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Abstract—Diffusion couple experiments were carried out with San Carlos olivine (Fo90) and NiFe alloys
(Ni100, Ni97Fe3, Ni90Fe10) or other olivine compositions (Fo100, Fo25) in order to determine the dependence
on temperature, oxygen fugacity, composition and crystallographic orientation of Ni diffusion coefficient
(DNi) in olivine. Experiments at 1 atmosphere total pressure cover a temperature range of 900–1445°C with
run durations from 48 to 2155 h at different oxygen fugacities. In an Arrhenius plot the best fit for all data for
Fo90 yields an activation energy (ED) of 220� 14 kJ/mol and anfO2 dependence of (1/4.25)� � log fO2 �
� log DNi. The relationship between diffusion coefficients along different crystallographic axes at 1200°C is
given by D[001] � 6 � D[100] � 6 � D[010]. DNi depends strongly on the major element (i.e. Fe/Mg) composition
of olivine and decreases by about 1 order of magnitude as the olivine composition changes from Fo35 to Fo90.
Thus, experimental investigations in Fe-free systems cannot be applied to natural samples. For calculation of
residence times or cooling rates the present Ni data yield shorter timescales compared to those obtained using
diffusion data published until now.

In addition to Ni diffusion coefficients, Fe-Mg, Mn and Ca diffusion data were obtained from some of the
same diffusion couples (Fo90-Fo100). It is found that the activation energies, ED[Ni] � ED[Fe-Mg] � ED[Mn]
� ED[Ca]. All diffusion coefficients are strongly dependent on the major element composition of

olivine. Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Diffusion coefficients in combination with element partitio
ing data may be used to constrain thermal histories of a va
of terrestrial and extra terrestrial rocks. Geospeedometric
niques can be used to obtain cooling rates (e.g., Lasaga,
or the durations of entire thermal events as well as jus
heating or cooling parts of the thermal cycle (e.g., Chakrab
and Ganguly, 1991). The exchange of Ni and Fe betw
olivine and metal is strongly temperature dependent (e.g
Petry, 1999) and is thus ideally suited for the determinatio
thermal histories of metal bearing silicate meteorites, that
stitute the majority among all meteorite types. To develop
tool, it is necessary to quantify (a) the partitioning of
between metal and olivine and (b) the diffusion rates of N
olivine. We have carried out an experimental study to add
both issues (Petry, 1999). In this paper we report the resu
the measurement of diffusion coefficients in olivine. The re
on element partitioning will be discussed elsewhere.

Nickel, as a strongly compatible element, becomes con
trated in olivine through terrestrial magmatic processes. T
fore, modelling the compositional zoning of Ni in terrest
olivine samples has been used to constrain thermal histor
volcanic and plutonic processes (e.g., Nakamura, 1995)
tailed measurements of Ni diffusion rates in olivine can q
tify and improve the understanding of such processes.
experimental approach results in the simultaneous deter
tion of diffusion rates of additional divalent cations in

* Author to whom correspondence should be addressed, at Wilh
höher Allee 289, 34131, Kassel, Germany (sumit.chakraborty@

universität-bochum.de).

4179
bearing olivine besides Ni (e.g., Fe-Mg, Mn and some lim
information on Ca). This allows the verification of exist
diffusion data and most importantly, allows study of su
differences between the diffusion rates of various cation
olivines.

We have used olivine (Fo90)-metal (Ni100, Ni97Fe3,
Ni90Fe10) or olivine (Fo90)-olivine (Fo100, Fo25) single crysta
diffusion couples to obtain Ni diffusion coefficients betw
900 and 1445°C as a function of temperature, oxygen fuga
composition and crystallographic orientation, all at a total p
sure of 1 atm.

2. EXPERIMENTAL METHOD

2.1. Starting Material and Anneals

The experimental methods were similar to those of Chakra
(1997) and details of crystals used, sample preparation, experim
setup and annealing procedures may be found there as well as in
(1999). All experiments were carried out using single crystals of ol
that were oriented using X-ray diffraction. A surface perpendicul
the direction in which diffusion rates were to be measured was
polished using diamond compounds, followed by a final step wh
colloidal silica compound was used. For individual diffusion ann
pieces�2 mm on the side were sawed from the larger pieces us
fine diamond saw. Compositions of all starting materials used are
in Table 1.

Diffusion couples were held in a vertical gas mixing furnace u
defined temperatures and oxygen fugacities (maintained by a flo
gas mixture of CO-CO2) which were continuously monitored usi
Pt-Rh thermocouples and ZrO2 sensors, respectively. Run conditio
were chosen to be within the stability field of both partners
diffusion couple.

Two experimental approaches were used to check consisten
well as to determine the dependency of diffusion rates on diff
variables. In the first approach, oriented single crystals of San C

olivine (Fo90) and metal alloys of different compositions (Ni100,
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Ni97Fe3, Ni90Fe10) were pressed together using a spring loaded setup in
an Al2O3 holder. The metal alloys were prepared by melting mixtures
of metal filings of Ni and Fe in a reducing atmosphere; the composition
and homogeneity were verified by electron microprobe analysis. Blocks
of these alloys were then used as exchange partners for the olivines in
the diffusion anneals. Run durations were up to 280 h, depending on
temperature, to achieve concentration profiles 10–200 �m in length.

