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Abstract We have determined Fe-Mg diffusion coeffi-
cients in olivines from different sources (Nanga Parbat,
Pakistan and San Carlos, Arizona, USA) at atmospheric
pressure as a function of composition, oxygen fugacity (107>
—107"? Pa) and temperature (700—1200°C) using thin films
produced by pulsed laser deposition and RBS to analyze
the concentration profiles. We have characterized the nano-
scale structure and composition of the thin films annealed
at various conditions and shown that the nature of the film
(e.g. crystallinity, wetting behavior) depends strongly on
the annealing conditions. If these variations are not taken
into account in the form of boundary conditions for mod-
eling the diffusion profiles, artifacts would result in the
diffusion data. The diffusion coefficients obtained from 75
experiments reveal that (i) between fO, of 10 and
107'% Pa, diffusion along all three principal crystallo-
graphic directions in olivine, [100], [010] and [001], are
described by a constant activation energy of ~200 kJ/mol,
precluding any temperature dependence of diffusion
anisotropy and change of mechanism of diffusion at tem-
peratures between 950 and 1200°C, (ii) diffusion coeffi-
cients increase with oxygen fugacity at fO, > 107" Pa,
with an fO, exponent that lies between 1/4 and 1/7, and (iii)
at fO, below 107'° Pa, and consequently at temperatures
below ~900°C, diffusion becomes weakly dependent/
independent of fO,, indicating a change of diffusion
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mechanism. Activation energy of diffusion at these condi-
tions is slightly higher, ~220 kJ/mol. The data, including
the change of mechanism, are analyzed in terms of point
defect chemistry in Part II of this work to derive an equa-
tion that allows calculation of diffusivities in olivine over
its entire field of stability. Availability of directly measured
data at temperatures down to 700°C imply that for the first
time diffusion coefficients can be interpolated, rather than
extrapolated, for modeling most natural systems.

Keywords Olivine - Diffusion - Point defects -
Thin films - Nanostructure - Pulsed Laser Deposition -
Rutherford Backscattering Spectroscopy - Mineral kinetics

Introduction

Diffusion of octahedrally coordinated cations in olivine,
such as Fe, Mg, Ni, Mn and Ca, has been the focus of many
experimental studies since the first measurements of Ni
diffusion by Clark and Long (1971) (e.g. Buening and
Buseck 1973; Misener 1974; Morioka 1981; Nakamura and
Schmalzried 1984; Jurewicz and Watson 1988; Morioka
and Nagasawa 1991; Chakraborty et al. 1994; Chakraborty
1997; Jaoul et al. 1995; Ito et al. 1999; Petry et al. 2004;
Coogan et al. 2005; Hier-Majumder et al. 2005). This
extensive interest arises from the wide range of applica-
tions of such data spanning fields such as cosmochemistry,
igneous and metamorphic petrology, mantle geochemistry
and mineral physics. The majority of studies cited above
were concerned with the determination of diffusion rates of
the major elements Fe and Mg in olivines. But in spite
of this elaborate experimental effort a number of ques-
tions remain controversial or unanswered. For example,
discrepancies exist between values of Fe-Mg exchange
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diffusion coefficients measured by different authors (e.g.
Buening and Buseck 1973; Misener 1974; Jurewicz and
Watson 1988; Jaoul et al. 1995; Chakraborty 1997) and the
dependence of Fe-Mg diffusion coefficients on important
parameters such as composition and oxygen fugacity re-
main inadequately quantified. There are also questions
regarding extrapolation of these diffusion coefficients to
lower temperatures (<1,000°C) because available experi-
mental data (Jaoul et al. 1995) appear to be inconsistent
with extrapolations of high temperature data. We have
utilized recent developments in thin film technology to
carry out a detailed experimental study to address these
issues. The purpose of this paper is to (1) present the
method of determination of diffusion coefficients using
thin films, with an emphasis on the aspects of deposition
and characterization of thin silicate films that are essential
for avoiding artifacts, (2) present diffusion coefficients
measured in olivine as a function of temperature, compo-
sition and oxygen fugacity, and (3) discuss the discrepan-
cies between various data-sets in the light of sample
characterization, observations and data from the new
experiments that were obtained using methods that have
only recently become available. We demonstrate that most
of the discrepancy is either apparent or attributable to
specific features of earlier experimental work. In an
accompanying paper (referred to henceforth as Part II) we
analyze the data, taking into account the point defect
chemistry of olivine as well as the impurities that are
commonly present in natural olivine to understand the
mechanism of diffusion. Finally, we combine the experi-
mental data with this knowledge of diffusion mechanisms
to derive a master equation for the calculation of Fe-Mg
diffusion coefficients in olivine as a function of pressure,
temperature, composition, oxygen fugacity and crystallo-
graphic orientation.

Any determination of diffusion coefficients at tempera-
tures below 1,000°C requires the use of nano-scale tech-
niques, because diffusion length scales are expected to be
on the order of 100 nm for feasible experimental duration.
We have used the new technique of Pulsed Laser Deposi-
tion (PLD) to produce well-defined diffusion couples on
the nano-scale consisting of thin films (crystalline or
amorphous) on a single crystal. Induced diffusion profiles
have been measured using Rutherford Backscattering
Spectroscopy (RBS). We have published two preliminary
data points measured with this setup in Dohmen et al.
(2002). In this paper, we report on a complete data set for
Fe—Mg diffusion along the three principal crystallographic
axes between 700 and 1,200°C. The dependence of this
diffusion coefficient on fO, was determined at these tem-
peratures over almost the entire stability field of olivine.
The compositional dependence of the diffusion coefficient
has been determined at temperatures < 1,000°C.
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Experimental methods
Preparation of diffusion couples and sample treatment

Single crystals of gem quality olivine from two locations
(Nanga Parbat, Pakistan—OI1 and San Carlos, Arizona,
USA—O017, 0115, 0136, 0140 were used for the diffusion
experiments. Their compositions are provided in Table 1.
These crystals were either oriented using X-ray Laue dif-
fraction patterns (Ol1, Ol7, Ol15, O136) or optically with a
spindle stage setup attached to a computer (O140). The
oriented crystals were cut into slices (1-2 mm thickness)
perpendicular to the [100], [010], or [001] axis (space
group: Pbnm) and polished mechanically using diamond
compounds with a final chemical-mechanical polishing
step using colloidal silica compounds. The polished slices
were finally cut using a precision diamond saw into pieces
between 1 and 4 mm® in size. The orientations of the
polished surfaces have been verified from time to time
using electron back-scatter diffraction in an SEM.

Diffusion couples consisting of thin films on these pol-
ished single crystals have been produced using the PLD
(e.g. Chrisey and Hubler 1994 for a review). The principle
of the method and the detailed experimental setup for the
deposition have been published in Dohmen et al. (2002).
As source material (target) for the deposition we have used
polycrystalline synthesized olivine pellets with varying
forsterite contents (Fo80, Fo70, Fo30, pure fayalite). The
deposition conditions varied over some range for the dif-
ferent samples, a list of the detailed deposition conditions
is given in Table 2. The most important difference between
samples lies in the fact that two different wavelengths of
the laser pulse (193 and 248 nm) have been used and that
some samples were deposited at hot conditions (up to
620°C), which led to fractionation effects compared to the
ideal composition (see below). In any case most of the
samples were heated in vacuum (up to 620°C) before
the deposition to degas volatile adsorbents on the polished
surface.

Typically a batch of four to eight crystals were depos-
ited simultaneously and from this set one crystal was used
as a reference sample to measure the initial film thickness
and composition (Table 2). Our calibrations have shown
(Dohmen et al. 2002) that the variation in thickness of the
deposited film over the whole area covered by the samples
(~5%x5 mmz) is less than 10%, and a variation in com-
position within this area has not been detected for any
given deposition. We have produced various kinds of dif-
fusion couples where the film compositions were chosen
depending on the experimental temperature. The film
thickness varied between 30 and 200 nm, where thinner
films were chosen for the more fayalite-rich films. The
optimum diffusion couples for a given temperature in the
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Table 1 Microprobe data

