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Abstract. Studies of mass transport and kinetics in min- 
erals at high pressure often require a sample environ- 
ment in which the stress is near-hydrostatic and the 
chemical environment is carefully controlled. We report 
here details of a multianvil sample assembly in which 
these requirements are fulfilled and which has been used 
to study the effect of pressure on the kinetics of disloca- 
tion recovery in olivine up to 10 GPa. Annealing experi- 
ments have been performed on single crystals of San 
Carlos olivine at 8.5 GPa and 1400 ~ C in a 1200 tonne 
split-sphere multianvil apparatus. The sample assembly 
consists of an 18 mm MgO octahedron with a LaCrO3 
heater of variable wall thickness to give a small tempera- 
ture variation (~  20 ~ C) along the 3 mm length of the 
sample capsule. To minimize the differential stress on 
the sample, the olivine single crystal is surrounded by 
NaC1 and both pressurization and depressurization are 
performed slowly at a temperature of 600 ~ C (to mini- 
mize the strength of the NaC1). The silica activity (asio2) 
is buffered by orthopyroxene powder in contact with 
the olivine and the oxygen fugacity is buffered by Ni + 
NiO within the sample capsule. The H20-content of the 
sample assembly is minimized by drying all components 
at 230 ~ C under vacuum. Olivine single crystals recov- 
ered after annealing at 1400~ C and 8.5 GPa show no 
evidence of deformation, either ductile or brittle. Dislo- 
cation densities of 109-10 l~ m -2 are similar to those 
observed prior to high-pressure annealing and indicate 
differential stresses of < 10 MPa. Infrared spectroscopy 
indicates that the hydrogen content of a sample annealed 
at 10 GPa, 1500 ~ C for 21 h is ~13 H/106Si, which, al- 
though low, is higher than that of the crystals prior 
to high-pressure annealing. Finally, the effectiveness of 
the fO2 buffer has been verified by estimating the fO2 
at the surface of the sample from the solubility of Fe 
in Pt metal in equilibrium with the olivine and orthopy- 
roxene. 

Introduction 

The kinetics of processes such as lattice diffusion, grain 
boundary diffusion, grain growth, high-temperature 
creep and dislocation recovery in minerals have been 
investigated extensively at moderate pressures (up to 2-3 
GPa) using hydrothermal, gas-media and solid-media 
high-pressure apparatus. Because of the limited pressure 
range which has been used in these studies, the magni- 
tudes of activation volumes and therefore the effects of 
pressure on the rates of mineralogical processes are still 
poorly understood. Consequently existing kinetic and 
creep data cannot be extrapolated reliably to mantle con- 
ditions. For example, the current uncertainty in the acti- 
vation volume for dislocation creep in olivine (6 27 cm 3 
mol-1; see Green and Borch 1987; Karato et al. 1993) 
results in an uncertainty in strain rate of ~8 orders 
of magnitude when olivine creep data are extrapolated 
to conditions of the base of the upper mantle (Fig. 6 
in Kohlstedt et al. 1980). Such uncertainties in extrapola- 
tions of experimental creep data are a serious problem 
for understanding mantle convection. 

Determinations of the effect of pressure on the kinet- 
ics of mineralogical processes will be more reliable when 
the pressure range over which the experiments are per- 
formed is large (e.g. 10 GPa). Although a large pressure 
range can be achieved easily using the multianvil appara- 
tus, a number of additional parameters which signifi- 
cantly affect kinetics must be controlled carefully if use- 
ful data are to be obtained using this apparatus. These 
parameters include temperature, chemical environment 
(e.g. oxygen fugacity, fugacities of H20-related species, 
oxide activities), and differential stress. 