With an olivine-metal couple the effects of oxygen fugacity and
composition on the Ni diffusion rate could not be separated. The
content of Ni in olivine in equilibrium with Ni metal and the diffusion
coefficient of Ni in olivine both increase with increasing fO2. Figure 1
illustrates the difficulty. At a temperature of 1200°C, runs carried out at
oxygen fugacities of 10�4, 10�5 and 10�6 Pa show a decrease of Ni
content at the interface from 10 wt% to 1.8 wt% NiO. Differences in
retrieved diffusion coefficients from such profiles cannot be unequiv-
ocally attributed to either fO2 or Ni content. Therefore, another alter-
native experimental approach was employed using olivine-olivine dif-
fusion couples. These diffusion couples also allow a test for
consistency of diffusion data and eliminate the possibility that convo-
lution effects, resulting from fluorescence in the electron microprobe
from the Ni-rich alloys (e.g., Ganguly et al., 1988; Dalton and Lane,
1996), substantially distort the results.

That convolution effects can be substantial for the measurement of a
trace element next to a source containing the pure metal is illustrated in
Figure 2). In this sample, annealed for only 15 min at 1200°C, a pseudo
concentration profile of Ni extending up to 40 microns within the
crystal can be measured. Subsequent measurements of diffusion coef-
ficients indicate that there cannot be any diffusion profile induced
within such a short time (expected length of profile is less than a
micron) and all of the effect seen in this sample is an artefact. In
addition, no concentration profile of Fe is observed within the olivine
although a large concentration gradient exists at the interface between
Fe-free metal and Fe-bearing olivine. Unwittingly fitting the Ni profile
to retrieve a diffusion coefficient yields a number that is three orders of
magnitude faster than the real diffusion coefficient. This highlights the
potential perils resulting from convolution effects, particularly when
the diffusion coefficients of trace elements are being measured. For
olivine-metal diffusion couples from which data are reported in this
study care was taken to ensure that the concentration of Ni measured in
olivine at the interface was much higher than that due to convolution
alone (0.6 wt% NiO) so that the profile shapes are not distorted by this
effect.

To overcome these difficulties, two kinds of olivine-olivine diffusion

Table 1. Composition of starting crystals and metal alloys.

(wt%) Fo100 �Fo90 Fo25

FeO 0.15 8.7–11.1 56.8
MgO 56.5 49.8–47.8 7.9
SiO2 42.5 41.4–40.4 31.9
NiO — 0.36 � d.l.
MnO — 0.14 4.05
CaO — 0.09 � d.l.
Total 99.15 �99.9 100.35

(atom%)* (Ø) *at 4 O

Fe 0.0030 0.1781 1.5191
Mg 1.9893 1.7970 0.3741
Si 1.0039 1.0063 1.0039
Ni 0.0071
Mn 0.0029 0.1090
Ca 0.0024

(atom%) Ni100 Ni99.9 Ni97Fe3 Ni90Fe10

Ni 100 99.9 97.2 90.1
Fe — 2.8 9.9
Mn — 0.1 — —
couples were used. Fo90-Fo100 couples were annealed up to 2159 h to
determine the oxygen fugacity dependence of the Ni diffusion coeffi-
cients. Fo90-Fo25 couples were used to characterize the dependence of
Ni diffusion rates on olivine composition (major elements i.e., Fo/Fa
ratio). The Fo100 and Fo25 crystals used here come from the same stock
that was used by Chakraborty (1997) and detailed descriptions of the
source and chemistry of these crystals, including trace element con-
centrations, are provided in that work.

As the chemical potential of SiO2 in the surrounding medium has the
potential to affect stability as well as point defect chemistry of olivine,
it is important to consider the role of this variable in the present set of
experiments. The chemical potential of SiO2 was not explicitly con-
trolled in our experiments. The olivine-olivine diffusion couples of this
study are identical to those used by Meissner et al. (1998) and Meissner
(2000). In her detailed HRTEM study, Meissner (2000) found no
evidence of formation of new phases or decomposition of olivine. We
have not seen any evidence of formation of any new phases at least on
the resolution of a SEM in the metal-olivine couples as well. Hence, the
stability of olivine is not a concern for the conditions covered in our
experiments. The influence of the ambient chemical potential of SiO2

Fig. 1. Ni diffusion profiles in olivine of Ni100-Fo90 couples at
1200°C and different oxygen fugacities showing increasing NiO con-
centration at the interface with increasing oxygen fugacity of the
experimental anneal.

Fig. 2. Convolution effect in the measurement of Ni in olivine (trace
element) against a metallic alloy of Ni using the electron microprobe.
The concentration gradient observed here is an artifact, see text for
details of the sample and beam conditions during analysis in the

microprobe.
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on the transport rates of octahedral cations via its control of the point
defect chemistry was not considered to be critical for a number of
reasons. First, existing models (e.g., Stocker, 1978) of point defects in
olivine as well as experimental studies (e.g., Barkmann and Cemic,
1996) indicate that vacancy concentrations in the octahedral sites are
weakly dependent on this variable (for a system closed to net cation
gain or loss) and the resulting effect on diffusion rates of cations in
these sites would be below the resolution of the methods employed in
this study. Second, in an earlier study on Mg tracer diffusion in olivines
Chakraborty et al. (1994) did not find any measurable effect of this
variable on diffusion rates. Finally, a posteriori, Ni diffusion coeffi-
cients obtained using a number of different crystals and experimental
methods (diffusion couple, method of fitting concentration profiles etc.)
are found to be consistent and reproducible once the effects of tem-
perature, composition and oxygen fugacity are accounted for (all ex-
periments were at the same total pressure). This suggests that the
dominant variables controlling Ni diffusivity have been controlled in
our experiments.

