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Abstract Diffusion coefficients of Co?" and Ni** in
synthetic single crystal forsterite along the c-axis were
determined in the temperature ranges, 700—1200 °C and
800-1300 °C, respectively. The synthesized forsterite
specimens were coated with thin evaporated films of
CoO and NiO on the c¢-surface and annealed for diffu-
sion experiments. The short penetration distance of
diffusing ions in forsterite was measured by secondary
ion mass spectrometry using the depth profile method.
The diffusion coefficients of Co (700-1200 °C) and Ni
(800—1300 °C) are given by:

—328 + 40 [kJmol™!
Dc¢o = 5.59 x lOS[mzsl]exp( [kJmo })

RT

and

—392 4+ 17 [kJmol ™
Dyi = 1.45 x 10_2[m2s_']exp( 3 7 [kimo ]> .

RT

The observed diffusion coefficient values show good
linear relationships in Arrhenius plots and the activation
energy values obtained agree well with the previous
values, although the diffusion coefficient values observed
at the high temperature end of the experimental range
deviate from the previous values. These results indicate
that Co and Ni diffuse in olivine with a single mecha-
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nism within the temperature range observed, possibly
with an extrinsic in nature as in the case of Mg tracer
diffusion observed by Chakraborty et al. 1994 and of
Fe-Mg interdiffusion by Chakraborty.
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Introduction

The diffusion study of silicate minerals in the field of
geochemistry has substantial significance in under-
standing thermal histories, rheological properties, rate of
reactions such as oxidation, site exchange, phase chan-
ges etc. in rocks and minerals. Diffusion coefficients in
olivine, in particular, are necessary for investigating
models and processes in the Earth’s mantle and mete-
orite parent bodies. For example, they are used to esti-
mate the rate of creep deformation of olivine, which
strongly constrains the transport of materials in the
Earth’s upper mantle, and to construct models that fit
the observed compositional zoning profiles in olivine to
understand cooling rates and thermal histories of me-
teorites. For these reasons, the measurement of diffusion
coefficients in olivine has been performed by various
workers (e.g. Clark and Long 1971; Misener 1972, 1974;
Buening and Buseck 1973; Morioka 1980, 1981, 1983;
Jaoul et al. 1980, 1981, 1983; Hermeling and Schmalz-
ried 1984; Nakamura and Schmalzried 1984; Andersson
et al. 1989; Yurimoto et al. 1992; Chakraborty et al.
1994; Jaoul et al. 1995; Nagasawa and Morioka 1996;
Chakraborty 1997).

Until recently, diffusion coefficients in olivine have
been measured using conventional methods, namely the
radioactive tracer method (e.g., Morioka 1981, 1983;
Hermeling and Schmalzried 1984) and the couple an-
nealing method combined with electron microprobe
analysis (e.g., Buening and Buseck 1973; Misener 1972,
1974; Morioka 1980, 1981; Nakamura and Schmalzried
1984; Nagasawa and Morioka 1996; Chakraborty 1997).
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In these studies, diffusion coeflicients were obtained
above about 1000 °C because of experimental limita-
tions. However, in natural systems (transition tempera-
ture of the mantle, temperature of reheating of meteorite
etc.), diffusion occurs frequently below 1000 °C. In order
to apply the observed values to the natural processes, it is
necessary to extrapolate the results observed above
1000 °C to the lower temperature. Recent developments
of secondary ion mass spectrometry (SIMS) have en-
abled measurement of diffusion coefficients of cations at
relatively low temperature. By using the depth profile
method by SIMS, it is possible to determine diffusion
coefficients from penetration distance of less than 1 um.
For example, Yurimoto et al. (1989, 1992) reported ox-
ygen diffusion in olivine and melilite, Chakraborty et al.
(1994) determined Mg tracer diffusion in olivine and
Schwandt et al. (1993, 1995) measured Mg self-diffusion
in garnet using the thin film technique.

