S

IER Physics of the Earth and Planetary Interiors 119 (2000) 299309

PHYSICS
OF THE EARTH
ANDPLANETARY
INTERIORS

www.elsevier.com /locate/ pepi

Silicon self-diffusion in MgSIO, perovskite at 25 GPa

Daisuke Y amazaki **, Takumi Kato®, Hisayoshi Y urimoto ¢, Eiji Ohtani 9,
Mitsuhiro Toriumi ©
& Geological Ingtitute, Faculty of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
b | nstitute of Geoscience, University of Tsukuba, Tsukuba, |baraki 305-8571, Japan
© Department of Earth and Planetary Sciences, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8551, Japan

4 Institute of Mineralogy, Petrology and Economic Geology, Tohoku University, Aoba-ku, Sendai 980-8578, Japan
€ Geological Institute, Faculty of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

Received 16 August 1999; accepted 3 January 2000

Abstract

Silicon sdlf-diffusion coefficients in MgSiO, perovskite were measured under lower mantle conditions. The MgSiO,
perovskite was synthesized and diffusion annealing experiments were conducted at pressure of 25 GPa and temperature of
1673-2073 K using a MA8 type high-pressure apparatus. The diffusion profiles were obtained by secondary ion mass
spectrometry. The lattice and grain boundary diffusion coefficients (D, and Dg,) were determined to be D, [m?/s] = 2.74
X 107 exp(—336 [kJ/mol]/RT) and 6D, [m®/s]=7.12 x 10~ *" exp(—311 [k]/mol]/RT), respectively, where & is
the width of grain boundary, R is the gas constant and T is the absolute temperature. These diffusion coefficients play a key

role for understanding the rheology of the lower mantle. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Dynamics of earth’s interior depends on the rheo-
logical properties of its congtituent materials. In the
earth’s lower mantle, (Mg,Fe)SIO, perovskite and
(Mg,Fe)O magnesiowlistite are believed to be domi-
nant, and perovskite may exceed 85% of the volume
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(Stixrude et al., 1992). Therefore, the rheological
property of perovskite is important for understanding
the dynamics of the lower mantle. Plastic deforma-
tion of rocks occurs either by maotion of dislocations
(dislocation creep) or by the diffusive transport of
individual atoms (diffusion creep). Based on the
experimental studies of lattice preferred orientation
and seismological observation (Karato, 1988; Karato
and Li, 1992; Meade et al., 1995; Li et al., 1996;
Garnero and Lay, 1997), Karato et al., 1995 sug-
gested that diffusion creep (Nabarro—Herring or
Coble creep) may dominate in the most part of lower
mantle.

In the case of diffusion creep, the viscosity of a
material is directly related to its diffusion coeffi-
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Synthesis of MgSiO3 perovskite

from the single crystal of enstatite at
25 GPaand 1973 K
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295 enriched silica on the surface

Sample before diffusion experiments
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Measurements the diffusion
profile by depth method of SIMS

Results

Fig. 1. Flow chart of experimental procedure. A single crystal of
pure enstatite transforms to polycrystalline MgSiO; perovskite
due to nucleation and growth. See text in detail.

cients (Frost and Ashby, 1982) and therefore the
experimental studies of diffusion coefficients provide
important constraints on viscosity. In most silicates,
silicon is the slowest diffusing species, and therefore,
the diffusion of silicon is likely to control the viscos-
ity in the diffusion creep regime (Jaoul et al., 1981;
Houlier et al., 1990; Bgjina and Jaoul, 1996; Fidler et
a., 1997).