2.2. Measurement of Concentration Profiles

The concentration profiles were measured on polished surfaces of
samples from all anneals along lines perpendicular to the interface
using an electron microprobe. The step as well as beam size (diameter
measured on fluorescent SnO2) was typically 1 �m and counting times
were 120 s on peak, using a focussed beam at operating conditions of

Table 2. Compilation of all Ni diffusion coefficients (DNi) from oliv
run is the mean value obtained from fitting at least two and up to five

Sample Diffusion couple Temp. (°C) log fO

Ni 74 Fo90-Fo100 902 �9
Ni 64 Fo90-Fo100 1003 �6
Ni 10 Ni100-Fo90 1005 �5
Ni 67 Fo90-Fo100 1004 �7
Ni 17 Ni100-Fo90 1100 �4
Ni 26 Ni97Fe3-Fo90 1100 �4
Ni 29 Ni100-Fo90 1101 �5
Ni 56 Fo90-Fo100 1102 �5
Ni 9 Ni100-Fo90 1101 �6
Ni 19 Ni90Fe10-Fo90 1104 �5
Ni 75 Fo90-Fo100 1102 �7
Ni 16 Ni100-Fo90 1100 �6
Ni 61 Fo90-Fo100 1104 �7
Ni 18 Ni100-Fo90 1102 �7
Ni 69 Fo90-Fo100 1154 �5
Ni 77 Fo90-Fo100 1151 �7
Ni 68 Fo90-Fo100 1154 �8
Ni 58 Fo90-Fo100 1202 �4
Ni 14 Ni99.9-Fo90 1203 �4
Ni 30 Ni99.9-Fo90 1203 �5
Ni 6 Ni99.9-Fo90 1203 �6
Ni 4 Ni99.9-Fo90 1205 �5
Ni 8 Ni100-Fo90 1252 �5
Ni 78 Fo90-Fo100 1248 �6
Ni 57 Fo90-Fo100 1303 �3
Ni 3 Ni100-Fo90 1304 �3
Ni 2 Ni99.9-Fo90 1303 �3
Ni 21 Ni90Fe10-Fo90 1305 �4
Ni 20 Ni90Fe10-Fo90 1302 �4
Ni 23 Ni90Fe10-Fo90 1298 �4
Ni 59 Fo90-Fo100 1304 �5
Ni 5 Ni99.9-Fo90 1300 �5
Ni 52 Fo90-Fo100 1402 �3
Ni 72 Fo90-Fo100 1403 �4
Ni 55 Fo90-Fo100 1403 �4
Ni 70 Fo90-Fo100 1403 �5
Ni 37 Ni97Fe3-Fo90 1403 �6
Ni 36 Ni97Fe3-Fo90 1445 �4
20 kV and 20 nA on a Faraday cage. A number of synthetic and natural
silicate and metal standards were used for calibrations, and the mea-
surements were further cross calibrated using measurements at differ-
ent laboratories (e.g., most measurements in Cologne using a Cameca
Camebax vs. some in Muenster using a JEOL 8600). Details of these
calibration tests may be found in Petry (1999).

Concentrations of cations in olivines were normalized from 0 to 1
taking into account the total number of all octahedral cations (Fe, Mg,
Ni, Ca, Mn) for all subsequent calculations. Diffusion coefficients were
obtained from different runs as well as from different profiles in a
single run. In addition, element mapping was carried out from diverse
runs to verify that the shape of the diffusion front is parallel to the
interface (i.e., enhanced diffusion along linear or planar defects, cracks
etc. did not affect the results). Results from all runs are tabulated in
Tables 2–4 including the composition of the diffusion couple, exper-
imental conditions and diffusion coefficients retrieved.

2.3. Fitting the Concentration Profiles to Retrieve Diffusion
Coefficients

Depending on the nature of the experiment, one of three different
strategies was adopted to retrieve diffusion coefficients from measured
concentration profiles. For the olivine-metal diffusion couples, where
the concentration at the metal-olivine interface is held constant, the
diffusion coefficient is independent of Ni concentration and the metal
acts as an infinite reservoir. In this case, the solution to the diffusion

al and olivine-olivine couples. Diffusion coefficient presented for each
tration profiles measured on a given sample.

Run duration (h) DNi (m2/s) log DNi (m2/s)

2155.5 1.0 � 10�19 �19.00
670.45 5.3 � 10�18 �17.28
287.75 7.6 � 10�18 �17.12
334 3.5 � 10�18 �17.46
161 4.7 � 10�17 �16.33
279.6 3.9 � 10�17 �16.41
106.33 3.3 � 10�17 �16.48
280.4 3.2 � 10�17 �16.49
159.25 2.1 � 10�17 �16.68
165.75 2.8 � 10�17 �16.55
577 7.8 � 10�18 �17.11
161 1.8 � 10�17 �16.74
168.1 6.2 � 10�18 �17.21
165.25 1.5 � 10�17 �16.82
430 7.6 � 10�17 �16.12
573.75 1.5 � 10�17 �16.82
334 1.3 � 10�17 �16.89
259.83 2.7 � 10�16 �15.57
140 2.3 � 10�16 �15.64
72 1.5 � 10�16 �15.82
48.25 8.1 � 10�17 �16.09