In many kinetic studies, it is desirable that the sample 
is subjected to low differential stresses at all stages dur- 
ing the experiment. At high temperature, high stresses 
result in the generation and migration of dislocations 
which can significantly affect the rates of processes such 
as the nucleation of new phases (Rubie and Champness 
1987) and atomic diffusion (Yund and Tullis 1980). Dur- 
ing the compression and decompression stages of high 
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pressure experiments, significant fracturing frequently 
occurs because of high differential stresses (e.g. Fig. 3 a 
in Rubie and Brearley 1990). Such fracturing would be 
a serious problem, for example, in diffusion studies (e.g., 
Kronenberg et al. 1986; Tingle 1988; Bertran-Alvaraz 
et al. 1992). In the synthesis of hot-pressed aggregates 
(for use in ultrasonic and grain boundary diffusion stu- 
dies for example), it is also critical that samples are re- 
trieved from high pressure without fracturing (Gwanme- 
sia et al. 1990). High differential stresses result primarily 
from the use of a strong confining medium; the stress 
on the sample is likely to be particularly high when rates 
of compression/decompression and heating/cooling are 
fast compared with the relaxation rate of the pressure 
medium. 

Here we discuss methods of minimizing differential 
stress and controlling and characterising the chemical 
environment in experiments designed specifically for 
studying the effect of pressure on the kinetics of disloca- 
tion recovery in olivine up to 10 GPa (Karato et al. 
1993). Such experiments are performed by annealing ol- 
ivine single crystals at high temperatures and pressures 
in a hydrostatic or near-hydrostatic stress environment 
and measuring the resulting decrease in dislocation den- 
sity (Kohlstedt et al. 1980; Karato and Ogawa 1982; 
Karato et al. 1993). In addition to the near-hydrostatic 
stress requirement, a particular problem with such exper- 
iments is the choice of a sample container which main- 
tains a controlled chemical environment within the oliv- 
ine stability field (Nitsan 1974; Boland et al. 1986; Kohl- 
stedt and Mackwell 1987; Jaoul et al. 1987). 

Multianvi l  Experiments  

Experiments were performed using a 1200 tonne uniaxial 
split-sphere multianvil apparatus in which both tempera- 
ture and hydraulic oil pressure were computer con- 
trolled. Tungsten carbide anvils (Toshiba grade F) were 
used with octahedral sample assemblies fabricated from 
semi-sintered MgO (+5% Cr203) together with pre- 
formed pyrophyllite gaskets. The truncation edge length 
on the WC anvils was 11 mm, the edge length of the 
MgO octahedra was 18 mm and the gasket dimensions 
were 5 x 3 mm. The pressure at the sample was calibrat- 
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Fig. 1. Cross section of the pressure assembly used in multianvil 
experiments. A similar assembly in which the heater is graphite 
instead of LaCrO3 has also been used 

ed as a function of oil pressure using transitions in Bi 
at room temperature and by reversing the quartz/coesite, 
coesite/stishovite and Fe2SiOa olivine/7-spinel equilibria 
at 1000 ~ C (Fig. I in Rubie et al. 1993). An experiment 
at 1450 ~ C using the Fe2SiO4 olivine/7-spinel equilibrium 
showed the calibration to be unaffected by temperature 
in the range 1000-1450 ~ C. Uncertainties in pressure are 
estimated to be + 5%. Details of the pressure assembly 
are shown in Fig. 1. 

The use of a simple cylindrical graphite heater togeth- 
er with a thermocouple introduced diametrically though 
the heater wall in multianvil sample assemblies results 
in a temperature gradient across the sample of ~ 200~ 
mm at 1500~ (e.g., Takahashi etal. 1982; see also 
Remsberg et al. 1988). In order to reduce this gradient 
to a level suitable for quantitative kinetic experiments, 
we have used stepped cylindrical heaters of variable wall 
thickness, consisting either of graphite or LaCrO3, to- 
gether with a thermocouple located along the axis of 
the heater (Fig. 1). In addition to the effect of the vari- 
able wall thickness of the heater, gradients are reduced 
using LaCrO3 because the resistance of this material has 
a strong inverse relationship to temperature. The gra- 
dient is further reduced by eliminating the hot spot 
caused by introducing the thermocouple diametrically 
though the heater wall. Using two thermocouples, it has 
been determined that the heater geometry shown in Fig. 
1 results in a temperature difference of ~ 20 ~ C between 
the ends and the center of a 3 mm long sample capsule 
at 1400~176 C (Kanzaki 1987; Yasuda et al. 1990). 
Temperature was monitored using a W3%Re-W25%Re 
thermocouple, without any correction for the effect of 
pressure on thermocouple emf, and was controlled to 
_+2 ~ C. 