Olla Ollc Ol1b Ol7al Ol7bl O17b2 Ol7c Oll5c 0140/6¢ 0140/7¢c Ol36¢
WSiOo2 41.03 41.90 40.83 41.28 41.13 41.67 40.85 41.09 40.80 40.84 40.82
WTiO2 0.01 0.00 0.02 0.02 0.01 0.02 0.00 0.01 0.02 0.03 0.01
wAI203 0.04 0.02 0.03 0.03 0.03 0.03 0.04 0.05 0.04 0.05 0.03
wCr203 0.04 0.02 0.02 0.03 0.03 0.03 0.03 0.05 0.02 0.03 0.02
WFeO 10.75 5.12 11.73 8.80 9.34 8.76 10.57 8.62 11.93 11.45 11.65
WMnO 0.16 0.18 0.17 0.13 0.13 0.11 0.15 0.11 0.17 0.17 0.17
WNiO 0.40 0.24 0.38 0.38 0.39 0.42 0.40 0.43 0.36 0.39 0.38
WMgO 48.43 52.95 47.65 49.67 49.21 50.44 48.22 49.80 47.90 47.80 47.46
WCaO 0.13 0.01 0.10 0.08 0.08 0.07 0.07 0.11 0.09 0.16 0.10
wTotOx 100.99 100.44 100.93 100.43 100.34 101.55 100.33 100.27 101.33 100.91 100.62
Si 1.0010 1.0010 1.0010 1.0032 1.0029 1.0011 1.0021 1.0000 0.9972 1.0004 1.0031
Al 0.0012 0.0004 0.0009 0.0009 0.0008 0.0009 0.0011 0.0014 0.0012 0.0014 0.0008
Cr 0.0007 0.0003 0.0004 0.0006 0.0006 0.0006 0.0006 0.0010 0.0005 0.0007 0.0003
Ti 0.0001 0.0000 0.0003 0.0003 0.0001 0.0003 0.0000 0.0001 0.0003 0.0005 0.0002
Fe 0.2192 0.1022 0.2404 0.1788 0.1906 0.1761 0.2169 0.1755 0.2440 0.2345 0.2394
Ni 0.0079 0.0046 0.0075 0.0075 0.0076 0.0082 0.0080 0.0084 0.0071 0.0077 0.0075
Mg 1.7610 1.8860 1.7413 1.7995 1.7889 1.8066 1.7634 1.8069 1.7456 1.7455 1.7387
Mn 0.0033 0.0037 0.0036 0.0027 0.0027 0.0022 0.0031 0.0023 0.0035 0.0034 0.0035
Ca 0.0035 0.0003 0.0027 0.0021 0.0021 0.0018 0.0019 0.0030 0.0023 0.0041 0.0027
SU1 1.9970 1.9975 1.9971 1.9924 1.9933 1.9967 1.9950 1.9986 2.0044 1.9978 1.9931
o 4 4 4 4 4 4 4 4 4 4 4
Fo 88.3 94.5 87.3 90.4 89.8 90.6 88.5 90.5 87.2 87.5 87.3
Fa 11.0 5.1 12.0 9.0 9.6 8.8 10.9 8.8 12.2 11.8 12.0
Cr ppm a.fu 736 304 370 645 591 645 594 982 483 653 340
Al ppm a.fu. 1201 426 931 919 812 919 1091 1350 1208 1367 768

Where a.f.u denotes (number of atoms per formula unit of M,SiO,) X (106)

sense of film thickness and composition has been estab-
lished during the earlier stage of this study.

All diffusion anneals have been performed in a contin-
uous flow CO + CO, gas mixing furnace at atmospheric
pressure under controlled oxygen fugacity. Temperature
and oxygen fugacity are monitored in situ by a type
B thermocouple and a fO,-sensor (stabilized zirconia
from Ceramic Oxide Fabricators, Eaglehawk, Australia),
respectively. The oxygen fugacity is controlled within an
accuracy of +0.1 log units, and temperature is accurate at
least within +2°C as calibrated with melting points of Ag,
Au, Ni, and Pd. A selection of polished samples was pre-
annealed before the deposition in the gas mixing furnace at
1,200 or 1,300°C under controlled oxygen fugacity within
the stability field of olivine. The detailed list of run con-
ditions for all samples are given in Table 3. Pre-annealing
conditions are included in Table 2. After the diffusion
anneal or pre-anneal the surface of the samples was ana-
lyzed qualitatively with a reflected light microscope and for
a representative section of the samples the surface topog-
raphy were analyzed quantitatively with a white light phase

shift interference microscope (IFM from ATOS, Darmstadt,
Germany) in the phase mode. In addition some of the
samples were investigated with a scanning electron micro-
scope (SEM). All of the described methods were available
at the Institut fiir Geologie, Mineralogie und Geophysik
at the Ruhr Universitdt Bochum.

Rutherford Back Scattering Spectroscopy (RBS)

Rutherford Backscattering Spectroscopy (RBS) has been
used to measure film thickness and composition of the
reference samples as well as for the detailed analysis of the
diffusion couples after the diffusion anneal including
extraction of Fe concentration depth profiles. A description
of the principles of RBS can be found in the monograph by
Feldman (1986) and some examples of application of RBS
for diffusion profile analysis in the Earth Sciences may
be found in Cherniak et al. (1991) or Jaoul et al. (1991).
Typically, the diffusion of a heavy trace element (e.g. rare
earth) into a light matrix (e.g. silicate) is studied by RBS.
So far there is only one study in which chemical diffusion
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Table 2 List of deposition conditions and initial film composition

Substrates Deposition conditions® Thin film properties (RBS) Preannealing conditions
ID Comp. Target v(mm) () T(C) PPa) d@mm) Xy, (Fe + Mg)/Si T (°C) T (h) fO, (Pa)
[001]

Ollcl-4 Fo95 Fo80 248 300 530 5.0E-2 76 0.80  2.00

Ollc 5-8 Fo95 Fo80 248 300 530 5.0E-2 46 0.80 1.82

Ol36¢ 5-8 ° Fo88 Fo80 248 360 530 5.0E-4 110 078  1.92 1270 3 1.0E-4
Ol15¢25 Fo90 Fo80 248 240 20 1.0E-4 150 0.79  2.03

0115¢30-36 *  Fo90 Fo80 248 300 20 1.0OE-4 140 0.79  2.03 1200 4 1.0E-7
0Ol140/6¢c 1-4 Fo88 Fo80 193 600 20 4.0E-4 90 071 141

0140/6¢ 5-7 Fo88 Fo80 193 900 20 8.0E-4 180 072  1.38

0O140/6¢c 8-11  Fo88 Fo80 193 900 20 8.0E-4 165 072 138

0140/7¢c 1-6 Fo88 Fo30 193 600 620 2.0E-3 30 0.19 175

Ol7c1-2 Fo90 Fo30 193 420 620 1.0E-4 70 020 181 1200 20 1.0E-7
Ol7¢3-4 Fo90 Fo30 193 420 620 1.OE4 70 020 181 1200 20 1.0E-2
Ol7c¢5-11 Fo90 Fo30 193 600 620 1.0E-4

[100]

Ol36al-6 Fo90 Fo80 248 300 620 5.0E-2 108 0.81  2.00

Ollal5-18 Fo88 Fo80 248 360 20 5.0E-4 115 0.78  2.00

Olla23-26 Fo88 Fo80 248 360 20 5.0E-4 100 0.78  2.00

Ol7a2-5 Fo90 Fo80 193 420 20 1.5E-4 150 075 1.52 1200 3 1.0E-7
Ol7a12-13 Fo90 Fo80 248 240 20 1.0E-4 150 0.79  2.03

Ol7a18-24 Fo90 Fo80 248 300 20 1.0E-4 150 0.78  2.04 1200 3 1.0E-7
Ol7a25-28 Fo90 Fo30 193 600 620 1.0OE-3 45 035 1.70

O17a29-38 Fo90 Fo80 193 600 20 1.OE-4 210 072 1.38

Ol7a39-42 Fo90 Fo30 193 600 620 1.0E-3 50 035 1.70

[010]

Ollbl—4 Fo89 Fo80 248 300 620 40E-2 83 0.80  2.00

Ol1b5-8 Fo89 Fo80 248 300 20 4.0E-2 60 0.80  2.00

Ol1bl13-16 Fo89 Fo80 248 360 530 5.0E-2 150 079 191

Ol1b17-20 Fo89 Fal00 248 360 100 1.0E-2 60 0.00 1.35 1270 2 1.0E-4
Ol1b21-23 Fo89 Fo80 248 600 400 3.0E-2 80 076  1.79

O17b6-9 Fo91 Fo80 193 690 20 2.0E-2 140 075 1.61 1200 3 1.0E-7
Ol7b12 Fo91 Fo80 248 240 20 1.0E-4 150 0.79 2.03

Ol7b17-23 Fo91 Fo80 248 300 20 1.0E-4 170 0.78  2.04 1200 2 1.0E-7
0O17b24-30 Fo91 Fo30 193 600 620 1.0E-3 50 040 1.40

The symbols have the following meaning: v wave length of laser pulse, P total pressure in vacuum chamber, ¢ time, 7 temperature, d film
thickness. Bold numbers indicate depositions where the stoichiometry deviates significantly from the ideal olivine composition (silica excess)

 Repetition rate: 10 Hz; laser fluence: 5-10 J/em?

® Si0, layer after pre-anneal

of Fe-Mg in a silicate—olivine—was studied by RBS
(Jaoul et al. 1995). We published a preliminary data point
for Fe-Mg diffusion in olivine using PLD thin films and
RBS in Dohmen et al. (2002).