184.33 1.6 � 10�16 �15.80
101 1.6 � 10�16 �15.80
222.75 5.7 � 10�17 �16.24
94.17 1.5 � 10�15 �14.82

161.33 6.6 � 10�16 �15.18
165.5 1.3 � 10�15 �14.89
72 6.8 � 10�16 �15.17

183 6.1 � 10�16 �15.21
87 8.3 � 10�16 �15.08

245 3.5 � 10�15 �14.46
48.25 3.1 � 10�16 �15.51

231.16 1.6 � 10�15 �14.80
71 1.3 � 10�15 �14.89

280.42 1.1 � 10�15 �14.96
92.5 9.5 � 10�16 �15.02
88 5.3 � 10�16 �15.28
53 2.5 � 10�15 �14.60
ine-met
concen

2 (Pa)

.92

.10

.96

.04

.99

.93

.07

.94

.05

.99

.05

.97

.92

.98

.00

.11

.07

.00

.02

.05

.02

.89

.86

.95

.99

.86

.85

.03

.06

.10

.89

.91

.86

.95

.94

.88

.05

.04
equation is
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Cx � Cmin

Cinterf � Cmin

� erf � x

2 ·�D ·t
� (1)

where Cx is the concentration at distance x from the interface, Cmin is the
background concentration in the olivine, Cinterf is the instantaneously
imposed concentration at the metal-olivine interface, D is the diffusion
coefficient and t is the annealing time. The assumption that Ni diffusion
rate is independent of Ni-content was found to be justified a posteriori for
the range of compositions studied in this work. A measured concentration
profile and fit according to (1) is illustrated in Figure 3a.

For the Fo90-Fo100 diffusion couples, the profiles were symmetric
about the interface (Figs. 3b,c) and consequently, a solution to the
diffusion equation for two infinite media in contact at the interface,
with diffusion coefficient independent of concentration, was adequate:

Cx � Cmin

Cmax � Cmin

�
1

2
·erfc � x � xo

2 ·�D ·t
� (2)

Here, xo is the position of the interface. The constant D fit works in this
case because the concentration dependence of Ni diffusion coefficients
for a �10 mol.% change in fayalite content in the diffusion zone is
negligible within the resolution of measurements. Eqns. 1 and 2 can

Table 3. Ni, Fe-Mg, Mn, and Ca diffusion

Sample Temp. (°C) log fO2 (Pa) log DNi (m2

Ni 74 902 �9.92 �19.00
Ni 64 1003 �6.10 �17.28
Ni 67 1004 �7.04 �17.46
Ni 56 1102 �5.94 �16.49
Ni 75 1102 �7.05 �17.11
Ni 61 1104 �7.92 �17.21
Ni 69 1154 �5.00 �16.12
Ni 77 1151 �7.11 �16.82
Ni 68 1154 �8.07 �16.89
Ni 58 1202 �4.00 �15.57
Ni 78 1248 �6.95 �16.24
Ni 57 1303 �3.99 �14.82
Ni 59 1304 �5.89 �15.46
Ni 52 1402 �3.86 �14.80
Ni 72 1403 �4.95 �14.89
Ni 55 1403 �4.94 �14.96
Ni 70 1403 �5.88 �15.02

Table 4. Ni diffusion coefficients as a function of olivine composi-
tion from Fo90-Fo25 diffusion couples.

XFe

Log [DNi (m2/s)]

Ni 45
1100°C
10�7 Pa
257 h

Ni 73
1150°C
10�7 Pa
455 h

0.10 �16.37 �16.67
0.15 �16.28 �16.63
0.20 �16.28 �16.58
0.25 �16.08 �16.52
0.30 �15.99 �16.47
0.35 �15.88 �16.40
0.40 �15.79 �15.35
0.45 �15.68 �16.26
0.50 �15.55 �16.17
0.55 �15.47 �16.05
0.60 �15.35 �15.95
0.65 �15.23 �15.80
0.70 �15.09 �15.65
either be fitted directly by nonlinear regression to the concentration
profiles or a linear fit to an inverse error function plot can be made.
Both approaches were tried and yield practically the same results; the
data presented below are from the direct, nonlinear fits.

For Fo90-Fo25 couples, the concentration dependence of Ni diffusion
coefficients on fayalite content cannot be ignored, as seen from the
strong asymmetry of the profile shapes (Figs. 3d,e), and diffusion
coefficients were calculated at every composition, C*, using a Boltz-
mann-Matano analysis,

DC* � �
1

2 · t
·
dx

dc
�C�

·�CL

C*
xdc (3)

where t is the run duration, x a distance coordinate and CL the
composition of the starting end-member. For applying this method to
Ni profiles with only 3000 ppm Ni at the maximum, it was necessary
to smooth the measured profiles to calculate slopes and areas required.
Smoothing using the function

f(x) � � A0

1 � e(A1· (x�A2))A3�� A4 (4)

where A0. . .A4 are fit parameters, was found to work well in describing
the measured profile shapes.