Minimizat ion  o f  Differential  Stress 

The samples in the experiments described here were sin- 
gle crystals of San Carlos olivine with the approximate 
dimensions 1 x 1 x 1 mm 3 and with initial dislocation 
densities in the range 109-10 TM m -2 (Fig. 4a). The 
corners and edges of the crystals were rounded to mini- 
mize possible stress concentrations. In order to investi- 
gate the differential stress during multianvil experiments, 
samples were annealed at 8.5 GPa and 1400 ~ C for times 
ranging from 20-60 min (Table 1). Differential stresses 
during these experiments have been estimated from the 
resulting dislocation densities utilizing the technique of 
Karato and Ogawa (1982) and Wang et al. (1988) and 
the calibration of Kohlstedt et al. (1976a). Dislocation 
densities were observed by optical and scanning electron 
microscopy following dislocation decoration by oxida- 
tion in air at 900 ~ C for 60 min (Kohlstedt et al. 1976b; 
Karato 1987). 

In some previous high-pressure studies, the differen- 
tial stress on the sample had been minimized by using 
either NaC1 or graphite as a pressure medium (Karato 
and Ogawa 1982; Kronenberg et al. 1986; Tingle 1988; 
Wang etal. 1988; Gwanmesia etal. 1990). We have 
tested these two materials further using the capsule as- 
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Table 1. Observed dislocation densities 
(m-2) in San Carlos olivine single crystals 
annealed at 8.5 GPa and 1400 ~ C. 
"Center" and "edge" refer to locations 
on a cross section through the single crys- 
tal 

Run # Pressure Capsule" Time at 
medium Assembly 1400 ~ C 

Dislocation densities 

Center Edge 

SCA-2 NaCl (a) 50 min 
SCA-3 Graphite (a) 30 min 
SCA-4 Opx (b) 25 min 
SCA-5 NaC1 (c) 20 min 

(+ Opx + NiO + Ni) 
SCA-6 NaC1 (d) 60 min 
SCA-7 NaC1 (d) 55 min 

3-5 x 109 ~1011 
~3 x 109 ~ 10 tl 
1011-1012 nd 
101~ ~ 1011 

2-5 x 109 ~ 1011 
~101~ > 10 ~~ 

Original dislocation density of San Carlos olivine = ]09-101~ m -~ 
" Refers to Fig. 2 
nd-  not determined 

;:: " ' ' : : :  :i: 

: : : N ' ' "  

a , , , ,  

Ni foil 

Pt c a p s u l e  

:! i!i!i i!!i i i i i i lN 

/ 
i foil 

Pt c a p s u l e  

I 2 m m  I 

[ ]  Olivine single crystal [ ]  NiO powder 

[ ]  Orthopyroxene powder [ ]  NaC1 

Fig. 2. Schematic drawings of the different capsule assemblies dis- 
cussed in the text 

sembly shown in Fig. 2 a in which the olivine single crys- 
tal is surrounded by either NaC1 or graphite within a 
Pt capsule. As in the earlier studies we used controlled 
slow rates of  presgurization, depressurization, heating 
and cooling. At the start of  each experiment, the uniaxial 
load on the hydraulic ram was increased at a rate of  
100 tonnes h-1  and, at the end of  each experiment, the 
unloading rate was 85 tonnes h-1  (Fig. 3). These rates 
correspond to an increase and decrease in sample pres- 
sure of  approximately 2.5 GPa h -1 and 2.1 GPa h -1, 
respectively. Both compression and decompression were 
performed with the sample at elevated temperature 
(mostly 600 ~ C, see Fig. 3) in order to minimize the 
strength of  the pressure medium. Moderate rates of  heat- 
ing and cooling (as shown in Fig. 3) were used to avoid 
thermally shocking the sample. 