In spite of the importance of silicon diffusion in
MgSiO;, the diffusion data have never been re-

ported. It is difficult to determine the diffusion coef-
ficients of MgSiO; perovskite because MgSiO; per-
ovskite is stable only at high pressure (> 24 GPa)
and the diffusivity of silicon may be slow, therefore,
sengitive analysis to short length of diffusion pene-
tration is needed for measurements of diffusion pro-
files. Using the advanced high pressure experimental
technique and sensitive ion mass analytica method
developed by previous workers (e.g., Giletti et a.,
1978; Y urimoto and Sueno, 1984; Ito and Takahashi,
1989), we determined the self-diffusion coefficients
of silicon in MgSiO; perovskite under lower mantle
conditions.

2. Experimental procedure

We first synthesized MgSiO; perovskites at 25
GPa and 1973 K from single crystals of synthetic
pure enstatite (0.7 X 0.7 X 0.4 mm?®), using a
double-stage multianvil (MA) high-pressure system
consisting of an outer MA6 and inner MAS8 assembly
at Tohoku University (MAP3000) (Ohtani et 4.,
1998) (Fig. 1). To generate the high pressure up to
~ 25 GPa, an inner MA8 assembly is composed of
26-mm edge cubes with a 2.0 mm of truncated edge
length. Theinitial starting materials of single crystals
of enstatite without crack nor inclusion were selected
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Fig. 2. Furnace assembly for synthesis and diffusion annealing
experiments at high pressure and temperature. Eight WC anvils
with a 20 mm of truncated edge length were used. (1) Mo
electrode, (2) WRe5, —~WRe,s,, thermocouple, (3) ZrO, pressure
medium, (4) lanthanum chromite heater, (5) (Mg,Co)O insulator,
(6) graphite capsule, (7) NaCl medium, (8) enstatite or pervoskite
sample.
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Fig. 3. Back scattered electron image of the sample before diffu-
sion annealing etched by HF for a few second. Twinning were
observed.
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under an optical microscope. A graphite capsule and
lanthanum chromite heater were used for the furnace
assembly, and WRe,,, —~WRe,s,, thermocouples were
located in the furnace to monitor the temperature
(Fig. 2).

The recovered sample was polycrystalline per-
ovskite (Fig. 3). The grain size ranged from a few to
~ 20 pm. Some grains show the twin boundaries
and grain distribution is homogeneous. Grain bound-

Table 1

Experimental conditions and results of estimated diffusion coefficients
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Fig. 4. Crater depth of each samples measured by a surface
profiler (open circles) and/or a multibeam interferometer (solid
circles) as function of the product of sputtering time and unit
primary ion current. Solid line is fit of all data.

aries are wavy presumably due to the presence of
twin boundaries (Fig. 3). The samples were polished
with diamond paste (0.25 wm in diameter). After
cleaning with acetone and acohol, the polished sur-
face was coated with a *Si-enriched thin film (about
20-30 nm thickness by high vacuum thermal evapo-
ration of a *Si enriched SIO, powder with atomic
ratio of isotope of 2S:?Si:*°S = 4.12:95.65:0.23).
To confirm the crystallinity of the surface layer of

All experiments were conducted at 25 GPa, which correspondsto ~ 700 km depth in the earth’s mantle. The temperatures and durations for
diffusion annealing are shown. The initia and final grain size of perovskite were about 5—20 w.m. No significant grain growth was observed

during annealing.

Numbers in parentheses represent the uncertainties of diffusion coefficients including the uncertainty of the measured depth and of the fit to
diffusion models. Uncertainty of 8Dy, for run no. DIF 15 does not include the uncertainty of lattice diffusion coefficient.

Run no. Temperature (K) Time (h) DI (m?/s) 8D (m?/s) —(dIn(c— cp))/(dy®b/5)*
DIFI5" 1673 10 - 247(135)x107%  11.36("55) x 1077

DIF23 1773 50 529(77%) x 1072 354(*3%5) x10°% 9.63( " iret) x 1077
DIF27 1873 5 115(°3%)x 1079 136(*SH)x10°%  1079( 1) x 1077
DIF14 1873 10 990(*2%) x 107 236(3) x10°% 6.02( “335) x 1077

DIF17 1973 6 430(13%) x 107 576(1}45) x 107 % 6.39( "22) x 1077

DIF2L 2073 1 123(*98)x10°®  720(*Z8)x10°%  1312(7 M) x 107

*Lattice diffusion coefficient.