2.4. Chemical or Self Diffusion Coefficients?

In all of the experiments described above, the rate of diffusion of Ni
in the presence of a chemical concentration gradient i.e., chemical
diffusion coefficients are measured. Even more strictly, what is mea-
sured is a multicomponent exchange diffusion rate of Ni-Fe-Mg (� Mn
� Ca) and the corresponding multicomponent formulations should be
used to model the concentration profiles. Such multicomponent effects
are indeed observed in some olivine-metal diffusion couples, where in
addition to the main Ni-Fe exchange taking place, weak uphill diffusion
of Mg within the olivine is observed (for Mg the olivine-metal interface
is practically an insulating boundary) in response to the concentration
gradients of Ni and Fe. However, for a dilute constituent such as Ni the
chemical diffusion coefficients become practically identical to the self
or tracer diffusion coefficients (e.g., see Lasaga, 1979; Allnatt and
Lidiard, 1993) at the same composition. Ni contents in olivines are
within trace element levels in all olivine–olivine diffusion couples and
most olivine–metal diffusion couples and therefore the diffusion coef-
ficients we retrieve using the above formalisms are all essentially the
self- or tracer diffusion coefficients of Ni in olivines of a given major
element composition. Here we club self- or tracer diffusion coefficients
together to contrast them with chemical- or interdiffusion coefficients,

ients from all olivine-olivine experiments.

log DFeMg (m2/s) log DMn (m2/s) log DCa (m2/s)

�18.83
�16.95
�17.42 �17.25 �18.66
�16.37 �16.25
�16.94 �17.34
�17.31 �17.38

�16.57
�16.73 �16.79
�15.58 �15.69
�16.15
�14.86 �14.98 �15.53
�15.27 �15.28
�14.65 �14.91
�14.76 �14.98
�14.81 �15.04
�14.75 �14.82 �15.28
coeffic

/s)
ignoring the much smaller differences between these quantities them-
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selves due to the correlation coefficient. The approximation resulting
from low concentrations is clearly not valid for some olivine–metal
couples where Ni concentrations in olivine of up to 10% were attained,
as noted above. This is one more reason for using the olivine-olivine
couples to filter out any possible effects resulting from the depen-
dence of Ni diffusion rates on the Ni content of olivine. However,

a posteriori consistency of data from different kinds of diffusion
couples (see below) indicate a fortuitous independence of Ni diffu-
sion rates on Ni content, at least within the range encompassed in
this study, such that the generalization that Ni self- or tracer
diffusion coefficients are being measured extends even to these
relatively Ni rich samples. This is possibly a consequence of the
dominant role of Fe in controlling the point defect chemistry of

Fig. 3. (a) Representative concentration profile of Ni in olivine in a
Ni-alloy/olivine diffusion pair and the fit according to Eqn. 1. (b)
Representative concentration profiles of Ni, Fe and Mg in a Fo90-Fo100

diffusion couple. (c) Normalized Ni profile from the data shown in 3b,
and the fit according to Eqn. 2. The stippled area shows that the profile
is symmetric about the interface, i.e., composition dependence of Ni
diffusion rate is negligible. (d) Concentration profiles of Ni, Fe and
Mg in a Fo90-Fo25 diffusion couple. (e) Normalized Ni profile from the
data shown in 3d and calculated diffusion coefficients at various points
along the profile. The solid line is the smoothing function which was
used to carry out the Boltzman-Matano analysis. The stippled area
indicates how this profile is asymmetric with respect to the interface,
in contrast to (c).
olivines, as discussed below.



4184 C. Petry, S. Chakraborty, and H. Palme
3. RESULTS AND DISCUSSION

All retrieved diffusion coefficients are presented in Tables
2–4. As an internal consistency check, data from runs at the
same temperature and oxygen fugacity but using different
couples and run durations were compared to see if diffusivities
are solely defined by temperature, fO2, major element compo-
sition, crystallographic orientation and pressure. Figure 4 is a
plot of the Ni diffusion coefficients obtained from 6 different
runs at 1300°C and 3 different runs at 1100°C. The Ni diffusion
coefficients are the same within error and are independent of
run duration and diffusion couple (and therefore, fitting
method) used to obtain these. The propagation of the statistical
error of analysis only results in an uncertainty of 20% or less
for retrieved diffusion coefficients. This is clearly true for
multiple profiles measured from the same sample; in most cases
the results of fitting such profiles are identical. However, a true
measure of the overall uncertainty in the diffusion coefficients
resulting from various unquantifiable sources of errors is in the
reproducibility of data from the different kinds of experiments
and fitting methods. This uncertainty, as seen from the scatter
of the mean values in Figure 4, is about a factor of two.

The dependence of Ni diffusion coefficients in olivine on
crystallographic orientation is illustrated in Figure 5. Diffusion
profiles in Fo90-Ni100 couples were measured along [100],
[010] and [001] for runs carried out at 1200°C and an fO2 of
10�6 Pa. Diffusivities along the a- [100] and b-[010] axes are
similar, whereas, the diffusion rate along the c-axis, [001], is
six times greater at this temperature. To avoid long run dura-
tions, influence of all other parameters on Ni diffusion rates in
olivine were determined in experiments where diffusion oc-
curred along [001].

The least squares fit to all experimental data along [001] as
a function of temperature (1000 to 1400 C) at a constant fO2 of
10�6 Pa yield an activation energy (ED) of 216 kJ/mol and a
preexponential factor of 3.84 � 10�9 m2/s. (Fig. 6). While we
have fitted the most extensive data set that we have at a
particular fO2, a plot of all Ni diffusion coefficients at different
temperatures and fO2 conditions (Fig. 7) indicates that diffusion

Fig. 4. Ni diffusion coefficients of different experimental runs at
1100 and 1300°C showing independence from run durations.
rates of Ni increase with increasing fO2 as well as T, and
diffusion coefficients at different oxygen fugacities define sub-
parallel lines on an Arrhenius diagram. In other words, there is
no change of activation energy, and by implication, diffusion
mechanism, over the entire range of T and fO2 studied. Con-
sequently, fits to all data yield an average ED for all experi-
ments of 220 kJ/mol and an fO2 dependence exponent of
1/4.25.