The Fe-Mg interdiffusion coefficient is very important
for geo- and cosmochemistry. A number of studies have
reported Fe-Mg diffusion in olivine (e.g. Misener 1972,
1974; Buening and Buseck 1973; Hermeling and
Schmalzried 1984; Nakamura and Schmalzried 1984;
Jaoul et al. 1995; Chakraborty 1997). However, since
control of the partial pressure of oxygen is a crucial factor
for determining diffusion coefficient (Buening and Bu-
seck 1973), considerable difficulties are associated with
not only the Fe-Mg interdiffusion measurement, but also
with theoretically constructing the thermal history of the
sample. In this respect Co>" and Ni*" are easier ionic
species to handle in diffusion measurements since they are
believed to be less sensitive to the partial pressure of
oxygen, although a small amount of Fe-impurity may
affect Co and Ni diffusion. Diffusional behavior of Co?*
and Ni** at lower temperatures, if known, would pro-
vide important information on the diffusional behavior
of Fe-Mg under low temperature conditions. In addition,
if distribution profiles of minor or trace elements, such as
Co and Ni, in natural olivine in meteorites, etc., are de-
termined by SIMS, diffusion coefficients for Co®>* and
Ni*" should be useful in elucidating thermal histories of
the samples. Thus, we have chosen Co?" and Ni*" to
examine the diffusion properties of cations in olivine in
the low temperature region below 1000 °C.

In this work SIMS was used to measure diffusion
profiles obtained at annealing temperatures below
1000 °C. Very high spatial resolution obtained by the
use of SIMS depth profiling enabled the determination
of diffusion coefficients below 1000 °C, where the pen-
etration distance of the diffusing ion is normally
<500 nm.

Experimental procedure

A single crystal of forsterite grown by the Czochralski method was
used. The starting materials, MgO and SiO,, supplied by Wako
Pure Chemical Co. and quality better than 3N, were weighed in the
correct stoichiometric proportions for Mg;SiOy4. The mixed mate-
rial was preheated at 1000 °C for 2 h in air and then loaded into an

Ir crucible. In order to protect the crucible from oxidation, a
continuous gas flow of N, at a rate of 200-300 ml/min was in-
troduced during the forsterite crystal growth. The growth condi-
tions were the same as previously reported by Morioka (1980). A
good quality forsterite crystal, free from visible internal imperfec-
tions such as cracks, gas bubbles and any other inclusions, was
pulled along the a-axis at a rate of 3 mm/h and rotation rate of
10 rpm. The crystal obtained was 30 mm in diameter and 80 mm
in length.

The crystal was cut into small slabs with a 5 mm square sur-
face perpendicular to the c-axis and 1 mm in thickness with a
diamond saw. The surface of the slab was polished with 15 to
0.25 pm diamond paste and finished with 0.05 um alumina paste
to obtain the necessary surface flatness. After polishing, the c-
surface (perpendicular to [001]) of the forsterite samples were
coated with a thin evaporated film (~20 nm) of CoO or NiO. The
samples, enveloped in a Pt foil (0.1 mm thickness), were annealed
in air in a resistance furnace from 120 s (1200 °C) to 1000 h
(700 °C) for Co diffusion, and from 120 s (1300 °C) to 720 h
(800 °C) for Ni diffusion (Table 1). Diffusion annealing experi-
ments of high temperature, 1200-1300 °C, were conducted for
duration of 110-200 s. The sample in a Pt foil was placed in a low
temperature area of the furnace, and moved quickly to the high
temperature area. After the annealing, the sample was rapidly
removed from the furnace. The annealing time was selected to
obtain penetration distance of at least 0.1 pm to minimize the
error resulting from the uncertainty in position of the evaporated
thin film-forsterite crystal interface. The annealing temperature
was measured with a Pt-Pt - Rh thermocouple, and regulated by a
PID control system. The temperature fluctuations were with-
in £3 °C of the set annealing temperature.

The diffusion profiles of Co and Ni, secondary ion intensities
versus penetration distance into the annealed samples, were de-
termined by SIMS (CAMECA, IMS-3f) using the depth profiling
method at Tokyo Institute of Technology. The basic measurement
conditions have been described in detail in the previous work
(Yurimoto et al. 1992).