The RBS analyses have been carried out at the
Dynamitron Tandem Accelerator Laboratory of the Ruhr-
Universitit Bochum. A 4 MeV Tandem accelerator is
used to generate a beam of o-particles at 2 MeV, which
are focused onto the sample. A final aperture of 0.5 mm
diameter enables to analyze olivine samples with a surface
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as small as 1 mm” For the measurements typically a
beam current between 20 and 50 nA was used and to
prevent charging of the samples a solution with Ag was
painted on to the side of the samples to permit electrical
contact with the metallic sample holder. The back-scat-
tered particles are detected at an angle of 170° (160° for
later samples) with a silicon particle detector at an energy
resolution of about 16-20 keV. The sample surface was
tilted at 5° relative to the beam direction to avoid chan-
neling.
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Table 3 List of annealed samples with run conditions and evaluated
diffusion coefficients

Sample d(mm) T (°C) ¢t (min) Log[fO,(Pa)] log[D(mZ/s)]
[100]

Ol36al 90 900 4003 -10.0 -19.60
0Ol136a2 100 1000 1290 -10.0 -18.52
Ollals 120 905 3920 -10.0 -19.70
Olla24 110 850 1052 -10.0 -19.85
Ol7a2 140 905 1057 -10.0 -19.30
Ol7a3 140 851 4446 -10.0 -19.55
Ol7a4 140 996 306 -7.0 -18.35
Ol7al2 140 998 120 -7.0 -18.10
Ol7al8 150 1200 30 -7.0 -17.10
Ol7al9 150 1152 32 -7.0 -17.40
Ol7a21 150 1052 71 -7.0 -18.00
Ol7a22 150 1001 128 -7.0 -18.40
Ol7a23 150 948 95 -7.0 —-18.64
Ol7a25 40 905 1541 -7.0 -19.03
0Ol17a26 40 905 115 -7.0 -18.89
Ol7a27 40 905 208 -12.0 -19.34
Ol7a29 180 1050 68 -5.0 -17.68
017a30 220 1050 62 -6.0 -17.82
Ol7a31 210 1050 63 -7.0 -18.10
Ol7a34 230 1050 75 -9.0 —-18.46
Ol7a35 220 1050 60 -10.0 -18.46
0Ol7a36 240 1050 60 -8.0 -18.09
Ol7a37 210 1050 63 -10.0 -18.34
Ol7a39 50 800 1260 -9.7 -20.10
Ol7a41 40 900 120 -7.0 —-18.80
[010]

Ol1b2 70 900 1080 -10.0 -19.64
Ol1b3 90 1006 188 -10.0 -18.59
Ol1b5 70 1006 1071  -10.0 -18.38
Ol1b6 50 1006 56 -10.0 -18.70
Ol1b7 50 1006 188 -7.0 -18.00
Ol1b13 140 905 3920 -10.0 -19.33
Ol1b21 80 798 3937 -10.0 -19.90
Ol1b22 80 1000 271 -7.0 -18.30
Ol1b17 60 903 323 -10.0 -19.05
Ol1b18 60 798 354  -10.0 -19.96
Ol7b6 120 905 1057 -10.0 -19.15
Ol7b7 120 851 4446  -10.0 -19.52
O17b8 120 996 306 -7.0 -18.30
Ol7b12 140 998 120 -7.0 -18.10
Ol7b17 150 1200 30 -7.0 -17.15
O17b18 150 1152 32 -7.0 -17.40
0Ol17b20 140 1052 71 -7.0 -18.05
Ol17b22 130 948 95 -7.0 -18.52
Ol7b24 40 905 1541 -7.0 -18.96
Ol17b25 40 905 115 -7.0 -18.82

Table 3 continued

Sample d(mm) T (°C) ¢t (min) Log[fO,(Pa)] log[D(mZ/s)]

O17b26 40 905 428 7.0 -18.85
O17b27 40 905 208  -12.0 -19.07
0O17b29 40 800 1260 -9.7 -20.10
[001]

Ollc3 70 1006 188  -10.0 -18.66
Ollc5 50 1006 1071 -10.0 -18.72
Ollc6 50 1006 56  -10.0 -18.49
Ollc7 50 1006 188 -7.0 -18.17
0OI136c6 120 1102 51 -7.0 -16.60
Ol115¢25 140 998 120 -7.0 -17.54
O115¢33 120 1052 71 -7.0 -17.10
Ol40/6c 1 85 1080 25 -5.0 -16.19
Ol40/6¢c 2 85 1080 28 -11.0 -17.37
Ol40/6¢c 3 85 1080 25 -8.0 -16.89
0140/6¢c 5 160 1080 25 -6.0 -16.77
0140/6¢c 6 180 1080 25 7.0 -16.72
0140/6¢c 8 180 1080 25 -9.0 -17.42
0140/6¢c 9 180 1080 25 -10.0 -17.47
0140/7c1 40 905 1541 -7.0 -18.27
0140/7¢c2 30 905 115 -7.0 -18.17
0140/7¢c3 50 905 428 -7.0 -18.19
0140/7c4 30 905 208 -12.0 -18.70
0140/7¢c5 30 800 1260 9.7 -19.60
Ol7cl 70 900 120 7.0 -18.02
Ol7c2 70 900 120 -7.0 -18.17
Ol7¢3 70 900 120 -7.0 -18.07
Ol7c¢5 20 700 11580 -12.0 -20.70
Ol7c6 30 750 1080 -12.0 -20.05
Ol7c8 30 850 1440 -10.0 -19.34
0O17¢9 30 950 120 -10.0 -18.34
Ol7¢c10 30 1000 126 -10.0 -17.74

The RBS spectra were simulated with the software RBX
(Version 5.18, Kotai 1994). The spectra were fitted with
this program by an iterative procedure. Once a best fit is
found to calculate the appropriate stopping power a true
concentration-depth profile for Fe is extracted, which is
then modeled to extract diffusion coefficients. More details
of the fitting procedure and the sensitivity of our setup are
given in Dohmen et al. (2002) or Tirone et al. (2005).

Results

Nano-scale texture (geometry) and chemistry
of thin films

Detailed observations of the geometry and chemistry of the
thin films, before and after pre- as well as diffusion anneals
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reveal that depending on temperature, composition and
other factors the films may behave differently. It is nec-
essary to identify and distinguish between these scenarios
to model diffusion profiles with initial and boundary con-
ditions appropriate for each case. It will become evident
through the following discussion that using the same
diffusion model for all samples over the wide range of
temperature and composition would invariably lead to
artifacts.

The initial thin film compositions as measured with RBS
are listed in Table 2. It shows that many films have a
stoichiometry which deviates significantly from that of an
ideal olivine. There is systematically a slight excess of
Si0,, if the thin films were either deposited using a laser
of wavelength 193 nm and/or if the samples were heated
moderately (up to 620°C) during deposition. The reasons
for the fractionation when using the 193 nm wavelength
laser are unclear so far, but using this laser has certain
advantages (see Dohmen et al. 2002). Heating of the
sample may lead to different sticking coefficients for dif-
ferent ions, which probably explains the fractionation ef-
fects observed in hot depositions.

After the pre-anneal of selected samples oriented along
[001], we have observed exsolution of SiO, on the initially
polished surface with RBS. In the reflected light micro-
scope these exsolutions are visible as small dots. The
effective thickness of this SiO,-layer on the surface varies
between 15 and 30 nm as measured with RBS. During the
subsequent diffusion anneal, reaction of such a film with
SiO, was expected to form orthopyroxene and sometimes
such orthopyroxene was actually observed. Furthermore,
the SiO,-layer sometimes completely covered the surface
and prevented any Fe—-Mg exchange between thin film and
substrate, demonstrating that pre-annealing of samples
before diffusion experiments may not always be a desirable
procedure. Samples oriented along [100] or [010] probably
experienced a similar exsolution of SiO, during the pre-
anneal, but on surfaces that include a component of [001],
perpendicular to [100] or [010], because of faster kinetics
along that direction. On the polished surface of these
samples we have not observed any significant change after
the pre-anneal.

The amount of excess SiO, in the films (with/without
any exsolved SiO, from the crystal) is such that in chem-
ical equilibrium the thin film would be a mixture of olivine
and orthopyroxene in differing modal abundance. Thus, we
conclude that in all these cases, the activity of SiO, would
be fixed by the coexistence of olivine and orthopyroxene, if
the film were to crystallize completely. Therefore we argue
that the excess of SiO, in the film does not influence our
experiment in any uncontrolled way and is in fact benefi-
cial in terms of controlling the thermodynamic environ-
ment.
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All thin films, whether heated or not during deposition,
were amorphous before the diffusion anneal. There were no
grains visible in the SEM images of the reference samples
and no EBSD pattern could be obtained (see also Dohmen
et al. 2002). However, a hot deposition might initiate small
nucleii and thereby enhance crystallization rates during the
subsequent diffusion experiment. Thin films made from
Fogo-targets crystallize rapidly (i.e. on a time-scale that is
short compared to the overall duration of the anneal) during
the diffusion anneal only if temperatures are significantly
higher than 900°C. The initially amorphous thin films be-
come a compact polycrystalline matrix with grain sizes in
the range of 50-200 nm (Fig. 1). A special situation arises
when the film does not crystallize within diffusion time
scales. Here, the chemical potential of Fe,SiO,4 in the more
Fe-rich amorphous film can be equal to or even lower than
the corresponding chemical potential in the single crystal,
leading to no effective diffusive flux or even a small flux of
Fe out of the crystal. These situations were observed for
thin films with a Fogg composition at diffusion anneals
< 900°C, in particular if samples were oriented along the
c-axis. Therefore in this lower temperature range we have
performed experiments with films that are much richer in
the fayalite component (Fo; or pure fayalite), to ensure a
strong chemical gradient between film and substrate even
when the film is still amorphous. However, the film crys-
tallizes more rapidly when it is fayalite-rich, as can be seen
in Fig. 1d, e. Therefore, we go from a situation with flux of
Fe out of the olivine to an amorphous Fog film to one with
flux into olivine from a crystalline Fos( film under a strong
gradient. There is a further complication that arises with
Fe-rich films. In the case of the Fe-rich Fos, or fayalite
films, we had to use films of only about 30-50 nm thick-
ness (Table 2) because the crystallized film of these Fe-rich
compositions de-wets areas (Fig. le), which has to be
considered for the interpretation of the RBS spectrum.
Spectra from de-wetted areas with thicker films (>100 nm)
become impossible to interpret.