The Ni diffusion coefficients as a function of the major
element composition (�Fo content) of olivine are shown in
Figure 8. Data from a Fo90-Fo25 couple annealed at 1150°C,
fO2 � 10�7 Pa show that DNi increases by an order of mag-
nitude for an increase in Fe content of olivine from Fo90 to
Fo25. At Fo90, we are able to compare DNi obtained from a
completely different experiment—a Fo90-Fo100 couple an-
nealed at the same experimental conditions. The excellent
agreement in DNi values demonstrates again the internal con-
sistency of various experimental approaches. Furthermore, ex-
trapolation of the DNi vs. Fayalite content trend to pure for-
sterite yields a value that is only slightly faster than the

Fig. 5. Ni diffusion coefficients along different crystallographic
orientations from Ni100-Fo90 runs.

Fig. 6. Temperature dependence of Ni diffusion coefficient along
�6
[001] between 1000 and 1400°C at an oxygen fugacity of 10 Pa.
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determinations of Morioka (1981), who used synthetic
Mg2SiO4-Ni2SiO4 couples as starting end-members or Ito et al.
(1999), who used doped NiO thin films on synthetic forsterite.
However, the activation energy of �400 kJ/mol obtained in
these studies is substantially different from the 220 kJ/mol
obtained in this work, so that at progressively lower tempera-
tures, the discrepancy between these data sets will become
larger. This discrepancy is, however, a physically meaningful
one consistent with the fact that the presence of Fe makes the
formation of vacancies easier and thereby reduces the activa-
tion energies for diffusion (see below as well as Chakraborty et
al., 1994, and Chakraborty, 1997, for detailed discussions).

Fig. 7. Temperature (900–1145°C) and oxygen fugacity (10�4–
10�10 Pa) dependence of Ni diffusion coefficient in olivine. Experi-
mental run durations were between 48 and 2155 h.

Fig. 8. Concentration dependence of the Ni diffusion coefficient on
the Fe content of the olivine from an experiment carried out with a
Fo90-Fo25 diffusion couple. For comparison, data from a Fo90-Fo100 run
as well as the result from Morioka (1981) are shown. Error bars on
individual determinations of diffusion coefficients are not larger than
the symbol sizes. True errors are obtained from reproducibility of data
obtained from different experiments and may be larger, such repeated

experiments are not available in this case.
Such differences in activation energies between Fe-free and
Fe-bearing systems have been documented earlier for Mg dif-
fusion in olivine (Chakraborty et al., 1994), diopside (Cherniak,
2001), spinel (Liermann and Ganguly, 2002) and (Mg,Fe)
oxides (Bygden et al., 1997). The important implication of this
experimental observation for the diffusion of a trace element
such as Ni is a reinforcement of the observation already made
by Chakraborty (1997) for major elements-diffusion coeffi-
cients and activation energies for any species measured or
calculated in Fe-free systems cannot be used to model these in
Fe-bearing natural systems.

Finally, the different forsterite contents as well as Mn and Ca
concentrations in the starting olivines of the San Carlos (Fo90)–
synthetic forsterite (Fo100) couples allow simultaneous mea-
surement of concentration profiles of all of these constituents
and the determination of the relevant diffusion coefficients
where the profiles were sufficiently free of noise. The data,
reported in Table 3, are illustrated for comparison to Ni diffu-
sion coefficients in Figure 9. The salient aspect of this com-
parison is that all of these cations, with the exception of Ca,
diffuse at practically the same rates and with the same activa-
tion energies. In detail, Mn and Fe diffuse only marginally
faster than Ni. From a practical standpoint, this is of immense
significance because this observation indicates that (a) concen-
tration profiles of all divalent cations that occupy octahedral
M-sites, with the exception of Ca, can be modeled using the
same diffusion coefficient, and (b) no kinetic fractionation of
any of these elements from one another is to be expected due to
differing diffusion rates in olivines.

This observation also provides us with key insights for
understanding diffusion mechanisms. The relative indepen-
dence of diffusion rates and activation energies from ionic size,
as long as the ions can occupy the same crystallographic site
(M1 in olivine), shows that some parameter related to the
characteristic of this site, rather than the ions themselves, is the

