of perovskite in dual phase was used (eqn. 3.5), and (B) growth rate of 
perovskite in single phase was used (eqn. 3.7). Note that the lines representing 
viscosity are slightly bending, suggesting that dominant diffusion mechallism 
is changed [rom grain bounda1y diffusion to lattice diffusion. The viscosity of 
the lower mantle is 1011 -1023 Pa·sec based on lhe observation of post-glacial 
rebound (e.g. Lambeck et al., 1996). 



The viscosity is estimated to be 1018- 1020 Pa·s at the center of slab (ll cen~e rl . I016- J0 1R 

Pa·S at the edge of slab (TJedgc) and 102 1-1023 Pa·s in the surrounding mamle (llman
1
1e l 

(Nakada and Lam beck, 1989; Mitrovica and Peltier, 1991 ; Lam beck e/ al. , 1996), that is, 

llcemcr < T]cdge < llmamlc· Here. the subducting lab includes the basaltic layer which 

transformed into a hard garnetite layer (lrifu ne and Ringwood, 1993; Karato el al. , 

1995b). However, the thickness of garnetite layer is 5-10 km smaller than that of 

lithosphere, and Karate ( 1997) suggested the separation of the garnetite layer from 

subducting lithosphere during pas, ing though the 670 km discontinuity . Therefore, it is 

likely the rheological structure without garnetite layer in the lower mantle a~ shown in 

fig. 5-5. This rheological structure may affect the dynamics of the subducti ng slab into 

the deeper lower mantle because such thermal structure may be kept during sinking of 

subducted slab to core mantle boundary on the evidence of seismic tomography (Van 

der Hilst et al. , 1997). However it have been reponed that subducted slab which 

transformed from olivine to spinel at low temperature has smaller grai n s.i ze than that 

transformed at high temperature (Riedel and Karato, I 997) , since it is necessary to know 

the initial gra in size for understanding the correct rheological structure. 

Many ex perimental observations (e.g. , Funamori and Yagi, 1993) and theore tical 

modelings (S tixrude and Cohen, 1993) suggest no structure transformation from 

orthorhombic to tetragonal struc ture in (Mg,Fe)Si03 perovski te. In the present study, 

perovskite have been observed to be orthorhombic structure. However, some laboratory 

data (Wang e1 a/. . 199l , I 992) suggested a struc tural pha. e transformation in 

Gf 
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subduction rare of 8 crn/y. The distributions of temperature are obtained by the 
calculations of Schuben e/ a/. (1975) using mantle geothenn. Modified after Ito and 
Sato ( 1992). 
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Fig. 5-5. Rheological structure in the subducting slab at around 700 km depth. 
"Top" and "Bottom" represent the boundaries between subducted slab and 
surrounding mantle. Doned and olid line show the change of viscosity and 
temperature, which correspond with the distribution of temperature in fig. 5-4, 
respectively. It is assumed that the grain . ize in the surrounding mantle is 5 mm (fig . 
5-2), and that the perovski te grains in the transformed subducting slab grow for 1 
My (see section 5) at constant temperatures (eqn. 3.5, fig. 4-4A). 
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(Mg.Fe)Si03 perovsk.ite in the lower mantle. Recently, seismological analysis indicated 

a discontinuity at around 920 k.m depth (Kawak.atsu and Niu, 1994), which might 

correspond to a structural transfonnation in perovsk.ite that changes e lastic wave 

velocitie · (Fischer er a/., 1993). {f the structural transformation is ex ist, rheo logical 

properties change correspond ing to this stwc tural transformation . 

Rheological properti es of perovskite are influenced by constituent minor e lements. 

The iron con tent of 10 mol % in o li vine makes the : ili con diffusivity to be slow (fio-. 4-

4). Recen tly, it have been reported the large solubility of al uminum in perovsk.itc 

(Miyajima era/. , 1997). It wi ll be important for understanding rheology of the lower 

mantle to take into account not onl y iron content but a lso AI con tent in perovskite in 

future study. 



6. Conclusion 

In the present study. the TEM inve ligation revealed the no topotactic relation 

between Mg2Si04 spinel and periclase and the transformation mechanism from 

Mg2Si04 spi nel to MgSi03 perovskite and periclase to be incoherent nuc leation and 

growth. 

The grain growth rate of pcrovskite and pericla~e in dual phase in it s aggregates 

were determined to be for perovsk:ite as, 

G10
·
6±!.o = 1 o·57

·
4
±
59texp{ -(320.8±33.9)/RT] 

and for periclase as, 

o10-~± 1 -9 = IQ"623± 1
1.

6texp{ -(247.0±55.3)/RT} 

where G i · grain size in meter at time 1 in second, R is gas constant and Tis absolute 

temperature, with activation energy in kJ/rnol. The growth rate of perovsk.ite at constant 

temperature of 1873 K in the single phase was determined to be 

0 s .3 = 10-33.3
1 

where G is gra.i n size io meter at lime 1 in second. 

The self-diffusion coefficients of silicon in perovskite were determined to be 

D1 = 4. I 2(::_j~nx 10 10 exp{-(341 ±40)/ RT} 

M gh = L88(~ : ~nx 10 16exp{-(3J0±37)/ RT} 

where D1 and Dgb are lattice diffusion coefficient in m2/sec and grain boundary 

coeffi c ient, respectively, and 8 is the width of grain boundary. 

The rheo logical properties deterrn.ined in thi &tudy indicate follows; (I) The grain 

size of perovskite in tbe lower mantle is estimated to be 1- 10 mm. which suggests that 



lattice diffusion creep is dominant deformation mechanism in the large patt of lower 

mantle; (2) The viscosity of subducted slab depends on the grain growth and is about 4 

order of magnitude lower than that of the surrounding mantle at 700 ktll depth ; (3) The 

thermal structure of the subducted slab results in the layered rheological structure of the 

subducted slab. 
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Appendix Silicon self-diffusion in spinel 

Mg2S i04 spinel is dominant minerals in the mantle transition zone. To understand 

the rheolog ical relation between the upper and lower mantle, si licon self-diffusion in 

spinel was preliminarily investigated. 

High pressure experiment was carried out using malutianvil apparat us. The 

sample, which was composed of layered periclase in contact with layered enstati te, was 

pressurized up to 21 GPa and at !600°C for annealing of 140 min (run no. lPGO !). The 

spinel layer. which was formed by the reaction of periclase and en tati te. occurred on 

the boundary between pe1iclase and enstatite (fig. A-1). The width of spinel layer was 

measu red to be - 10 J.Lm. Diffusion coefficient was determined to be - 10· 14 m2/sec. 

calculating from the equation x = (Dt) 112 where x is the width of spine l layer after 

annea ling of lime 1 and Dis diffusion coefficient (Fisler eta/., 1997). 

Determined diffusion coefficient may repre, ent the bulk (effecti ve) di ffusion of 

ilicon in spinel (D'Porr) . Therefore. beca u.se of D'Pcrr > D P'"gb > DP•crr > D1'v1 at 1873 K, 

silicon diffusion in Mg2Si04 spine l may be faster than that in MgSi03 perovski te. 
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Fig. A- I. Chemical compositional mapping (upper, Si ; 
lower, Mg) of run no. JPGOJ. Silicon and magnesium 
were measured using with an electron microprobe 
analyzer. Right , left and sandwiched portion represent 
periclasc. ilmenite and spinel, respectively. 
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