Even when the grain sizes in the crystallized film are in
the 100 nm range the surface topography is much smaller
as long as the film completely covers the surface (i.e. no
de-wetting). Quantitative analysis with the IFM shows that
the maximum height variation is +10 nm and that the
average roughness of the thin films is less than 3 nm
(Fig. 2), which is well below the depth resolution of RBS
(5 nm). That means the geometry of the thin film diffusion
couple is well defined for getting a reliable depth profile
measurement using RBS. Any pronounced topography of
the thin film would lead to convolution effects in the RBS
analysis and artificial diffusion profiles could be the result.
Data from samples that for any reason have developed a
roughness on the order of the diffusion profile length have
not been considered.
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Fig. 1 Highly resolved SEM images of re-crystallized thin films (top
view) of six different samples. Note that depending on the initial
stoichiometry (see Table 1) and thickness, differing textures can be
observed. For instance in the case of O115¢30 (140 nm thick layer) a
uniform compact polycrystalline matrix with olivine grains between
50 and 200 nm in size has formed in less than 30 min at 1200°C; b
had only a 50 nm thick layer with olivine stoichiometry and the grain
size varies correspondingly between only 10 and 60 nm, which
formed at 1000°C in less than 50 min. A completely different texture
can be found for samples that have an excess of either (Fe + Mg)/Si-

Although the surface topography is relatively flat, some
thin films show a chemical heterogeneity after the diffusion
anneal, which is inferred from the SEM images (Fig. 1),
because the lighter regions are believed to be caused by a
chemical and not a topographical contrast. This is expected
for samples where the film did not have a pure olivine
stoichiometry. The different objects/crystals identified in
the SEM image are too small to be analyzed using EDX in
the SEM.

The RBS spectra from different kinds of samples are
shown in Fig. 3. We refer the interested reader unfamiliar

ERT = 20.00 WV - Sigral A = InLens  Date :7 Dec 2005
WOE Gmn  Phelstie =13 Mag= TIABKX

b 0Ollc6 (1000°C, 50nm, 56min)

200 nm

d 0140/7¢-1 (900°C, 40nm, 154 1min)

ratio ¢ or Si/(Fe + Mg)-ratio d, e—crystals of differing morphology
can be observed and some objects might be brighter or darker not just
because of the topographical contrast, but because of a different
chemistry (heavier elements, e.g. more Fe or more Si than olivine).
The IFM images (Fig. 2) confirm this interpretation, because they
show that the surface topography of these samples is extremely
smooth, with an average roughness of less than 3 nm. Another
phenomenon can be observed in the case of the pure and thin fayalite
films (samples Ol1b17-20) where due to crystallization the film de-
wets the surface and forms open areas (f)

with RBS to figures in Dohmen et al. (2002) as well, where
the variation in RBS spectra of olivine due to variations in
different parameters (thickness, stoichiometry etc.) has
been illustrated. RBS analysis of thin films with a chemical
heterogeneity reveal of course only an average chemical
composition of the film, because of the low lateral reso-
lution of 0.5 mm. Nevertheless a depth distribution of the
chemical composition in the film is observed, which cannot
be explained just by zoning of Fe-Mg (e.g. Fig. 3b) in all
cases. For example, regions in the film which were clearly
enriched in SiO, or (Mg, Fe)O compared to an olivine
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Fig. 2 Surface topography a
measured with the interference

Region of interest (ROI)

microscope (IFM) for three
different samples and the
corresponding topographic
profiles along one chosen line
(black line in image). For the
comparison with the SEM
images of the same samples one
has to consider that the lateral
resolution of interference
microscopy is much less than

that of SEM, a maximum of
about 200 nm. The average
surface roughness of the
samples calculated by the
software ATOS Mark II V3.7.15
are as follows: a 2.4 nm
(0115¢30), b 0.7 nm (Ol1c6),
and ¢ 0.6 nm (Ol7al8). The
most apparent difference
compared to the SEM image is
that scratches on the substrate
due to the polishing are still
visible for sample Ollc6 with
a film of a thickness less than
100 nm. Moreover these
scratches still dominate the
surface topography. From this,
we can make two major
conclusions—first, the thin film
follows the surface topography

3
2
1
£
-2
-3

-4 L

0 10 20 30 40
um

of the substrate and re-
crystallization of the film does
not change the surface
topography significantly and
second, the sensitivity or
resolution of the SEM image at
this height scale is much lower
than that of the interference
microscope (about 1 nm) and
the contrast observed in the
SEM images is mainly due to 20.5
chemical effects

stoichiometry were identified. In some cases the chemical
composition of the thin film can be separated into two sub-
layers, e.g. one with a composition closer to olivine and
one closer to orthopyroxene. Nevertheless, because the
geometry of the film is well defined, contributions from the
film and the substrate single crystal olivine to the RBS
spectrum can be clearly differentiated. Most notably, actual
analysis of the chemical zoning (as opposed to boundary
conditions for diffusion, see below) in the single crystal
should not be affected by any chemical heterogeneity in the
film. Therefore, as long as the suitable initial and boundary
conditions are used in each case, the retrieved diffusion
coefficients would be reliable.

In summary, we conclude that the analysis of the
diffusion profile in the olivine single crystal as well as
the diffusion process itself is not influenced in any

@ Springer
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uncontrolled manner through the irregularities (crystallin-
ity, composition and phase assemblage) in the thin film.
The fact that the irregularities can be detected and quan-
tified means that suitable boundary and initial conditions
can be used for modeling the diffusion profiles in each
case. The point defect chemistry of the olivine single
crystal is influenced when the activity of SiO, is defined by
the composition (excess silica) of the film.

Fitting of diffusion profiles and compositional
dependence

The Fe concentration depth profiles extracted from the
RBS spectrum were fitted using either analytical or
numerical solutions to the diffusion equation with the
appropriate boundary conditions. The diffusion couple
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Fig. 3 a—d RBS spectra (symbols showing counts of a-particles as a
function of their energy) of four samples along with those from each
of the corresponding reference (i.e. unannealed) samples. Simulations
of the spectra are also shown as lines. The vertical dashed lines with
element symbols in b indicate the characteristic energy of alpha-
particles of the element when it is scattered back from the surface
atomic layer of the sample, these are intended to provide a frame of
reference. e-h Concentration depth distributions of Fe (dashed line)
and Si (solid line) used as input to obtain the simulations for the
spectra of annealed samples shown in a—d. Symbols in e-h show the
extracted Fe concentration profile from the spectra using the software
RBX (see text), which matches in general the input data for Fe very
well. The concentration unit a.f.u. stands for number of atoms per
formula unit of the olivine substrate M,Si0O,. Within the layer the
stoichiometry can deviate significantly from that of olivine, but the
unit is always equivalent to atom%/100. The four different samples
shown here represent the four different kinds of situations identified

(thin film + substrate) can be treated as a linear composite
semi-infinite medium. The analytical solution for a
one-dimensional system with a layer of finite thickness
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using SEM and RBS: a and e. An almost ideal situation (sample 0140/
6¢-2)—a smooth but very flat profile and pure olivine stoichiometry
in the film, but with a top SiO,-rich layer; b and f sample Ol7a29,
excess of Si to Fe + Mg leads to formation of Opx in the layer. In the
RBS spectrum the Fe signal in the film is lower in the Opx region
(highlighted in the figure), because in Opx, Fe in a.f.u units is smaller
than that in olivine for the same Xg.. ¢ and g samples Ol7al8 and
reference sample Ol7a24, excess of Fe + Mg to Si leads to formation
of magnesioferrite and reduces the Fe content in the olivine of the
film. The result is a relatively flat profile in the substrate and an
apparent compositional jump between substrate and film; d sample
0140/7c-4 and reference sample O140/7c-6, absolute Fe-rich layer
with SiO, excess leads to formation of an opx and ol mixture after
crystallization. Here, the film has not yet completely crystallized after
the short anneal (116 min) at 900°C, which leads to a partitioning of
Fe and Mg between ol, opx and the amorphous phase (Fe-rich layer at
the surface)

(constant diffusion coefficient, Dgj,) with zero flux at
the surface on a semi-infinite substrate (constant diffu-
sion coefficient, Dgy,) is given by Lovering (1936): The
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analytical solution for a one-dimensional system with a
layer of finite thickness (constant diffusion coefficient,
D) with zero flux at the surface on a semi-infinite sub-
strate (constant diffusion coefficient, Dg,,) is given by
Lovering (1936):

Crim (%, 1) = Co __14p

X

erf| ————

Chim — Caw 2 (Z'VDﬁlm'l)
l4+p & el d-n+x
+— ;( P e (=

f( d-n—x >]
Y
P 2 /D - t
Csub(x, t) - C?

sub __

Rk txvore)
— -ern
th';lm_csc')ub 2 24/ Dgy - t

(1 _p2) = n—1 d- Dsub/Dfilm'n+x
B e

n=1

pi= V Dfilm : Dsub - \/Dsub : Dﬁlm
VDfiim * Dsub + v/ Dsup * Diilm

where h = film thickness and d = 2-h, and represent the
initial concentration at ¢ = 0 in the thin film and the sub-
strate, respectively. The variable x is the distance from the
film/substrate interface with x > 0 for the substrate.