The primary ion beam was mass filtered negative 'O acceler-
ated to 12.5 keV with a beam current of 60 to 100 nA and a beam
spot size of 50 to 80 um diameter. The primary ion beam was
rastered about 300 to 500 pm square during analyses. Electrostatic
charging on the samples by the primary ion beam was virtually
eliminated by 25 nm of gold film evaporated on the sample surface.
The intensities of the positive secondary ions were measured by
offsetting the sample accelerating voltage (=50 for Ni and —100 V
for Co) and the energy band-pass was set to 20 eV. The flat-bot-
tomed final crater depth was measured using an optical interfer-
ometer. These conditions produced a linear sputter rate of
63 £ 2 pms ..

Secondary ions were extracted at a voltage of 4500 V, and were
collected the central 60 pm of the sputtered area using a mechanical
aperture in order to minimize artifacts arising from crater edge
effects and redeposition of evaporated materials. Counts of sec-
ondary ions were obtained as functions of time. The **Mg, *°Si, and
¥Co for Co diffusion and 26Mg, 3081, 38Ni, and °°Ni for Ni diffu-
sion were monitored during primary beam sputtering.

Results

A typical depth profile is shown in Fig. la. Diffusion
coefficients were calculated by a diffusion model that
provided the best fit to the depth profiles. Diffusion
coefficients were calculated using a thin-film diffusion
model solution to the Fickian diffusion equations (e.g.
Crank 1975).

c(x) (1)

M ox (x2>
VanDt Pape
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Table 1 Co and Ni diffusion

. . . . o
coefficients along c-axis in sin-  Lemperature (°C)

Anneal time

D?* for Co (m?s™")

gle crystal forsterite

1200 120 s 194 + 1.48 x 10716 °
200 s 6.03 + 1.58 x 1071¢
Weighted mean 3.86 + 1.08 x 107'°
1100 10 800 s (3 h) Average 2.02 + 2.06 x 1077
1050 23 400 s (6.5 h) 3.54 £ 0.29 x 1078
50 400 s (14 h) 481 + 030 x 107'8
Weighted mean 4.80 + 0.21 x 1078
1000 19 800 s (5.5 h) 472 + 2.61 x 1078
72 000 s (20 h) 1.77 £ 0.72 x 10718
90 000 s (25 h) 1.28 + 0.79 x 10718
Weighted mean 1.68 + 0.52 x 107'®
900 144 000 s (40 h) 3.52 + 0.32x 107%°
504 000 s (140 h) 5.68 + 3.17x 1072
Weighted mean 3.54 + 0.32 x 1072°
800 385200 s (107 h) 131 £ 0.21 x 107%!
720 000 s (200 h) 6.75 £ 1.16 x 107!
Weighted mean 1.47 + 0.20 x 107!
700 900 000 s (250 h) 519 + 1.36 x 1073
3 600 000 s (1000 h) 4.83 + 2.98 x 1072
Weighted mean 5.13 + 1.24 x 1072

4P, calculated from profile of ¥Co/*Si
®Standard deviation obtained from several independent SIMS measurements

Temperature (°C)

Anneal time

D* for Ni (m’s™")

1300 120 s Average 7.66 + 0.88 x 1071 ®
1200 110 s 1.96 + 0.48 x 107'°
200 s 6.73 + 4.43 x 1071°
Weighted mean 2.01 + 0.48 x 107'8
1100 900 s (15 min) 3.15 + 0.84 x 107"
5760 s (1.6 h) 1.13 £ 035 x 107"
9720 s (2.7 h) 525 + 2.70 x 107"
Weighted mean 1.49 + 0.32 x 1077
1050 21 600 s (6 h) 7.85 £ 0.22x 107'8
25200 s (7 h) 1.41 £ 0.36 x 1078
Weighted mean 6.04 + 1.88 x 1078
1000 79 200 s (22 h) 7.14 + 5.14 x 107Y
172 800 s (48 h) 8.77 + 2.82x 107
Weighted mean 8.39 + 2.47 x 107
900 1 584 000 s (440 h) 8.71 + 0.43 x 107
1 900 800 s (528 h) 1.64 + 021 x 107"
Weighted mean 9.01 + 0.42 x 107°
800 2592 000 s (720 h) Average 6.99 + 5.86 x 10722