Fig. 9. Cation (Ni, Fe-Mg, Mn, Ca) diffusion coefficients in olivine
between 1000 and 1400°C at an oxygen fugacity of 10�6 Pa. Cross-Mn,
Circle-Fe-Mg, Squares-Ni and Triangles-Ca. Best fit lines are shown
for Ni, Fe-Mg and Mn, whereas for Ca, the Arrhenius line from Stahl
et al. (1998), which appears to be consistent with the data from this
study, is shown to ease comparison of Ca data with the others.
determining factor. Based on what is known about defects and
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diffusion in olivines, it is quite apparent what these character-
istics are: ease of vacancy formation and geometric proximity.
In an olivine, it is energetically much more efficient to produce
vacancies in the M1 site (e.g., Lasaga, 1980; Brodholt, 1997).
For example, Lasaga (1980) finds that it is about ten orders of
magnitude more likely to produce a vacancy in the M1 site
compared to that in the M2 site at 1000°C. Vacancy formation
becomes even easier in the presence of Fe, which supplies an
energetically “cheap” dopant in the form of Fe3�. Added to
this, one has the geometric contiguity of the M1 sites; it is
possible to produce a continuously connected path made up of
only M1-M1 jumps along [001], as discussed by Brodholt
(1997) in detail. This is all consistent with, and nicely explains,
the in situ Mössbauer observations of Niemeier et al. (1996)
that in an olivine crystal, M1-M1 jumps occur far more fre-
quently than either M1-M2 or M2-M2 jumps. So, ions that are
able to occupy the M1 sites in olivine all avail the same easy
paths and the same vacancies (produced primarily by the pres-
ence of Fe3� in the structure, at least in “dry” olivines, see, for
example, Nakamura and Schmalzried, 1983) for diffusion, par-
ticularly along [001]. Therefore, it is no surprise that all of
these ions have practically the same diffusion coefficients. In
contrast Ca, which on account of its larger size is unable to
occupy the M1 position and is restricted to M2, has a much
slower diffusion rate and much higher activation energy of
diffusion, because neither the easily created vacancies, nor the
connected M1-M1 paths, are accessible to it.

4. DIFFUSION OF Fe-Mg, Mn AND Ca AND
COMPARISON WITH PREVIOUS DATA

Plotting the new data at an fO2 of 10�6 Pa (our most
extensive set) in an Arrhenius diagram it can be seen (Fig. 10)
that there is excellent agreement between our results and those
from the earlier published study of Clark and Long (1971),
where measurements were carried out over a restricted range of
temperature (only 1150–1234°C). However, this agreement is

Fig. 10. Comparison of Ni diffusion data from this study with results
from earlier work (Clark and Long, 1971; Morioka, 1981; Ito et al.,
1999).
somewhat fortuitous as Clark and Long (1971) did not control
fO2 because of the manner in which their experiment was set
up. If we take data from some other fO2 from our study for
comparison, the agreement will not be as perfect, but it will
remain rather good nonetheless, particularly when it is taken
into account that the measurements of Clark and Long were
very preliminary in nature; in fact, these were among the very
first reports of diffusion coefficients in a silicate mineral of
geological interest! Moreover, the diffusion anisotropy mea-
sured by us is practically identical to that measured by Clark
and Long (1971).

Morioka (1981) studied Ni diffusion in an Fe-free system
(Mg2SiO4-Ni2SiO4 couples) at higher temperatures (1250–
1450°C) and obtained a much higher activation energy (414
kJ/mol). Subsequently, Ito et al. (1999) measured Ni diffusion
rates in the same system using a very different set up of NiO
thin films on forsterite single crystals. With this setup and using
SIMS, they were able to measure diffusion rates over a large
temperature range from 800 to 1300°C. They obtained very
similar diffusion coefficients to those of Morioka (1981) and
observed that a single activation energy describes diffusion
over the entire temperature range i.e., there was no evidence of
any change of mechanism as sometimes postulated. They also
observed that Mg, Co and Ni diffusion rates and activation
energies are very similar in these Fe-free systems. At the same
time, these activation energies (�400 kJ/mol) are distinct
(�220 kJ/mol) from those in the Fe-bearing systems, as seen
above. Taken together, a consistent picture emerges from these
data:

(i) the high and low activation energies obtained in different
studies are not related to change of diffusion mechanisms from
intrinsic to extrinsic in any given substance. Instead, it is
related to the difference in the nature of the substances in which
diffusion is measured, namely Fe-bearing and Fe-free olivines.
This difference is related specifically to the special role of Fe in
creating defects and does not indicate that variations in the
concentrations of arbitrary trace elements would cause diffu-
sion coefficients to vary widely. That diffusion coefficients
remain reproducible, measurable quantitites once differences in
Fe contents are accounted for has now been repeatedly dem-
onstrated, e.g., in this study for various starting materials and
Ni contents, for the Fe free systems in the studies of Ito et al.
(1999) and Morioka (1981) (who used different sources for
Ni-NiO vs. Ni2SiO4) as well as for Fe-Mg diffusion
(Chakraborty, 1997; this study).

(ii) Activation energies for the different divalent cations that
can occupy the M1 site (e.g., Fe, Mg, Mn, Ni, Co) are very
similar in the Fe-bearing as well as in the Fe-free olivines,
although between the two groups of materials there are large
differences. This indicates that within each group diffusion
occurs by one dominant mechanism, although the mechanism
of diffusion is very different in Fe-free and Fe-bearing olivines.
The fact that diffusion rates depend on chemical potentials
(e.g., fO2) indicates that diffusion occurs by an extrinsic mech-
anism (e.g., see Schmalzried, 1983). In addition, for Fe bearing
olivines, the dependence of diffusion rates on Fe content but
not on other arbitrary constituents shows that diffusion of all of
these elements occurs by the kind of extrinsic mechanism
defined by Chakraborty (1997) as transition metal extrinsic
(TaMED). This mechanism incorporates aspects of both, the

classical intrinsic (e.g., point defect concentrations are a func-
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tion of temperature) as well as extrinsic (e.g., point defect
concentrations are a function of some chemical potential i.e.,
dopant concentration) diffusion.

(iii) Because of the large differences in activation energies,
diffusion rates in Fe-free olivines may be faster (at higher
temperatures) or slower than in Fe-bearing olivines and the
difference increases as one moves away from the crossover
temperature (ca. 1250°C for Ni). Therefore, for applications to
natural, Fe bearing olivines appropriate Arrhenius relationships
for Fe bearing olivines should be used to avoid errors in the
estimation of time scales, cooling rates, etc.