,-, 1600 t i n ~  
~ ~ 1400  - -  

o~ 1200 
1000 50 ~ 

800 

~:~ 600 
400  

20 ~ 
2OO 

250 

Temperature 

100 OC/min 

8 ~ 

Pressure 

200 

150 

~'~ 100  

O 
50 

2 4 6 8 
Time (hours) 

Fig. 3. Plots of temperature (top) and hydraulic oil pressure (bot- 
tom) against time for all annealing experiments at 8.5 GPa and 
1400 ~ C. The hydraulic oil pressure of 200 bar corresponds to a 
sample pressure of 8.5 GPa. During compression and decompres- 
sion, the temperature was kept at 600~ in order to minimize 
the strength of the NaC1 or graphite pressure medium surrounding 
the sample. Temperature and hydraulic oil pressure were computer 
controlled and were maintained within 1 bar and 2 ~ C of the set- 
point values, respectively 

Dislocation structures in olivine after annealing at 
8.5 GPa, using both NaC1 and graphite as the containing 
medium for the sample, are shown in Fig. 4b, c and 
the results of  dislocation density measurements are sum- 
marized in Table 1 (~= SCA-2 and 4~ SCA-3). Except 
in a narrow zone 5-20 ~tm wide at the surface of the 
annealed crystals, dislocation densities are in the range 
109-101~ m -2 and are essentially identical to those of  
the starting material prior to the high pressure experi- 
ments. Dislocation densities of  this magnitude are indi- 
cative of a differential stress of 3-10 MPa (Fig. 5), al- 
though the actual stress could be much lower because 
the kinetics of  dislocation recovery are too slow at 8.5 
GPa and 1400 ~ C to observe any decrease in the disloca- 
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Fig. 4a-L Photomicrographs show- 
ing dislocations in San Carlos oliv- 
ine crystals before and after experi- 
ments at 1400 ~ C and 8.5 GPa. a 
Typical dislocation density ( 
109 m -2) in San Carlos olivine 
prior to high pressure experiments. 
b and c Sample (SCA-2) annealed 
using NaC1 as the pressure medi- 
um. b Shows a large part of a 
cross section of the crystal with the 
edge on the left, and c is a higher 
magnification image from the 
center of the sample. The disloca- 
tion density in the bulk of the 
crystal is 2-3 x 109 m -2 but in a 
10-20 gm wide zone at the surface 
the density is 1011 m -2. d and e 
Sample (:~ SCA-4) annealed with 
orthopyroxene as the pressure me- 
dium using the capsule assembly of 
Fig. 2b. In addition to extensive 
fracturing seen in d, bulk disloca- 
tion densities are much higher than 
in samples annealed using NaC1 or 
graphite as the pressure medium, f 
Sample (~ SCA-7) annealed in the 
capsule assembly of Fig. 2d which 
showed a dislocation density simi- 
lar to that of the starting material 
(Fig. 4a) 
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Fig. 5. Dislocation densities in olivine single crystals plotted on 
the differential stress-dislocation density correlation determined by 
Kohlstedt et al. (1976a). The dislocation densities were measured 
following annealing at 8.5 GPa and 1400~ in NaC1 (filled 
squares), graphite (open square) and orthopyroxene (triangle) pres- 
sure media and give an estimate of the magnitude of the differential 
stress at high pressure. Using a pressure medium consisting of 
either NaC1 or graphite the differential stress was low (< l0 MPa 
or < 0.1% of the confining pressure) 

grinding induces a high dislocat ion density in olivine 
within a few microns  o f  the surface which indicates tha t  
sample p repara t ion  pr ior  to high-pressure anneal ing 
m a y  have caused these locally high dislocat ion densities. 
There  is no  evidence that  the na r row surface layer with 
elevated dislocation densities broadens  or  tha t  the locally 
high dislocat ion density decreases dur ing high-pressure 
anneal ing on the time scale and  temperature  o f  these 
experiments.  

The  above  results (Table 1, Fig. 5) suggest tha t  NaC1 
and graphi te  are equally suitable pressure media  for  ob- 
taining a low differential stress sample environment .  
Two potential  problems with using graphi te  as a pressure 
med ium are (1) the presence o f  this material  in the sam- 
ple capsule together  with an oxygen buffer  (see below) 
will complicate  cont ro l  o f  the oxygen fugacity and (2) 
t r ans fo rmat ion  to d i a m o n d  in multianvil  experiments 
will cause the s trength o f  the pressure med ium to in- 
crease. In order  to avoid these problems,  we have used 
NaC1 as a pressure medium in subsequent  experiments.  