Dy, is grain boundary diffusion coefficient, & is the width of grain boundary.

** See EQ. (2) in text.

'D, was not determined because the run duration was too short. 6D, was estimated by substituting D, = 8.93 x 10-2 a 1673 K,
which was obtained by extrapolation of the Arrhenius relationship in Fig. 8A.
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samples after polishing before coating, we used EBSP
(electron backscattered pattern) technique. We ob-
served Kikuchi bands from our sample (using 30 kV
accelerating voltage). This observation indicated that
the surface layer is crystalline rather than amorphous
at the surface region even less than ~ 50 nm be-
cause the image of Kikuchi band by EBSP is derived
from the surface of sample less than ~50 nm
(Lloyd et al., 1981; Davies and Randle, 1996; Ren et
al., 1998). The coated polycrystalline aggregates of
perovskite were used as starting materials of the
diffusion annealing experiments. They were pressur-

coating layer
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ized up to 25 GPa at room temperature and then
heated at a constant rate of 500°C per min up to the
annealing temperature (1673-2073 K) to prevent
diffusion during increasing temperature. Constant
temperature was kept within 5°C-10°C of the de-
sired value for 1 to 50 h (Table 1). The sample was
inside a NaCl pressure medium in order to minimize
the differential stress in the synthesis and diffusion
experiments (Fig. 2). After the diffusion experiment,
the recovered charges were washed by pure water to
remove NaCl and to expose the *SiO, film coated
surface. The washed run charges were mounted in
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Fig. 5. Secondary ion intensities of MgSiO;, perovskite before annealing as a function of depth from the surface of sample. (A) The counts
by SIMS of masses 25 and 26 of Mg, and 28, 29 and 30 of Si were plotted. (B) Ratios of " Mg/ Si (28+ 29+ 30) ad G /Si - Note
that both ratios in deeper portion than ~ 30 nm are constant. An arrow indicates the range of coating layer.
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epoxy disks to analyze diffusion profile of *Si by a
secondary ion mass spectrometry (SIMS). The fina
grain size of MgSIO,; perovskite aggregates were
less than ~ 20 pm, indicating that grain growth did
not occur during annealing experiments.

The diffusion profiles of *Si from the coated
surface of MgSiO, perovskite aggregates were ob-
tained by depth profiling analysis with a rastered
primary O~ beam with accelerating voltage of 12.5
kV in the modified Cameca ims3f SIMS instrument
at Tokyo Ingtitute of Technology (Yurimoto et a.,
1989). Secondary ion intensities from the central

coating layer

10

6 =~

area (60 wm in diameter) of sputtered crater (150
wm square) were collected in order to eliminate
crater edge effect. The depth calibration of the craters
was carried out with a surface profiler and/or a
multibeam interferometer after SIMS measurements
(Fig. 4). From the relationship between the depth of
the crater and the product of sputtering time and
current density shown in Fig. 4, the measured depth
included < 15% relative error. In all measurements,
at least 5 masses of Mg, Mg, %S, ®Si and *Si
were detected to estimate the ratio of Mg/Si. Fur-
ther qualitative analyses were made on some samples
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Fig. 6. Secondary ion intensities of MgSIO; perovskite after annealing at 25 GPa and 1873 K for 10 h as a function of depth from the
surface of sample (run no. DIF14). (A) The counts by SIMS of masses 25 and 26 of Mg, and 28, 29 and 30 of Si were plotted. (B) Ratios of
BHBMg/Siiom ad 2Si/Siyy. Note that 27 2°Mg/Si . ratios in deeper portion than ~ 30 nm are constant. On the other hand,
2g /Sliota ratio decreases with depth, indicating the diffusion process. An arrow indicates the range of coating layer.
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to evaluate the contamination during experiments.
Figs. 5 and 6 show representative results obtained by
depth profiling for sample before and after anneal-
ing, respectively. S concentration, c, is repre-
sented by the ratio of *°Si /total Si calculated from
lg/(log 4 1, + 159), Where | is the secondary ion
intensity (counts per second).