A fit of an Fe concentration depth profile after a diffu-
sion anneal with a diffusion couple consisting of a Fog, thin
film on a Fogys substrate (Ollc) using the above analytical
solution is shown in Fig. 4a. For the film a separate faster
diffusion coefficient is chosen, because in the polycrys-
talline film with nano-scale grains there is a significant
contribution from grain boundary diffusion. As a conse-
quence the concentration within the film is homogeneous
(Fig. 4), which requires a diffusion coefficient, Dg,,,, which
is about one to two orders of magnitude faster than Dy,
This defines only a lower limit for Dg,,, the profiles in the
substrate could be simulated with very similar (see below)
values of Dy, for any other larger value of Dgy,. Conse-
quently, from the profiles effective diffusion coefficients
for the polycrystalline films could not be extracted. For
those samples that show a chemical heterogeneity in the
film it was not possible to observe a perfect fit of the
composition in the film, because the zoning is also due to
an averaging of compositions of olivine and excess SiO, or
orthopyroxene. In this case a bulk average of the film
composition was calculated and the zoning in the substrate
was fitted. The bulk average concentration was always used
as a constraint for mass balance—Fe lost from the film (as
the initial composition is well known) has to end up in the
single crystal substrate. Herein lies a major strength of this
approach with films whose initial and final states are well
characterized—if any process other than diffusion occurs
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during the experiments, it would manifest itself through a
violation of mass balance based on the diffusion equation.
In any case, the films always worked as a finite diffusion
source, where diffusive transport through the film was
faster than within the substrate and a set of fitting param-
eters where Dy, is defined within +0.1 to 0.2 log units and
Dgim > > Dgyp can be used to obtain reasonable visual fits.

Since Fe-Mg diffusion depends strongly on composition
(approximately an increase of three orders of magnitude
from pure forsterite to pure fayalite, Chakraborty 1997) the
above analytical solution is not appropriate if the initial
chemical gradient exceeds much more than 10 mol% for-
sterite content. In these cases with relatively Fe-rich thin
films we have chosen a finite difference scheme to solve
the diffusion problem numerically (see e.g. Crank 1975).
Examples of such fits are shown in Figs. 4b and 5.

For a thin film diffusion couple, the effect of the com-
positional dependence of diffusion coefficient is different
from that seen in a couple using two effectively infinite
single crystals (see for example Chakraborty 1997). The
composition of the thin film changes during the diffusion
anneal—the fayalite content and therefore the chemical
gradient and the compositional range spanned by the cou-
ple becomes smaller with time. Therefore, we have chosen
to carry out a time series of experiments at 900°C at con-
stant fO,, and fitted all profiles with the same composi-
tional dependence, to get self-consistent data for each of
the three main crystallographic axes (Experiments Ol40/
7c1-3, Ol7a24-25, Ol7b24-26). To describe the depen-
dence of diffusion rates on the fayalite content, based on
observations of Chakraborty (1997), we have chosen an
exponential form:

D(Xee) = D(Xee = 0) - 10", (1)

where the exponent n is a measure of the compositional
dependence. Best fits to a profile for various exponents are
shown in Fig. 5. The fits illustrate that the estimation of the
exponent from fitting profiles is not very sensitive—only
slight changes in the slope of the profile are the result of the
compositional dependence of the diffusion coefficient.
However, it is this slope at a given position that enters into
the calculation of compositional dependence of diffusion
coefficients in a Boltzmann—Mantano analysis. Therefore
the result of such an analysis is strongly dependent on the
accuracy of the profile measurement and especially for
strong compositional dependencies, long profiles (i.e. a
high density of data points within the diffusion zone) are
needed to extract reliable diffusion coefficients. Since this
requirement is not always fulfilled in the case of concen-
tration profiles measured using RBS in our study, we have
chosen a forward modeling approach to determine the
compositional dependence of the diffusion coefficient.
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Fig. 4 Illustration of concentration profiles from two sets of time
series experiments. Fe concentration depth profiles extracted from
RBS spectra for four samples at each condition, and their best fits
using the analytical model (a) or numerical modeling (b) considering
a concentration dependent diffusion coefficient for the finite
difference scheme. a The samples (Ollc3, 5, 6) were annealed at
1005°C at an oxygen fugacity of 107'° Pa, but for different durations
(see legend in the figure). Note that sample Ol1c3 was not deposited
together with Ollc5, 6, and 8 and has a thicker film (Table 1), which
is reflected in the larger concentration in the film after the diffusion
anneal compared to Ol1c5 or 6 because of the larger reservoir. b The
samples 0140/7c1, 0140/7c2 and O140/7c3 were annealed at 900°C at
an fO, of 1077 Pa for different durations as indicated in the legend.
From the depth profiles it is apparent that the thin film does not act
either as an infinite source (constant surface composition) or as an
instantaneous finite source (like in a), but its behavior as a diffusion
source changes systematically during the experiments. Further
complications for the interpretation of the depth profiles arise from
the fact that RBS yields only a mixed analysis of an amorphous phase,
orthopyroxene and olivine in the film. This might influence the depth
profile to depths deeper than the initial film thickness depending on
the geometry/texture of the thin film, which could be controlled by the
grain size of the opx crystals (compare with Fig. 1d). Nevertheless
from numerical fitting of the profiles considering the appropriate
boundary conditions consistent diffusion coefficients (-18.27 <
log(Dgemg) < —18.17) for the substrate composition, Fogg) for the three
experiments has been obtained. For more details see text, Tables 1
and 2

However, relatively independent of the exponent used for
the fitting one obtains almost the same diffusion coeffi-
cients for the substrate composition (Fig. 5). This is
because diffusion within the flat part of the profile, where
diffusion is slowest, is the rate-determining step for the

O data Ol1b17
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Fig. 5 Illustration of the effect of the chosen compositional
dependence (exponent n) on the quality of fit and the extracted
diffusion coefficient for the substrate composition. Shown are various
fittings for sample O/1b17 that had a pure fayalite thin film before the
start of the diffusion anneal. The numbers in the legend from 0 to 4
are the exponents, m, used for the fitting. Also shown within the figure
are the diffusion coefficients obtained from any given fit for the given
substrate composition. The best fit gives an exponent m between 3 and
4 and a D(Xg, = 0.9) of about 9.0 x 1072° m%/s

diffusive penetration of Fe into the crystal. Therefore in
spite of the large error in the determination of the com-
positional dependence, the diffusion coefficients deter-
mined for the substrate composition (about Fog,) are well
constrained. In general, the error for the determination of
the diffusion coefficients estimated from various visual-
fittings are of the order of +0.2 log units, in some cases of
very flat or short profiles the error can be up to +0.3 log
units. We would also like to draw the attention of the
reader to this relative insensitivity of profile slopes to
compositional dependence for later discussion of diffusion
data in the literature (e.g. that of Buening and Buseck
1973).

Satisfactory fits to all profiles are observed with an
exponent n =3, which is similar to that observed at
1,000°C (n = 2.8) and 1,100°C (n = 2.6) by Chakraborty
(1997) in his setup using two single crystals in the diffusion
couple. Thus, for fitting concentration profiles from the
Fa-Fo90 and Fo30-Fo90 diffusion couples we have con-
sistently used a compositional dependence exponent of 3.
Table 3 reports diffusion coefficient for Fogs obtained
using this compositional dependence.

Anisotropy and activation energy

Figure 6a—c shows Arrhenius plots of diffusion coefficients
measured along [001], [100] and [010], respectively, at an
05 0of 107, 107" and 10~'* Pa (only [001]). Note that the
stability of olivine aside, at temperatures below 900°C it is
impossible to control an fO, of 10”7 Pa using a CO-CO,
gas mixture because the CO content of such a mix has to be
less than 1%. To measure the activation energy at lower
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temperatures a set of experiments between 800 and
1,050°C at an fO, of 107" Pa and between 700 and 900°C
at an fO, of 107'% Pa have been performed. The diffusion
coefficients along [001], [100] and [010] are shown in
different plots for clarity, in particular because data for
[100] and [010] are effectively the same and would plot on
top of each other in one plot. Independent of temperature
(between 800 and 1,200°C), in all experiments where
crystals with surfaces polished perpendicular to [100],
[010] and [001] were annealed simultaneously the retrieved
diffusion coefficients along [100] and [010] were identical
within error (0.2 log units) and diffusion along [001] was a
factor of 4-8 times faster.

The data along [001] for 10”7 Pa coincide with the data
of Chakraborty (1997) and Petry et al. (2004), who also
measured diffusion coefficients at an fO, of 107’ Pa
(Fig. 6a), but with a different setup—two single crystals as
diffusion couple and profile analysis with an electron
microprobe. Chakraborty (1997) measured diffusion coeffi-
cients down to 980°C and mainly at a single fO, of 107’ Pa.
A bulk fit of all data shown in Fig. 6a, which were mea-
sured with San Carlos olivine between 900 and 1,250°C at
an fO, of 107’ Pa gives an activation energy of 201 + 8 kJ/
mol, slightly lower than 226 + 18 kJ/mol obtained by fit-
ting the data of Chakraborty (1997) alone. Within the
statistical error of the different fits, the activation energies
observed from data along [010] and [100] at an fO, of 1077
and 107'° Pa are approximately the same. This is repre-
sented by the almost parallel lines in Fig. 6, which con-
firms that the anisotropy is essentially independent of
temperature within the temperature regime 800-1,200°C.
However, fitting the data measured along [001] at 107'°
and 107'? Pa together with the activation energy is about
20 kJ/mol larger (220 = 9 kJ/mol), which may be an
important indicator for the temperature dependence of the
point defect chemistry in olivine as will be seen in Part II.