t ion density on the time scale o f  these experiments (Kara-  
to et al. 1993). Dis locat ion densities in a 5-20 gm thick 
surface layer o f  the samples are often as high as 
1011 m -2 (Fig. 4b).  We have found  that  �9 and 

C o n t r o l  o f  C h e m i c a l  E n v i r o n m e n t  

The sample env i ronment  was made  as anhydrous  as pos- 
sible. The M g O  oc tahedron  and associated ceramic com-  
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ponents were fired at 1000 ~ C for 1-2 h in air and were 
then stored at 230 ~ C in a vacuum oven until ready for 
use. The olivine sample and NaC1 pressure medium were 
loaded into the Pt capsule and were dried at 230~ 
in a vacuum oven for > 12 h immediately prior to sealing 
the capsule by welding. Finally, the sample assembly 
was stored in the vacuum oven for at least 15 h immedi- 
ately prior to starting the experiment. 

The effectiveness of the above procedure was tested 
by measuring the OH content of an olivine single crystal 
which had been annealed at 10 GPa and 1500 ~ C as part 
of a study of dislocation recovery kinetics (Yan 1992; 
Karato et al. 1993). Prior to the high-pressure annealing 
experiment, the olivine single crystal was deformed in 
the [011] orientation at 1400 ~ C and 1 bar for 5 h under 
a controlled oxygen fugacity near the Ni-NiO buffer (ob- 
tained using a CO/CO2 mixture). A polarized IR spec- 
trum showed that this sample contained no detectable 
OH prior to high-pressure annealing. The OH content 
of the olivine crystal after annealing at 10 GPa and 
1500 ~ C for 21 h was estimated from a polarized IR spec- 
trum (E parallel to [100]) by the method of Paterson 
(1982) (Fig. 6). Assuming an orientation factor 7 = 1/3, 
the spectrum yields a proton abundance of 90 parts per 
billion by weight, which corresponds to 13 H/106Si. This 
concentration is comparable to the lowest OH contents 
in natural olivines reported by Miller et al. (1987). How- 
ever, the result also demonstrates that the OH content 
of the olivine increased by a factor of at least 20 during 
the multianvil experiment. A change in OH content dur- 
ing the course of an experiment will obviously be a prob- 

0 

c~ I i i 
3700 3650 3600 3~ 3500 3460 3400 3350 3300 

Wavenumber cm-1 

Fig. 6. Polarized IR spectrum (E parallel to [ 100]) of a single crystai 
of San Carlos olivine after annealing at 10 GPa, 1500 ~ C for 21 h. 
The thickness of  the crystal was 685 gm and the spectrum has 
been renormalized to a sample thickness of 10 ram. The measure- 
ment was done in the evacuated sample chamber of a Bruker IFS 
120 FTIR  spectrometer using a beam condensor. This spectrometer 
contains a Michelson-type interferometer. Experimental condi- 
tions : tungsten source, Si-coated CaF2 beamsplitter, InSb detector, 
KRS-5 polarizor, spectral resolution 0.5 cm-x,  1000 scans. An IR 
spectrum of  the starting material for this experiment shows no 
detectable OH and indicates that  the hydrogen content of the sam- 
ple increased by a factor of at least 20 during high-pressure anneal- 
ing 

lem when kinetics are very sensitive to this parameter 
and could result in rates which are time-dependent. 
Whether or not the OH content stabilizes after a certain 
time in multianvil experiments remains to be determined. 