3. Diffusion results

Before annealing experiments, the 29Si-profile of
a coated sample was measured by SIMS to confirm
the condition of thin film (Fig. 5). It was observed
that the coated *SiO, did not penetrate into the
polycrystalline perovskite, indicating that the profiles
obtained after annealing (Fig. 6) was formed by the
diffusion process in MgSiO, perovskite during an-
nealing. Moreover, the constant Mg,/Si ratios with
depth after annealing (Fig. 6B) indicate that the mass
was transported by the diffusion process without any
reaction between the ®Si enriched silica surface
layer and perovskite.

When the annealing time was short, the penetra-
tion depth was shallow and the profile was character-
ized by a single curve, suggesting a single diffusion
mechanism. On the other hand, when the annealing
time was longer, the profiles displayed the pattern
which is composed of two segments (Fig. 7). Such a
change in the shape of penetration curve is often
observed for the diffusion in polycrystalline materi-
als (Harrison, 1961; Atkinson and Taylor, 1979,
Farver and Yund, 1991; Farver et al., 1994). One
segment near the surface is interpreted as due to the
lattice diffusion and the other segment in the deep
inside is due to grain boundary diffusion. This sug-
gests that the diffusion regime in our experiments
corresponds to the type B as described in Harrison
(1961) except for run no. DIF15. Generally, when
the condition of (D,t)/?> G/2 is satisfied where
D, islattice diffusion coefficient, t is annealing time
and G is grain size, a penetration profile can be
characterized by a single diffusion coefficient D,
(Dy =(1—f)D, + fDy,, where f is the fraction of
materials near grain boundaries where diffusion is
enhanced) which represents the effective (bulk) dif-
fusion coefficient. A single curve of penetration

profile due to grain boundary diffusion is displayed
when the annealing time is so short that (D, )% < §
(DIF15). The type B diffusion occurs at the condi-
tion of 8 < (D,;)¥? < G/2 and both lattice (shal-
low region) and grain boundary (deeper region) dif-
fusion play an important role. In the present study,
al experiments were conducted at the condition of
type B, except for run no. DIF15. Therefore, we
were able to determine both lattice and grain bound-
ary diffusion coefficients separately, except for run
no. DIF15 in which the concentration curve was
amost represented by a single curve due to grain
boundary diffusion.

In type B regime, the lattice diffusion segment
can be fitted by the following equation in the case of
a thin film reservoir of diffusant (Crank, 1975) (Fig.
7A),

M 2

yaD,t &

where c is the concentration of °Si at depth v, ¢, is
the initial concentration of *Si in perovskite and M
is the amount of substance deposited at surface. The
grain boundary diffusion segment in the Si profile
was analyzed using the following grain boundary
diffusion model (Le Claire, 1963) (Fig. 7B),

C—Cy=

(1)

Pl ™ 2.t

din(c—c,) | % 4D, \ /2
Ty (T) 2

5Dy, = 0.66{ —

Eqg. (2) is insensitive to the boundary structure of a
polycrystal during diffusion experiments (Atkinson
and Taylor, 1979). The typical fit of Egs. (1) and (2)
to the measured profile are shown in Fig. 7, and
results are summarized in Table 1. As shown in Fig.
7, the uncertainty in fits is not large so that this
uncertainty does not significantly affect the calcu-
lated values of the diffusion coefficients. The uncer-
tainties on diffusion coefficients given in Table 1 are
mainly caused by the measurements error on the
crater depth. We assumed that the error on the crater
depth was given by the difference between the mea-
sured depth by a surface profiler and /or multibeam
interferometer and the depth calculated from the
regression line in Fig. 4.