P, calculated from profile of **Ni/*°Si and **Ni/*’Si
®Standard deviation obtained from several independent SIMS measurements

where ¢(x) is the concentration at a depth x, M is the
total amount of source of diffusion, D is the diffusion
coefficient, ¢ is the duration of the anneal. The equation
represents a homogeneous penetration of cations into
forsterite. The log of the intensity ratio, **Co/*’Si, is
plotted as a function of the square of the penetration
distance in Fig. 1b. According to Eq. (1), this should
yield a linear array. A slope equal to 1/(4 Dt) was
computed by least-square fitting and diffusion coeffi-
cients were calculated (Table 1). In the Ni diffusion ex-
periments both *®Ni and **Ni profiles were measured
(Fig. 1c). Based on the similarity in the diffusion profiles
observed, both isotopes were found to have essentially
the same mobility in the experiments. Ni diffusion co-
efficients listed in Table 1 are those calculated from the
diffusion profiles of **Ni, which is the major isotope of
Ni.

Diffusion experiments were conducted for several
different durations (Table 1) at each temperature to
ensure that the diffusion coefficients are independent of
time. Some of the values measured at a given tempera-
ture obtained by fitting a diffusion profile to Eq. (1)
show deviations which are considerably larger than the
standard deviations calculated from the results of re-
peated SIMS analysis (3—5 times for each sample). In-
adequate long or short annealing time caused larger
errors. For example, 200 s annealing experiment at
1200 °C in Ni diffusion experiment (Table 1) showed a
larger error compared with the 110 s experiment. Since
approximately the same amount of Ni was deposited on
the surface of the sample in these experiments, the longer
annealing time resulted in deeper penetration of Ni in
the sample, producing lower concentrations of Ni in
each measurement with larger errors of determination.
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Too short an annealing time, on the other hand,
produces large errors due to uncertainty in determining
the diffusion profile with too short penetration. A major
source of these deviations appears to be in the systematic
errors produced by estimation of the diffusion interface.
According to Schwandt et al. (1993), an apparent an-
nealing time-dependence on the diffusion was caused by
the surface effect when annealing time is insufficiently
short. Thus it is necessary to determine properly the
position of diffusion interface (x = 0), which is a critical
parameter for calculating diffusion coefficients. The
interface was determined by examining the
(*’Co + ZéMgg 39Si intensity ratio for Co diffusion and
the (°*Ni + ®°Ni + ?*Mg)/*Si intensity ratio for Ni
diffusion, which must be constant within the forsterite
crystal. By this treatment possible effects of sputtering of
Au thin film, a few nm order of non-stoichiometric layer
produced by vapor deposition of diffusing element etc.
on near the sample surface can be omitted in the cal-
culation of diffusion coefficients. The *°Si intensity is
used as a reference to reduce or eliminate any variations
in the secondary ion intensities from the SIMS analysis,
because of *°Si is a constant component in forsterite.
The uncertainty in the position of the thin film-forsterite
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Fig. 1 a Diffusion profile for Co in a single crg/stal of forsterite
obtained at 800 °C and annealed for 200 h. b The **Co/*°Si intensity
ratio plotted against square of diffusion penetration distance. The
solid line represents a linear fit to the data, which is consistent with the
thin-film diffusion model. ¢ Diffusion profile for **Ni and ®Ni in a
single crystal of forsterite obtained at 900 °C and annealed for 440 h

interface is normally less than +20 nm, which translates
to an uncertainty D of +30% to —15%, for a diffusion
coefficient value measured under appropriate annealing
time. For abnormal values standard deviations deter-
mined from replicate analyses are usually larger than the
normal cases. Thus the average diffusion coefficient
values shown in Table 1 were calculated as the weighted
mean in which inverse of the square of the standard
deviation from multiple measurement is taken as the
weight.