In addition to hydrogen content, the high-tempera- 
ture creep behavior of Fe-bearing olivine is sensitive to 
oxygen fugacity (fO2) and oxide activity (e.g. Ricoult 
and Kohlstedt 1985; Bai et al. 1991). We have attempted 
to (1) buffer fO2 by placing NiO in contact with a disk 
of Ni foil at each end of the sample capsule and (2) 
buffer the silica activity (aSiO2) by placing orthopyrox- 
ene powder in contact with the olivine single crystal. 
The orthopyroxene consisted of San Carlos enstatite (Fe/ 
(Fe+Mg)=0.085) which, after grinding, was dried by 
firing at 1200~ C at an fO2 equivalent to Ni/NiO for 
10 h. Three different capsule assemblies, designed to 
maintain a controlled chemical environment, are shown 
in Fig. 2b-d. An assembly in which olivine is completely 
surrounded by orthopyroxene is most likely to produce 
a controlled and stable chemical environment. The dif- 
ferential stress on the olivine sample when surrounded 
by fine-grained orthopyroxene powder was estimated by 
annealing an olivine crystal at 8.5 GPa and 1400 ~ C for 
25 rain (Table 1, ~ SCA-4) using the capsule assembly 
shown in Fig. 2b, with the capsule contained in an NaC1 
sleeve (instead of MgO as shown in Fig. 1). Compression 
and decompression were performed at 600~ as de- 
scribed above (Fig. 3). This experiment resulted in exten- 
sive fracturing of the olivine crystal and produced dislo- 
cation densities in the range 1011_ 1012 m-  2 throughout 
the sample (Fig. 4d, e), indicating that differential 
stresses were relatively high (30-100 MPa). The contain- 
ment of the olivine crystal in sintered orthopyroxene 
probably results in high stresses because of the an- 
isotropic thermal expansion and compressibility of oliv- 
ine combined with the high strength of orthopyroxene 
(in comparison with NaC1), as well as differences in these 
parameters for olivine and orthopyroxene. The differen- 
tial strain which results from heating and compressing 
the olivine crystal must be easily accommodated by the 
surrounding material if differential stresses are to be low. 

Because orthopyroxene is too strong to be used as 
a pressure medium, an alternative assembly was tested 
in which the olivine crystal was contained in Ni foil 
to isolate it from an NaC1 pressure medium. Layers of 
NiO and orthopyroxene powder were placed adjacent 
to opposing faces of' the olivine crystal, also within the 
Ni foil (Fig. 2c). After annealing, the bulk of the crystal 
was again extensively fractured, although in regions be- 
tween the fractures the dislocation density remained rela- 
tively low (Table 1, ~ SCA-5). The fracturing is probab- 
ly the result of different compressibilities and/or thermal 
expansivities for olivine and the sintered orthopyroxene 
layer. In addition, equilibrium with respect to oxide ac- 
tivity is unlikely to be achieved and cannot be con- 
strained because at different faces of the olivine crystal 
there are metal-rich, metal oxide-rich and silica-rich en- 
vironments, respectively. 

Finally, experiments have been performed in which 
the surface of the olivine crystal was coated with a very 
thin orthopyroxene layer. This was applied as an alco- 
hol-based slurry using a small brush. The crystal was 
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Table 2. Summary of thermodynamic data 
used to calculate fO2 from olivine-ortho- 
pyroxene-metal equilibria. 

Reaction References 

A G(~ 1 bar) (1) -- 564.8 + 0.1444 T k J/tool 
A G~-lb,r) (2) --485.7+0.1792 T kJ/mol 
A G(~ p) (3) --6710--0.31 T--0.375 P J/mol 
A Vs(298, 1bar) ( l )  0.866 a J/bar 
A gs( i98 ,  1bar) (2) 0.67 J/bar 

Activity coefficients: 
In 7~ (1 - X~o)2 (600 + 0.0013 P)/T 
In 7~i 0 

met 2 In 7F T M  (1 --XF~ ) [--3.33+0.22 (4X~t)--l)] 
In y~ . . . .  3450/T 

O'Neill (1987a) 
O'Neill (1987 b) 
O'Neill & Wall (1987) 

O'Neill & Wall (1987) 
Seifert & O'Neill 
(1987) 
Heald (1967) 
Walker & Darby (1970) 

Units: temperature (T)-K;  pressure (P) bars 
a Includes a correction for the partial molar volume of Fe in Pt from Cabri & Feather 
(1975) 

then loaded into the NaC1 pressure medium which in 
turn was contained in the Pt capsule (Fig. 2 d). As before, 
Ni + NiO were located at each end of  the capsule. Dislo- 
cation densities after annealing at 8.5 GPa and 1400 ~ C 
are similar to those of  the starting material (Table 1, 

SCA-6, Fig. 4 0  indicating that differential stresses 
are < I0 MPa. Usually samples were recovered com- 
pletely unfractured using this assembly. However, in a 
few experiments, very localized fracturing of  the sample 
did occur where the applied orthopyroxene layer was 
sufficiently thick to form a coherent sintered layer. 