Our next extensive set of data is for Fe-Mg diffusion and the
results are practically identical to those of Chakraborty (1997)
for an fO2 � 10�7 Pa, as shown in Figure 11. However, our
data at an fO2 of 10�6 Pa indicate that the fO2 dependence for
Fe-Mg diffusion is also given by an exponent of 1/4.25 (i.e.,
DFe-Mg 	 fO2

1/4.25), analogous to Ni, at the conditions under
which these diffusion anneals were carried out. This is a
slightly stronger dependence than the typically assumed
(fO2)1/6, based on results from Buening and Buseck (1973) for
example. However, in the absence of a silica buffer, this is
consistent with the experimental observations and point defect
model of Nakamura and Schmalzried (1983), as shown by
Barkmann and Cemic (1996) who obtained an exponent of
1/4.5 for pure fayalite for these conditions. In detail, however,
the data suggests that the fO2 dependence of diffusion rates in
olivine may be more complex. Although the overall variation of
DFe-Mg as a function of fO2 is well described by a fO2

1/4.25

dependence, over different ranges of fO2 (Fig. 11) it seems that
the fO2 exponent may be variable from �1/2 to 1/6. The
resolution of the current dataset is not adequate to address such
subtle effects; specific experiments to characterize this varia-
tion are currently in progress. In view of the excellent agree-
ment of the DFe-Mg from this study with the data of
Chakraborty (1997) and the detailed discussion of various other
data sets for Fe-Mg in that work, we refrain from comparing
our results with any of these other studies.

Our data for Mn and Ca diffusion are illustrated in Figure 9;

Fig. 11. Comparison of Fe-Mg diffusion data at different oxygen
fugacity with the results from Chakraborty (1997) obtained at 10�7 Pa.
the latter were only weakly constrained (the profiles were
substantially noisier). Both of these diffusion rates appear to be
slower than those determined by Jurewicz and Watson (1988)
by �0.5–0.7 log units, which can be accounted for by the fact
that the experiments of Jurewicz and Watson (1988) were
carried out under more oxidizing conditions. The activation
energy for Mn diffusion found in both studies are practically
identical. The activation energy for Ca is poorly constrained
from this study, but the rates appear to be consistent with those
found by Stahl et al. (1998). Clearly, more studies specifically
designed to measure Ca diffusion are necessary to get definitive
rates and activation energies. The dependence of diffusion rates
on oxygen fugacity found in this work is the same as that
observed by Jurewicz and Watson (1988) for diffusion along
[001].

An important consequence of the similarity of diffusion rates
and activation energies of Ni, Mn, Fe-Mg (and Co, by inference
from data in Fe-free systems) and the dissimilarity of Ca
diffusion rates is that a compensation law is not a very mean-
ingful description of the diffusion coefficients of divalent cat-
ions in olivine of a given composition.

5. SUMMARY

The primary contribution of this study is the determination of
Ni diffusion rates in Fe-bearing olivines as a function of tem-
perature (900–1445°C), composition (Fo25-Fo100), oxygen fu-
gacity (10�4–10�10 Pa) and crystallographic orientation. An
activation energy of 220 � 14 kJ/mol describes the diffusion of
Ni in all olivines studied here and this activation energy re-
mains constant over the entire temperature range. Ni diffusion
rates increase by about an order of magnitude as Fe content of
olivine increases from Fo90 to Fo25. The dependence of diffu-
sion rates on oxygen fugacity in the absence of a silica buffer
is found to be given by D 	 fO2

1/4.25 i.e., somewhat stronger
than D 	 fO2

1/6. At 1200°C, diffusion rates along [100] and
[010] are similar to each other and are about a factor of 6
slower than along [001]. Diffusion of Ni in olivine appears to
be by a transition metal extrinsic (TaMED) mechanism.

Simultaneous determination of diffusion rates of Fe-Mg in-
terdiffusion and Mn and Ca diffusion demonstrate that Fe, Mg
and Mn show practically the same diffusion behavior (e.g.,
activation energy, fO2 dependence and hence, diffusion mech-
anism) as Ni described above. This is true in both Fe free as
well as Fe bearing olivines, although the diffusion behavior in
each of these groups of materials is very different. The simi-
larities as well as differences can be explained and understood
as part of the same internally consistent picture based on what
is known about the crystal structure and point defect system-
atics and energetics of olivines. This same set of properties of
olivines also explain why the behavior of Ca diffusion is so
different, with higher activation energies and consequently
much slower diffusion rates at most temperatures.

The strong similarity of Ni, Mn, Co (the latter observed
directly only in Fe-free olivines) and Fe-Mg diffusion rates
indicates that a single diffusion coefficient will suffice to model
the diffusion behavior of these elements in natural samples.
Note that this does not imply that all of these elements will
always diffuse to the same extent (i.e., same number of atoms
exchange places) in any given condition; whether they do so

will depend on the respective concentration gradients and
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boundary conditions for the flux of each individual cation. The
strong dissimilarity of diffusion behavior between Fe-free and
Fe-bearing systems indicates that using data from Fe-free sys-
tems to model compositional evolution in Fe-bearing natural
olivines will yield grossly incorrect results. As many earlier
models of Ni transport in natural olivines have used the results
of Morioka (1981) from a Fe-free system (e.g., Nakamura,
1995), the results from these studies will need to be revised.
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