Discussion

The annealing time for an experiment at 1200-1300 °C
was relatively short, about 110-200 s. To minimize the
uncertainty over the annealing time, the sample which
had been placed in a low temperature part of the furnace
was quickly moved to the high temperature part, ob-
served until the designated temperature was reached and
then the sample was quickly removed from the high
temperature part of the furnace at the end of the an-
nealing time. Considering that the change of tempera-
ture in the furnace was not observed by a thermocouple,



and the heat capacity of the furnace is significantly
larger than that of the sample, the error in the annealing
time should be less than a few seconds.

The temperature dependence of the Co and Ni dif-
fusion coeflicient in forsterite can be presented in terms
of Arrhenius plot, or Log D vs. 1/T, which is shown in
Fig. 2. The Arrhenius relationship is typically defined in
Eq. (2), which can be rewritten in Eq. (3) as:

—E
D = Djexp (ﬁ) ) (2)
and,
Log D = Log Dy — ——2— 3)
08 = R8I0 TS 303RT

where D is the diffusion coefficient, D is the preexpo-
nential factor, E is the activation energy for diffusion, T
is the absolute temperature (K) and R is the gas con-
stant. The slope of the best-fit line to Eq. (3) provides
the value of the activation energy, E, expressed in
kJ mol™'. Co diffusion in forsterite provides
328 + 40 kJ mol™! (annealing temperature range: 700—
1200 °C) and Dy = 5.59 x 107> m* s™'. Ni diffusion in
forsterite provides 392 + 17 kJ mol™! (annealing tem-
perature range: 800-1300 °C) and D, = 1.45x
107> m? s™!. The solid lines in Fig. 2a, b are linear re-
gression fits to the data with correlation coefficients of
0.98 and 0.99 for Co and Ni, respectively.

As shown in Fig. 2a, b, Co and Ni data each plot on a
single Arrhenius curve indicating that a single diffusion
mechanism is operative in each case under these exper-
imental conditions. The Co and Ni diffusion data are
presented in an Arrhenius plot with previous results in
Fig. 3 and the activation energy values are shown in
Table 2. Apart from the values for the low temperature

Fig. 2a, b Arrhenius plot (Log D versus 1/T) for diffusion of a Co
and b Ni in a single crystal of forsterite. The correlation coefficients for
these Arrhenius relations are 0.98 and 099 for Co and Ni,
respectively. Error bars represent standard deviation estimated from
repeated SIMS analyses
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Fig. 3 Comparison of Arrhenius relations obtained from various
studies on cation diffusion in forsterite. The values are calculated from
extrapolated values for pure forsterite. /, Morioka (1981); 2,
Nagasawa and Morioka (1996); 3, Buening and Buseck (1973); 4,
Misener (1974); and 5, Chakraborty et al. (1994)

experiment for Fe-Mg interdiffusion (Buening and
Buseck 1973) and Ni-Mg interdiffusion (Clark and Long
1971), activation energy values for all ions show good
agreement, indicating that all elements diffuse via the
same mechanism. It is also shown that the activation
energies decrease with increasing ionic radius, namely in
the order Mg > Ni > Co > Fe.

The activation energies for Co and Ni diffusion agree
well with the previous values (Morioka 1981; Nagasawa
and Morioka 1996). The Co values observed at 1200 °C
are lower and the Ni values at 1300 °C are higher
compared with the previous values (Nagasawa and
Morioka 1996). However, when compared with
Morioka (1981), the Arrhenius relation is quite similar
to our results. The reason for these discrepancies is un-
certain, but may due to differences in the conditions of
the single crystal specimens. In defect-mediated diffusion
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Table 2 Calculated activation energies, E, for some divalent cation
diffusion in forsterite. The values of Co, Ni, Fe and Mg are cal-
culated from extrapolated values for forsterite

Divalent Literature Temperature E

cations °O) (kJ/mol)

Co Morioka (1980, 1981) 1150 ~ 1450 313
Nagasawa and Morioka (1996) 1050 ~ 1350 393
This work 700 ~ 1200 328