In the experiments reported here, electron micro- 
probe investigations have shown no evidence of reaction 
as a result of  direct contact between the olivine sample 
and the NaC1 pressure medium. This is also the case 
in the majority of  subsequent experiments at 1500 ~ C 
and 7-10 GPa in which the effect of  pressure on the 
kinetics of  dislocation recovery in olivine has been stud- 
ied (Karato et al. 1993). However, at conditions at which 
NaC1 is molten, mass transport  between the Ni/NiO 
buffer at the ends of  the capsule and the sample is facili- 
tated and reaction at the sample surface occurs, resulting 
in a Ni-rich layer. Karato and Ogawa (1982) also re- 
ported reaction zones ~100  ~tm wide around olivine 
crystals contained in a BN+NaC1  pressure medium 
probably because the NaC1 was in a molten state during 
high-pressure annealing. 

In order to determine the f O  2 at the surface of  the 
olivine crystal in the capsule assembly by Fig. 2d, we 
performed an experiment at 1400~ C and 8.5 GPa  for 
6 h in which a Pt wire (0.1 mm diameter) was wound 
once around the sample. During the course of  the experi- 
ment Fe and Ni from the olivine diffused into the Pt 
wire, enabling the fOz at the sample surface to be evalu- 
ated from the two equilibria: 

Fe2SiO~ = 2Fe + SiO 2 + O 2 (1) 
olivine metal 

and 

Ni2SiO, = Ni + SiO2 + O2. (2) 
olivine metal 

The presence of orthopyroxene buffer asio2 via the reac- 
tion: 

Mg2SiO4 + SiO2 -- Mg2Si206. (3) 
olivine orthopyroxene 

Therefore at equilibrium (using the usual notation): 

o log XFe/Xve + 2 log 7re log fO2 =A G(T ' 1) /2.303RT+2 ol met ol 

-- 2 log yFm~ t -  log asio2 § A V ~  RT (4) 

for reaction (1), and likewise for reaction (2). The stand- 
ard state is a pressure of  1 bar and the temperature of  
interest. We approximate the effect of  pressure by neg- 
lecting thermal expansivities and compressibilities. The 
necessary thermodynamic data are summarized in Ta- 
ble 2. 

Figure 7a shows a section through the contact be- 
tween olivine and Pt wire after the high-pressure experi- 
ment. Electron microprobe analyses indicate the pres- 
ence of  Fe and Ni concentration gradients near the con- 
tact (Fig. 7b). At the interface, the metal composition 
is 1.9_+0.1 wt % Fe and 0.3_+0.02 wt % Ni (correspond- 
ing to Xv=et=0.063_0.003 and X ~ t  = 0.009 _+ 0.001) 
which coexists with olivine with X}l~ =0.054 (_+0.006) 
and X~i = 0.0028 (__ 0.0006). These values, which are re- 
producible at different points along the metal-olivine in- 
terface, give log fO2 = - 3.67 (+_ 0.2) and - 2.01 (log-bar 
units) for the Fe and Ni reactions, respectively. The re- 
sult from the Fe reaction is in good agreement with log 
f O / = - 3 . 4 4  log-bar units calculated for the Ni-NiO 
buffer at 1400 ~ C and 8.5 GPa from the data of O'Neill 
(1987b). The quoted error for the Fe reaction depends 
mainly on uncertainties in the olivine composition at 
the interface; because of  the steepness of  the concentra- 
tion gradients in the olivine, the errors are difficult to 
estimate reliably (see Fig. 7b). For this reason and be- 
cause of  an additional problem discussed below, we have 
not attempted to estimate the uncertainty in the fO2 
calculated from the Ni reaction. 