D. Yamazaki et al. / Physics of the Earth and Planetary Interiors 119 (2000) 299-309 305

Logio(c-co)
Ln (c-cp)

Logo(c-cp)
Ln (c-cp)

0 100695 o5 2000
Depth™™ (nm™)

Fig. 7. A diffusion profile of Si in perovskite, which was annealed at 25 GPa and 1873 K for 10 h (run no. DIF14), ¢ is ZQSi/SitotaJ and
¢, istheinitial 2Si/Si,,, ratio. (A): The surface region (~ 30 nm) corresponds to a coated layer of enriched silica. The depth between
~30and ~ 150 nm is the region where lattice diffusion is dominant and between ~ 260 and ~ 600 nm is the region where grain boundary
diffusion is dominant (see B). Solid dots represent the data obtained by SIMS, solid lines represent the best fit to the lattice diffusion model
(Eg. 1) for the measured profile of the lattice diffusion contribution and the best fit to grain boundary diffusion model (Eg. 2) for the
measured profile of the region of grain boundary diffusion contribution, respectively. Dashed lines represent model profiles using 5/6 and
6,/5X D; of the best fit and model profiles using 2/3 and 3/2 X Dy, values of the best fit, respectively. (B): Data from (A) plotted as a
logarithm of (c—c,) versus y%° (where y is the depth) consistent with Eq. (2). Note that the deeper region than ~ 800 nm®/5

corresponding to the depth of ~ 260 nm yields a straight line over that region of the depth profile where grain boundary diffusion is
dominant.
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4, Discussion

The diffusion coefficients depend on temperature
as D = Dyexp(—H*/RT), where D, is the pre-ex-
ponential factor, H* is the activation enthalpy, R is
the gas constant and T is the absolute temperature.
The pre-exponentia factor and activation enthalpy of
D, are calculated to be (*3%7) X 107*° m?/s and
H;F = 336( 4+ 37) kJ/molrespectively (Fig. 8A), and
those of 8Dy, are calculated to be (*¢%) x 1072
m®/s and Hg, =311(+48) kJ/mol, respectively
(Fig. 8B). If the width of grain boundary can be
assumed to be ~107°-10"%° m (Atkinson and
Taylor, 1979; Ricoult and Kohlstedt, 1983; Farver et
al., 1994), the grain boundary diffusion is about ~ 4
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Fig. 8. Silicon sef-diffusion coefficients in MgSiO; perovskite
are plotted against inverse temperature. Solid circles represent the
lattice diffusion coefficients (A), and the products of the grain
boundary diffusion coefficients and the width of grain boundary
(B). The error bars show the uncertainties for diffusion coeffi-
cients (Table 1). Solid lines represent the least square fits to the
data, except for the data point marked by arrow which is estimated
value (run no. DIF15, see Table 1).
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Fig. 9. Effective diffusion coefficients of silicon in MgSiO;
perovskite calculated from the lattice and grain boundary diffusion
coefficients (solid lines). Dotted lines represent the effective diffu-
sion coefficients with each grain sizes (0.01-100 wm). The width
of grain boundary was assumed to be 10~° m for the estimation
of Dgy-

orders of magnitude faster than the lattice diffusion.
The high diffusivity along grain boundary is consis-
tent with the observationsin other oxides and silicate
crystal (Turnbell and Hoffman, 1954; Yurimoto et
a., 1992; Sakaguchi and Haneda, 1996; Farver and
Yund, 1995). Although Stocker and Ashby (1973)
considered that the relationship between the activa
tion enthalpy for lattice diffusion and that for grain
boundary is Hj /Hg, ~ 1.5, in the present study we
obtain the ratio of ~ 1.1. Similarly, Farver et al.
(1994) reported that the activation enthalpy for mag-
nesium grain boundary diffusion in forsterite was
only dightly less than that for lattice diffusion.