In Fig. 6a—c it is also indicated which kind of crystal
was used for each experiment. Basically it was differenti-
ated between Ol1 (Nanga Parbat) and San Carlos olivine,
and it can be seen that the data points for different crystals
all fit into the overall picture independent of the nature of
the crystal. The only exception is data from olivine Ollc.
The olivine Ollc differs significantly in its composition
compared to the other olivine crystals used (Table 1) in
that it has higher forsterite content (95 mol%), and the
concentrations of Al,O3; and Cr,O5 are much smaller. The
Fe-Mg diffusion coefficients in these samples are slightly
(about 0.5 log units) but significantly smaller than data
from, for example, Ol40c or Ol7c at the same conditions.
This difference cannot be attributed to the dependence of
diffusion rates on the fayalite content alone, the ‘‘impuri-
ties”” (Al and Cr) may be the reason behind this discrep-
ancy. In Part II we will provide a quantitative explanation
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for this behavior. For the derivation of activation energies
and fO, dependence the data of Ollc have not been con-
sidered to obtain a self-consistent data set for an olivine
with a more or less typical composition (compare with
Table 1).

Dependence on fO,

All experimental studies on Fe—-Mg diffusion in olivine so
far have found a positive dependence of diffusion rates on
oxygen fugacity. This is expected according to the point
defect model of Nakamura and Schmalzried (1983) for the
case of a vacancy diffusion mechanism. The concentration
of octahedral vacancies increases with increasing fO, be-
cause the partial oxidation of Fe** to Fe®* is charge bal-
anced by the formation of these vacancies. But the exact
dependence (expressed by an exponent m: [Viye] ~ Dpemg ~
(fO,)™, all other relevant intensive thermodynamic vari-
ables remaining constant) depends on the majority defects
and whether the activity of SiO, is held constant (Stocker
and Smyth 1978; Barkmann and Cemic 1996; Part II). In
principle, an accurate determination of the exponent would
enable one to distinguish between different point defect
models (charge neutrality conditions) for olivine (Sch-
malzried 1981).

In the last section the effect of fO, was shown for three
different oxygen fugacities at relatively low temperatures.
Here, the observed dependence (exponent m ~1/6-1/8
between 10”7 and 107'° Pa, no effect between 107'° and
107'% Pa) is weaker compared to various other studies
(Buening and Buseck 1973; Nakamura and Schmalzried
1984; Petry et al. 2004) and what would be expected from
point defect models for pure and synthetic olivine (Na-
kamura and Schmalzried 1983; Tsai and Dieckmann 2002).
To measure the fO,-dependence at higher temperatures as
well, we have carried out sets of experiments at 1,080°C
(along [001]) and 1,050°C (along [100]) and varied the fO,
between 10~ and 107! Pa. At around 1,050°C, we observe
a mean dependence of 1og(Dgemg) 0n log(fO,) given by an
exponent m between 1/5 and 1/7 (Fig. 7). For comparison
we illustrate in Fig. 7, lines for a dependence with an
exponent of 1/4 and 1/6. This illustrates that given the
scatter of the data, it is impossible to distinguish clearly
between an exponent of 1/4 or 1/6. Therefore the obser-
vation is consistent with the general range of fO,-depen-
dence found in earlier studies (Petry et al. 2004; Nakamura
and Schmalzried 1983, Buening and Buseck 1973, Jure-
wicz and Watson 1988). However, at 900°C at the more
reducing conditions (with respect to absolute numbers for
the fO,) the effect of fO, is much weaker; the exponent m
lies at around 1/10. At 1,050°C as well, the effect seems to
flatten out at the more reducing conditions. These obser-
vations indicate that at lower temperatures (equivalent to
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lower oxygen fugacities for an fO,-buffer) the fO,-depen-
dence becomes less important or in fact vanishes. An ab-
sence or a weaker dependence of diffusion on fO, implies
important changes in point defect disorder type and
therefore diffusion mechanism in olivine at these lower
temperatures, if the defects are in chemical equilibrium
with the surrounding.

<« Fig. 6 Anisotropy of Fe-Mg diffusion as a function of temperature.

Diffusion coefficients measured for diffusion along a the c-axis,
[001], b the ag-axis, [100], and ¢ the b-axis, [010], between 900 and
1200°C at fO, = 1077 Pa and between 800 and 1050°C at fO, =
107'° Pa. Additional data were measured along the c-axis for an fO,
of 107> Pa between 700 and 900°C. For diffusion along the c-axis,
the raw data points of Petry et al. (2004) and the Arrhenius fit
obtained by Chakraborty (1997) (solid line) are shown in addition in
a. The dotted line is a fit including the raw data (up to 1250°C) from
Chakraborty (1997) and Petry et al. (2004). Data for the a- and b-axes
are shown in separate plots for clarification, because there is no
significant difference between diffusion along a and b. As a reference
in these two plots the fits to the data along [001] at fO, of 107’ Pa and
1071°-107'2 Pa are included as dashed lines. All data at constant fO,
and orientation can be fitted by a linear function (dotted lines, least
square regression fits) within the whole temperature range. Note that
these lines are almost parallel where the slope is equivalent to
approximately the same activation energy of about 200 kJ/mol (see
text)

Kinetics of point defect equilibrium

An alternative explanation for the absence of any fO,
dependence could be that the point defect chemistry of
olivine is ‘‘frozen’’ at lower temperatures and this possi-
bility needs to be explored before drawing conclusions
about changes of diffusion mechanisms. The nature of the
diffusion process itself requires that the vacancies always
diffuse much faster than the cations and from this point of
view the concentration of the vacancies on the M1 or M2
sites should equilibrate quickly compared to Fe-Mg dif-
fusion time scales. However, re-equilibration of vacancies
in olivine also requires a net transfer of oxygen, because
olivine is a non-stoichiometric phase (see Nakamura and
Schmalzried 1983 and part-II for details). This exchange of
oxygen with the experimental environment may be kinet-
ically hindered because of the inefficiency of evaporation/
condensation processes at low temperatures. If this is the
case, then olivines with different histories would yield
different diffusivities when annealed at the same lower
temperature conditions (e.g. see Bai and Kohlstedt 1993).
To test for this possibility, we pre-annealed a set of sam-
ples at 1,200°C either at 10~ Pa or at 107> Pa, deposited
them with thin films in the same batch and carried out
diffusion anneals at 900°C at fO, = 10~ Pa with the
samples placed together in the furnace in the same exper-
imental run. The crystals changed their color after the
pre-anneal indicating a change in the oxidation state of
Fe—those annealed at 107> Pa became relatively brownish.
After the diffusion anneal at 900°C for a relatively short
time (2 h) all crystals had the same color and we observed
very similar diffusion profiles. The diffusion coefficients
obtained from these samples are the same within error
(Table 3). Furthermore, we did not observe any difference
between data of samples that were pre-annealed or not, all
of them fit into the general overall picture of the data, as
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Fig. 7 Effect of fO, on diffusion data at two temperatures. a
Diffusion data at 1080°C and 900°C along [001] at various fO,. b
Diffusion data at 1050°C and 900°C along [100] at various fO,. The
straight lines are the least square regression fits of the data at constant
temperature and various log(fO,) and the slopes of these fits (m) are
given in the figures. The dotted lines show for comparison a 1/6
dependence on log(fO,), the dashed lines a 1/4 dependence. These
seem to describe the observed data, at least at the higher temperature
in each case, rather well. ¢ Normalization of all diffusion data
measured along [001] to 900°C using an activation energy of 200 kJ/
mol for data measured at an fO, > 107'° Pa and 220 kJ/mol for
fO, < 107! Pa. While the normalization concentrates errors from
different sources contributing to the scatter, it is seen more clearly
here how the dependence of diffusion coefficients on oxygen fugacity
decreases at lower oxygen fugacities. The data can be adequately
described (based on an analysis of point defect models in Part II) by a
region with an fO, dependence exponent, m, of 1/6 and a lower fO,
region where diffusion is independent of oxygen fugacity. The
transition corresponds to a change in diffusion mechanism from
TaMED to PED (see text). Note also the smeared nature of the
transition
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shown before. Thus, we conclude that there was no influ-
ence of the individual thermal history of the samples and
that point defect equilibrium was attained almost instan-
taneously during the diffusion anneal. Therefore, the
change in fO, dependence at more reducing conditions and/
or lower temperatures is an equilibrium phenomenon that
needs to be discussed in terms of change in the point defect
disorder model, we pursue this in Part II.