Ni Clark and Long (1971) 1149 ~ 1234 193
Morioka (1981) 1250 ~ 1450 414

Nagasawa and Morioka (1996) 1200 ~ 1350 431

This work 800 ~ 1300 392

Fe Buening and Buseck (1973) 1125 ~ 1200 264
1000 ~ 1125 133

Misener (1974) 900 ~ 1000 252
Chakraborty (1997) 980 ~ 1300 226

Mg Morioka (1981) 1300 ~ 1400 444
Chakraborty et al. (1994) 1000 ~ 1300 400

processes, differences in defect densities in the crystal
cause differences in diffusivities. Thus, differences in
crystal defects due to impurities or frozen defects pro-
duced at higher temperature, etc., may cause differences
in diffusivities of cations in the crystals because the same
growth condition of the crystal cannot be obtained in
the crystal with same number of impurities or defects.

It is generally believed that the lattice diffusion of a
cation into a mineral crystal structure is controlled by
the formation and number of point defects. For exam-
ple, Lasaga (1981) discussed intrinsic and extrinsic be-
haviors in minerals, and the importance of point defects
for diffusion. In the intrinsic regime at high temperature,
point defects are thermally generated and controlled, so
that diffusion coefficients are mainly controlled by
changes in defect density. At lower temperature, cation
impurities affect the point defect density to a greater
extent than does the temperature, thereby defining ex-
trinsic behavior. On an Arrhenius plot, steep slopes
represent the intrinsic region and gentle slopes represent
the extrinsic region (Freer 1981). An Arrhenius plot is
therefore useful for illustrating the presence of intrinsic
and extrinsic regions. Buening and Buseck (1973) sug-
gested that Fe-Mg interdiffusion in San-Carlos olivine
has an intrinsic regime above 1125 °C and an extrinsic
regime below 1125 °C. However, Chakraborty (1997)
showed that Fe-Mg interdiffusion in olivine has no in-
trinsic and extrinsic regime on the Arrhenius plot. The
observed linearity on the Arrhenius plots of the Co and
Ni diffusion data, together with the small deviations
between the diffusivities observed in the previous and
present work at higher temperature, suggests that a
single mechanism, possibly of extrinsic origin, operates
in the measured temperature range for both Co and Ni.
This conclusion is consistent with the results for Mg
tracer diffusion observed by Chakraborty et al. (1994) at
temperatures of 1000-1300 °C and for Fe-Mg interdif-
fusion by Chakraborty (1997) at 980-1300 °C.

If the results of this work and those of Chakraborty
et al. (1994) indicate that diffusion of each divalent
cation in olivine occurs by a single extrinsic mechanism,

it is highly possible that Fe-Mg interdiffusion also occurs
by a similar mechanism and the Fe-Mg interdiffusion
coefficients measured at high temperatures can be ex-
trapolated to lower temperatures, e.g., below 1000 °C.
In fact, Chakraborty (1997) indicated an important
point that there is no change of diffusion mechanism (no
kink of the Arrhenius plot) and, thus it should be pos-
sible to extrapolate Fe-Mg interdiffusion to the lower
temperature.

Conclusion

It has been shown that divalent Co and Ni ions diffuse in
olivine by a single diffusion mechanism in the tempera-
ture ranges 700-1200 °C and 800-1300 °C, respectively.
A very important finding is that there is no kink in the
Arrhenius plot over the wide temperature range, which
indicates the diffusion data may be extrapolated to low
temperatures fairly safely. Chakraborty (1997) showed
that there is no break in Arrhenius plot and that the Fe-
Mg interdiffusion coefficient values measured at high
temperatures can be extrapolated to lower temperatures.
Thus, Fe?" in forsterite diffuses in the olivine structure
by a mechanism similar to those for Co and Ni. The
results of Co and Ni diffusion data cannot be directly
applied for geospeedmetry because of the effect of Fe in
natural olivine. However, it may be useful in elucidating
thermal histories of geo- and cosmochemical samples, if
concentration gradients of these elements are observed
in olivine in these samples.
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