The presence of  Fe and Ni concentration gradients 
in both olivine and Pt indicates that reactions (1) and 
(2) did not go to completion. However, a state of  local 
equilibrium for these reactions at the interface between 
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Fig. 7. a Back scattered electron image of the contact between 
Pt wire (seen in cross section) and an olivine single crystal annealed 
at 8.5 GPa and 1400 ~ C for 6 h in the capsule assembly of Fig. 
2d. The small grains are orthopyroxene, b Fe concentration in 
the platinum and olivine along a traverse perpendicular to the 
interface shown in a. Analyses along several parallel traverses gave 
consistent results. The profile for Ni concentration in the olivine 
close to the interface is steeper than for Fe, which makes the deter- 
mination of the Ni content of the olivine in equilibrium with the 
metal difficult. Analyses close to the interface showed poor totals 
and were discarded; compositions at the interface were estimated 
by extrapolation of the concentration profiles 

Pt and olivine (where the composit ions were estimated) 
may  be assumed. In addition, al though the method only 
allows the fO2 at the sample surface to be determined, 
the results suggest that the entire sample should have 
equilibrated to this fO2 on the time scale of  the experi- 
ment. This is because the equilibration kinetics with re- 
spect to fO2 are controlled by the diffusion of  vacancies 
and not by the diffusion of  atoms and are much faster 
than the kinetics of  chemical diffusion (Karato and Sato 
1982; Mackwell et al. 1987). On the basis of  these latter 
two studies, fO2 equilibration at a scale of  ~1  m m  
should be achieved when the chemical diffusion distance 
is ~ 10 ~tm. 

The method is more accurate for the Fe reaction than 
for the Ni reaction, not  only because the higher Fe con- 
tents reduce the effect of  analytical uncertainty, but also 
because proport ional ly  less Fe than Ni needs to diffuse 
out of  the olivine and into the metal  in order to achieve 

I ~ ~  < 1 ) .  This equilibrium (i.e. ~Fel~~ ~2- whereas ~'Ni 
means that for Ni, the fO2 calculation depends much 
more on an accurate estimation of  the Ni content of  
the olivine at the olivine-Pt interface. An accurate esti- 
mate is difficult to make because the Ni diffusion profile 
in the olivine is very short and steep. This result is due 
to the slow diffusion rate of  Ni in olivine; tracer diffu- 
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sion rates at 1 bar  for Fe in olivine are about  an order 
of  magnitude slower than for Fe in Pt, while diffusion 
of  Ni in olivine is another  order of  magnitude slower 
still (Berger and Schwartz 1978; Hermeling and 
Schmalzried 1984; Mor ioka  and Nagasawa 1991). These 
considerations suggest that an obvious improvement  of  
the method would be to reduce the diameter of  the Pt 
wire, thereby minimizing the amounts  of  Fe and Ni 
which need to diffuse out of  olivine. 

There is no simple way to test the effectiveness of  
the oxide buffer. However, experimental studies of  creep 
in olivine with different oxide buffers indicate that the 
equilibration kinetics are fast. For example, equilibra- 
tion occurs within 1 h at 1300 ~ C and 1 bar  in samples 
with dimensions of  several m m  (Mackwell et al. 1987). 
It is therefore likely that  equilibration is achieved in our 
small samples ( ~  1 m m  3) at 1400-1500~ C and 8.5 GPa  
at an early stage provided the total durat ion of  the exper- 
iment is reasonably long (e.g. 1-20 h). 

Summary and Further Applications 

This study demonstrates the feasibility of  maintaining 
a low differential stress and a well-controlled chemical 
environment during multianvil experiments (although 
changes in the O H  content of  the sample at high P and 
T may still be a problem). Such developments make a 
variety of  experimental kinetic studies possible at pres- 
sures up to at least 10 GPa. For example, in addition 
to studies of  dislocation mobility in olivine (Karato et al. 
1993), the same techniques are being used to study the 
effect of  pressure on the self-diffusion of Mg in garnet 
(Chakraborty  et al. 1992) and grain boundary  diffusion 
in forsterite aggregates (Farver et al. 1993). These experi- 
ments involve a diffusion couple between a highly-pol- 
ished sample surface and a precipitated layer of  26Mg0 
(see Cygan and Lasaga 1985). In this case, a low differen- 
tial stress is critical in order to avoid mechanical damage 
to the polished surface because such damage would ser- 
iously affect the analysis of  sub-micron diffusion profiles 
(see also the F e - M g  diffusion experiments in olivine 
crystals by Bertran-Alvaraz et al. 1992). 
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