Discussion and comparison with earlier studies

We commence by summarizing the main findings of this
study: the Fe-Mg diffusion coefficient in olivine depends
on the composition of the olivine, with a compositional
dependence exponent, n, of 3 for olivines of composition
Fogg—Fo3. The diffusion coefficient in olivine depends on
fO, above an fO, of 107'° Pa and the fO, dependence is
described by an exponent, m, that lies between 1/4 and 1/6
on average between the fO, range of 107 to 107'° Pa.
Given the resolution of the data, it is not possible to dif-
ferentiate between these values of m. All data appear
to plot on parallel lines in an Arrhenius plot, where each
line stands for a constant fO, (see also Petry et al. 2004)
and orientation. Considering all data at fO, = 1077 Pa, we
obtain almost identical activation energies of 196 + 12,
191 = 9 and 201 + 8 kJ/mol for diffusion along [100],
[010] and [001] in olivine, respectively. These results have
the important implication that the anisotropy of diffusion in
olivine is temperature independent, at least between 800
and 1,250°C. Moreover, this constant activation energy
suggests that a change of diffusion mechanism, e.g. from
intrinsic to extrinsic, does not occur in olivine within this
temperature range and diffusion coefficients can be reliably
extrapolated. Other subtle changes in diffusion mechanism
do, however, occur at lower temperatures at reducing
conditions, which are probably related to specific impuri-
ties and these aspects are discussed in detail in Part II.

In comparing these results with those of earlier studies,
we find that the absolute values of diffusivity as well as the
preliminary compositional dependence, fO, dependence
and anisotropy observed by Chakraborty (1997) have been
confirmed in this more detailed study covering a much
larger range of parameter space. The results of Petry et al.
(2004), Meissner et al. (1998) and Dohmen et al. (2003) are
all consistent with this study and that of Chakraborty
(1997). We note that each of these studies has used a dif-
ferent experimental and/or analytical approach, so that the
Fe—-Mg diffusion coefficients in olivine have now been
measured, and repeatedly reproduced, using a variety of
methods. The temperature dependence of anisotropy of
diffusion (i.e. different activation energies along different
crystallographic directions) found in previous studies
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(Buening and Buseck 1973; Misener 1974 and Jurewicz
and Watson 1988) has not been confirmed.

For a detailed comparison with other studies, it is nec-
essary to consider the observed dependencies on fO, and
XFro- In Fig. 8a, b we have compiled data for diffusion
along [001] and [010], respectively. If the data were not
reported for an fO, of 1077 Pa, we have normalized these
data to an fO, of 107’ Pa using the dependency obtained in
this work. Misener (1974) reports two distinct sets of data
(high temperature data measured with a Fog, olivine and
MgO diffusion couple, and low temperature data measured
with a Fogy—fayalite diffusion couple) and we show both.
We want to note here that the author himself restricts the
lower temperature data set to olivine compositions with
more Fe than in Fogy, and for modeling mantle processes
he himself used only the higher temperature data set.
Nevertheless, typical usage of these data in the literature
involves extrapolation of his low temperature data in
compositional space to Fogp-olivine. Therefore, we show
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Fig. 8 Comparison of best fit to our data with data for Fe-Mg
diffusion along the c-axis (a) and the b-axis (b) from the literature.
All data were normalized to an fO, of 107 Pa using an exponent of 1/
6 and to a forsterite content of 86 mol%. For more details of data
reduction see text. The sources of the data are indicated in the figure

both sets of data on one plot. Unfortunately, fO, was not
explicitly controlled in his study, so we have estimated it
based on his experimental setup. In the fayalite-rich setup
quartz tubes were filled with the diffusion couples and
these experiments might have been close to the FMQ
buffer. In Fig. 8 we have plotted the raw data as well as the
“‘fO,-corrected”” data assuming that the fO, was at the
FMQ buffer. The high temperature data, valid for Fogg,
were produced in a different setup using MgO or forsterite
as exchange partner for an Fo90 olivine and an fO, cannot
be easily estimated. As it stands, the data are about an order
of magnitude faster than those found in this study; if it is
assumed that the FMQ buffer applies for the fO, correction,
the data show a perfect agreement with that of Chakraborty
(1997) and this study. The data of Nakamura and Sch-
malzried (1984) were measured using synthesized poly-
crystalline pellets as diffusion couples and therefore
measured concentration profiles should have a contribution
from grain boundary diffusion of Fe and Mg. In the case of
olivine, grain boundary diffusion is about a factor of 1,000
faster than volume diffusion (Farver et al. 1994). For the
given grain size between 30 and 50 pm the system would
show a Type-B behavior according to the classification of
Harrison (1961) and therefore grain boundary diffusion
would have had a significant influence on the composi-
tional profile. The main result would be an enhancement of
the diffusive transport through the pellet and retrieved
diffusion coefficients would be higher than volume diffu-
sion coefficients by up to a factor of 10. A further source of
error, that works in the opposite direction, is that the grains
in such a polycrystalline mix are not oriented so that the
average diffusion rate would be one between the rates
along the faster [001] and the other slower directions.
Considering these effects, the factor of 5 faster diffusion
observed by them, compared to data from this study and
those of Chakraborty (1997) is reasonable. In addition we
have shown one data point for tracer diffusion of Fe, Dg.*,
determined by Hermeling and Schmalzried (1984). For
Fo-rich olivine the tracer diffusion coefficient of Fe should
be close to the interdiffusion coefficient, if one considers
the Mg tracer diffusion data of Chakraborty et al. (1994).
Indeed, the Fe tracer diffusion coefficient, measured in a
similar polycrystalline matrix, is very similar.

In the work of Jurewicz and Watson (1988) data were
collected at an fO, of 10~ Pa and again we have shown in
Fig. 8 the original fit of the data for Fe at 10~ Pa as well as
the normalized fit for 10~ Pa. Here, we observe a similar
difference as for Nakamura and Schmalzried (1984) of
about a factor of 5. Jurewicz and Watson (1988) investi-
gated diffusion in olivine using surrounding melts as the
exchange partner. Among other features, self-buffering
reactions in the melt may have controlled the oxygen
fugacity of these experiments, rather than the imposed gas
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mixtures. Further, dissolution and precipitation processes
might have played an important role in creating disloca-
tions and these could have enhanced diffusion by mobili-
zation. We have been able to reproduce their data in a
similar setup for diffusion (Diiffels et al. 2004) and
explanation of these results will be presented in detail
elsewhere. Taking data from this study as a point of
departure, in Fig. 8a we also show the range over which
diffusion coefficients could lie for variations in oxygen
fugacity across the entire stability field of olivine (see Part
II) at each temperature. It is seen that all of the above data
sets could be obtained through a combination of variation
of oxygen fugacity and other experimental factors outlined
above. The only exception is the detailed study of Buening
and Buseck (1973), with which we concern ourselves in the
next section.

Effect of the lateral resolution of the microprobe
analysis on the data reduction of Buening and Buseck
(1973)

The only results from high temperatures that differ strongly
from this study and Chakraborty (1997) are those of
Buening and Buseck (1973). They used fayalite powder as
the source material for diffusion into San Carlos olivine
and assumed this to be an infinite reservoir. Compositional
profiles were measured with an electron microprobe in
2 micron steps just in the single crystal part of the samples.
In Fig. 1 of Buening and Buseck a compositional profile
for a sample annealed at 1,100°C for 242 h is presented.
When compared to the shape of the profile measured by
Chakraborty (1997) on a sample annealed at 1,000°C for
208 h (Fig. 2a) for a similar diffusion couple, it is evident
that the latter is much more asymmetric. The strong
asymmetry follows from the strong compositional depen-
dence of Fe—-Mg diffusion in olivine found in many studies
(e.g. Nakamura and Schmalzried 1984; Hermeling and
Schmalzried 1984; Misener 1974; Dohmen et al. 2003;
Chakraborty 1997 and this work). All the cited references
found an exponent n between 2 and 3 (Eq. 1). The impli-
cation of this is that in addition to the difference in the
absolute values of diffusion coefficients they retrieved,
Buening and Buseck (1973) also observed a much weaker
compositional dependence (exponent n of only 1.6) than in
any of the other studies. This smoothing of compositional
gradients as well as the shape of their profile points
strongly to a convolution effect in their microprobe anal-
ysis, a possibility already discussed in Chakraborty (1997).
Here, we have carried out a more detailed analysis of the
profile shape they obtained.

We have reproduced a scanned version of a composi-
tional profile from Buening and Buseck (1973), their
Fig. 1, in Fig. 9. We have superposed on this calculated
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profile shapes using various approaches. All profiles were
calculated using a finite difference numerical scheme in
the forward modeling approach where compositionally
dependent diffusion coefficients were used. As boundary
condition the concentration at the surface of the crystal was
held fixed at the observed value, consistent with the model
of an infinite reservoir assumed by Buening and Buseck
(1973). We note here in passing that even this assumption
has been found to be not valid in experiments in our lab-
oratory carried out to reproduce these data; however, even
if the powder material does not act as an infinite reservoir,
the composition at the surface of the crystal may remain
fixed so that this is not a major shortcoming. Our first
calculation (Line #1, Fig. 9) was to use the compositional
dependence and diffusion coefficients obtained by Buening
and Buseck (1973) from their Boltzmann—Matano analysis
(an exponent of 1.6). As is clear from Fig. 9, the match is
not very good, highlighting the problems of Boltzmann—
Matano analysis and some of the issues of insensitivity
of profile slopes to compositional dependence that we
have discussed earlier in Fitting of diffusion profiles and
compositional dependence. Irrespective of further devel-
opments, one aspect may be noted here immediately
—underestimating the compositional dependence by one
order of magnitude would clearly overestimate the diffu-
sion coefficients for forsterite-rich compositions by one
order of magnitude and could explain to some extent the
discrepancy of the data of Buening and Buseck from all
others.