In polycrystalline materials, mass transportation is
controlled by the effective diffusion coefficient, Dy;
=D, + m8Dy,/G, where G is grain size (Raj and
Ashby, 1971; Gordon, 1985). We calculated the
effective diffusion coefficients for a range of grain
size. At the temperature range of lower mantle (>
1873 K), the effective diffusion of silicon in per-
ovskite is almost represented by the lattice diffusion
if the grain size is larger than a few tens micrometers
(Fig. 9). We compare our present results with previ-
ous results of diffusion of slicon (Fig. 10). As
shown in Fig. 10, the pre-exponential factor and
activation enthalpy for lattice diffusion in MgSiO,
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Fig. 10. Linear relationship between pre-exponential factors
(logDgy) and activation enthalpy for silicon diffusion in some
silicate materials, representing compensation law, modified after
Bégina and Jaoul (1997). Numbered open circles display the
diffusion data from previous studies and solid circle represent our
data. The solid line shows the regression line as H* [kJ/mol] =
656.6+30.9x logD, [m? /s, including our result. For previous
data, (1) vitreous silica (Brébec et a., 1980); (2) synthetic quartz
(Jaoul et d., 1995); (3—-6) synthetic quartz (Bgina and Jaoul,
1996); (7) forsterite (Jaoul et al., 1981); (8-15) forsterite (differ-
ent crystallographic direction and buffering materials) (Andersson
et a., 1989); (16) San Carlos olivine (Houlier et a., 1990);
(17-18) diopside (B&jina and Jaoul, 1996).

perovskite are consistent with the existing data set of
silicon diffusionin various silicates (Bginaand Jaoul,
1997). This indicates that the compensation law
(Bgjina and Jaoul, 1997) for diffusion of silicon for
various silicate is applicable to the six-coordinated
silicon such as perovskite. We also compare the
g-factor defined by g = H* /RT,,, where T, is melt-
ing temperature. The g-factor for silicon diffusion in
MgSiO; perovskite is ~ 14, which is in the smaller
end of g-factors in other silicates (~ 10-50) (Jaoul
et a., 1981, 1983, 1995; Béjina and Jaoul, 1996;
Andersson et al., 1989; Brébec et a., 1980). We
suppose that this small g-factor for silicon diffusion
in perovskite could be the result of weaker bond
strength of six-coordinated silicon than four-coordi-
nated silicon (Gibbs et a., 1998). A weaker bond
strength of six-coordinated silicon than four-coordi-
nated silicon is also consistent with the observed
negative Clapeylon slope for the perovskite forming
reactions (Akaogi and Ito, 1993).

Note that there are some differences between our
experimental conditions and conditions in the lower

mantle. First, our samples were in contact with SiO,
and therefore the SiIO, activity is fixed around the
SiO,-rich end in the SIO,~(FeM@)O system. As
shown in Fig. 5B, the ratio of Mg/Si equals to zero
at the surface before annealing. In contrast, this ratio
at the surface after annealing is higher than zero
(Fig. 6B), suggesting that the coated silicon seems to
have been dissolved into MgSiO; perovskite in a
thin surface layer (Fig. 6B). This implies that our
MgSiO; perovskites have SiO,-excess stoichiometry
as opposed to (Mg,Fe)O-excess stoichiometry which
is likely the case in earth’s lower mantle. The exist-
ing experimental data on the effects of oxide activity
on silicon diffusion in olivine, however, indicate that
the effects of oxide activity are not very large (factor
of ~ 5, Andersson et al., 1989). Second, our sample
is free from Fe and Al, whereas perovskite in the
lower mantle likely contains significant amount of
Fe and Al (McCammon, 1997; Wood and Rubie,
1996), which may affect point defect chemistry and
hence diffusion. Further studies are needed to access
these issues.
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