1.0

O profile from Fig. 1 of Buening and Buseck (1973)
simulation with DFeMg of Buening and Buseck (1973)
simulation with DFEMg of this study

Convolved profile 2

Convolved profile 5
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Fig. 9 Reproduction of the concentration profile of Buening and
Buseck (1973) from their Fig. 1 (1100°C, 242 h, circular symbols)
and our numerical simulations. (/) Profile calculated using the data
that Buening and Buseck (1973) have retrieved from this profile using
Boltzmann—Matano analysis. (2) Profile calculated using diffusion
coefficients retrieved for the same conditions in this study. (3) The
result of convolving profile (2) with a convolution factor o, of 15 pum.
(4) Simulation to obtain best fit to measured profile with a
convolution factor o, of 15 um. This yields a diffusion coefficient
of 5x 1077 m%s. (5) Unconvolved profile (4), as it would be
measured today with a modern electron microprobe
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Next (Line 2, Fig. 9), we have calculated a profile for
the experimental run conditions of Buening and Buseck
(1973) using diffusion data from this study. As expected,
the profile is much more strongly asymmetric (composi-
tional exponent of 3) and shorter in length (slower diffu-
sivity). Then (Line 3, Fig. 9), we have tried to convolve
this profile, using procedures outlined in Ganguly et al.
(1988), to see whether we can match the observed data of
Buening and Buseck (1973). For this exercise, we have left
the convolution function c—a measure of beam spreading
in the electron microprobe—as a free fitting function. It is
found that with a ¢ of 10-15 um, we can obtain a fairly
good simulation of their profile shape, although the match
remains poor. Compared to values of ¢ = 0.5-0.6 um
determined on modern microprobes, this is a large number
(see for example Chakraborty and Ganguly 1992; Ganguly
et al. 1996). However, as already discussed by Chakraborty
(1997), such large convolution effects are not unrealistic
when the low take-off angles of X-rays in older micro-
probes are considered. For example, re-measurement of
profiles from some garnets studied by Rumble and Finnerty
(1974) in the 1990s by Ganguly et al. (1996) revealed a
convolution effect of exactly this order—a ¢ value of
~10 pum. Having established that a simple compositional
dependence would never produce the shape of profiles
observed by Buening and Buseck (1973) and that convo-
lution of microprobe analysis does produce exactly this
shape, we have carried out a final exercise where we have
tried to obtain a ‘‘best fit’’ to the observed profile of
Buening and Buseck (1973) by simultaneously varying
diffusivity as well as the convolution effect. As seen in
Fig. 9 (Line 4, which yields Line 5 when stripped of the
convolution effect), we succeed in reproducing exactly the
shape of profile observed by Buening and Buseck (1973)
with a diffusion coefficient (for an olivine composition of
Fogp) that is less than half an order of magnitude faster than
that found in this study (log D = -16.3), with the same
compositional dependence found here, and a convolution
function, ¢, of 15 um. Thus we conclude that the much
larger diffusion coefficients reported by Buening and Bu-
seck (1973) is a consequence of strong convolution effects
in older electron microprobes, compounded by uncertain-
ties of Boltzmann—Matano analysis. When corrected for the
convolution effects the data are not any more deviant from
the current data set than many others in the literature
(Fig. 8). As noted above, such variations of a half an order
of magnitude or less may be explained by a number of
experimental artifacts, including control of oxygen fugac-
ity. Considering the various sources of uncertainty (e.g. use
of polycrystalline material as source and assuming it to be
an infinite reservoir), the experiments of Buening and
Buseck (1973) need not be considered to be in conflict with
those from this study and Chakraborty (1997).

Diffusion along [010]

In a second plot (Fig. 8b) we have compiled the data along
[010]. The relation of data obtained in this study to results
obtained by Misener (1974) and Buening and Buseck
(1973) is the same as for the data along [001]. In addition,
the data of Jaoul et al. (1995) determined in the tempera-
ture range 600-900°C are shown. The most significant
difference to the present study is that these experiments
were performed at a high pressure in a piston cylinder or in
a multi anvil apparatus. The fO, was not explicitly con-
trolled but Jaoul et al. (1995) argue that it was close to the
IQF-buffer because of the Fe-metal capsules used in their
experiments. They have used fayalite thin films deposited
by RF-sputtering as the diffusion source and used RBS as
in this study to analyze the Fe depth profiles. High-pressure
experiments with thin films are a difficult task, because the
film has to survive much more extreme chemical and
mechanical conditions than in a gas mixing furnace. The
setup developed by Jaoul et al. (1995) helped them to
extract single crystals with film after the high-pressure
anneal; however, they have not carried out any surface
characterization with SEM and interference microscopy.
This would be important because our experience indicates
(e.g. Chakraborty and Costa 2004) that in such high-pres-
sure experiments substantial re-crystallization of the film
occurs leading to larger roughness and substantial convo-
lution effects for any depth profiling method such as RBS.
This might be one explanation for the enormous scatter
of their data (Fig. 8b). Additional scatter might have been
caused by the strong compositional dependence of diffu-
sion rates on the fayalite content. Jaoul et al. (1995) state
that they considered this dependence (with an exponent 3,
Eq. 1) for the simulation of the RBS spectrum with the
software RUMP (Doolittle 1986), but their Table 1 shows
that only 3 of 32 profiles were simulated considering this
dependence. For the rest of the profiles they assigned the
obtained diffusion coefficient to an olivine with a forsterite
content ‘‘arbitrarily taken at mid-height of the profile’’
(Jaoul et al. 1995), which introduces a systematic error. A
third issue with their data comes from the fact that the
concentration profiles they obtained were very flat (small
change in the concentration of Fe). Since the initial film
thickness was part of their fitting a large variety of diffu-
sion coefficients can be obtained in this case by fitting the
same RBS spectrum within its statistical error. Fourthly,
Jaoul et al. (1995) did not carry out any time series
experiments to exclude any artifacts related to their ap-
proach; essentially all experiments were performed for the
same time—o6 h. Gain of Fe from the Fe capsule may have
introduced further artifacts. And finally, such high-pressure
experiments may be affected by the influence of water
picked up from the cell material, as we have found in our
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own studies on Si and O diffusion in olivine. To summa-
rize, there are a number of reasons that may explain the
large scatter of their data as well as the larger diffusion
coefficients obtained in their study.

Conclusions

We have carried out a set of diffusion experiments with
detailed sample characterization to exclude experimental
artifacts and obtained Fe—Mg diffusion coefficients in oli-
vines as a function of composition, oxygen fugacity and
crystallographic orientation between 700 and 1,250°C. The
main findings of this study are:

1. Between oxygen fugacities of 107 and 107'* Pa, dif-
fusion in olivine may be described by a single acti-
vation energy along all crystallographic directions,
precluding any change of diffusion mechanism in this
range.

2. Activation energies of 196+ 12, 191 +9 and
201 = 8 kJ/mol for diffusion along [100], [010] and
[001], respectively, in olivine indicate similar tem-
perature dependencies of diffusion along different
crystallographic directions and no temperature depen-
dence of diffusion anisotropy. The nature of anisotropy
found here has been verified through modeling of
natural samples by Costa and Chakraborty (2004) and
Costa and Dungan (2005).

3. Diffusion coefficients increase with oxygen fugacity
between oxygen fugacities of 10~ and 107'° Pa. The
results are consistent with an fO, exponent, m, of 1/4—
1/6. Within the uncertainty of measurement, it is not
possible to constrain this exponent any better, and it is
best to obtain further constraints on the value of this
exponent from models of point defects, as done in Part
1L

4. Below oxygen fugacities of 107'°Pa at lower
temperatures (below ~950°C), the oxygen fugacity
dependence of diffusion rates diminishes to the point
of practically vanishing. The activation energy of dif-
fusion obtained by fitting data in this region (e.g.
fO, = 107"% Pa) is slightly higher, 223 + 9 kJ/mol. In
combination, these document a change of diffusion
mechanism in olivine that is further quantified in Part
1L

5. Our expanded database on Fe-Mg diffusion over a
range of temperature and fO, confirm the observations
of Petry et al. (2004), made on the basis of compari-
sons with the relatively limited dataset of Chakraborty
(1997), that diffusion rates of other divalent cations,
such as Mn and Ni, are practically identical to those of
Fe—Mg diffusion. Ni diffusion may be slightly slower
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on the average. On the other hand, Ca diffusion rates
(Coogan et al. 2005) are substantially slower (by a
factor of about 10 along [001]) than rates of Fe-Mg
diffusion.

The most important implication of this data set is that
with the availability of diffusion coefficients determined
experimentally down to temperatures of 700°C, and a wide
range of composition, fO, and crystallographic orientation,
most modeling of natural samples can be carried out by
interpolating, rather than extrapolating, laboratory data for
the first time. After considering a mechanistic interpreta-
tion of this data and change of mechanism based on point
defect chemistry, we provide master equations to calculate
Fe—Mg diffusion coefficients in olivine for modeling any
natural process in Part II.
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