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Abstract

Fe–Mg interdiffusion in ferropericlase has been studied at pressures between 8 and 23 GPa and temperatures between 1653
and 2073 K, using a multianvil apparatus. The compositions of the single crystal diffusion couples wereXFeO = 0.07 for one
crystal andXFeO = 0.37 for the other, although in one case pure MgO was used instead ofXFeO = 0.07. Fe–Mg interdiffusion
at oxygen fugacities buffered by Ni–NiO, including 1 bar data at 1673 and 1873 K of Mackwell et al. (in preparation), can be
described for 0.07 < XFeO < 0.37 by:

DFe–Mg = D0 exp

(
AXFeO

RT

)
exp

(
−EA + VAP

RT

)

where the pre-exponential factorD0 = 9.8(±0.7) × 10−6 m2 s−1, the constantA = 132± 13 kJ mol−1, the activation energy
EA = 255±16 kJ mol−1, the activation volumeVA = 3.3±0.1 cm3 mol−1, XFeOis mole fraction of FeO in (FexMg1−x)O,T is
absolute temperature, andP is pressure. This result can be used to constrain Fe–Mg interdiffusion coefficients of ferropericlase
in the Earth’s lower mantle. At the top of the lower mantle, at 23 GPa and 2000 K, diffusivities will be 0.5×10−13 m2 s−1 and
1.1× 10−13 m2 s−1 for XFeO = 0.1 and 0.2, respectively. Extrapolating the results to higher pressures suggests that diffusive
interaction at the core–mantle boundary will extend at most∼15 km into the lower mantle.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Ferropericlase is believed to be the second most
abundant phase in the Earth’s lower mantle and
forms by disproportionation of ringwoodite into sil-
icate perovskite and ferropericlase at the 660 km
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discontinuity (Liu, 1975; Guyot et al., 1988; Madon
et al., 1989). Hence, ferropericlase is one of the most
abundant constituent minerals of our planet. An un-
derstanding of the diffusion properties of this phase
is therefore necessary for constraining processes such
as mantle convection, homogenization of chemical
heterogeneities, interaction with metal during core
formation, and the extent of reactions occurring at the
core–mantle boundary.

Most studies of diffusion in the system MgO–FeO
have been performed on the end member MgO. Re-
views of Mg and O self-diffusion data at 1 bar and
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variable temperatures can be found inFreer (1980)and
Wuensch (1983). Vočadlo et al. (1995)investigated
ionic diffusion in MgO by computer calculations via
lattice dynamics. Only a few studies exist on Fe–Mg
interdiffusion in the system MgO–FeO. Experiments
employing polycrystalline diffusion couples or sin-
gle crystals embedded in powders were performed
by Bygdén et al. (1997), Rigby and Cutler (1965)
and Blank and Pask (1969). The temperature range
of these experiments was restricted to 1363–1588 K.
The oxygen fugacity was not buffered directly and
led to discrepancies in the results (seeBygdén et al.
(1997)for a discussion and comparison).

Mackwell et al. (in preparation)performed Fe–Mg
interdiffusion experiments employing single crystal
diffusion couples over a wide range of temperatures
and oxygen fugacities at 1 bar. From their results, dif-
fusion depends on oxygen fugacity with an exponent
of 0.22 and exponentially on composition, although
their equation also includes a compositional depen-
dence in the pre-exponential factor. A pure exponential
compositional dependence was observed for Fe–Mg
interdiffusion byBygdén et al. (1997), for Ni tracer
diffusion from thin films into NiO–MgO single crystal
solid solutions byWei and Wuensch (1973)and in in-
terdiffusion studies of NiO–MgO byBlank and Pask
(1969), Appel and Pask (1971), andJakobsson (1996).

To understand transport processes in the lower
mantle, where ferropericlase is an important constit-
uent phase, diffusivities as a function of pressure are
needed.(FexMg1−x)O ferropericlase is well suited for
high pressure experiments due to the large stability
field of this phase.Ita and Cohen (1997, 1998)per-
formed a theoretical study on diffusion in pure MgO
at high pressures. Calculated self-diffusion coeffi-
cients for Mg and O decrease with increasing pres-
sure.Van Orman et al. (2002)performed multianvil
experiments to measure Mg, Al and O self-diffusion
in MgO between 15 and 25 GPa at a constant tempera-
ture of 2273 K. Their results agree with the theoretical
work of Ita and Cohen (1998)and the experimentally
determined activation volume for Mg diffusion is
3.0 cm3/mol.

In this study we present results of Fe–Mg interdif-
fusion experiments at temperatures of 1653–2073 K
and pressures of 8–23 GPa along the Ni–NiO oxy-
gen buffer. The starting compositions of the single
crystals used as diffusion couples in this study were

XFeO = 0.07 or pure MgO andXFeO = 0.37, where
XFeO denotes the mole fraction of FeO. The results
are used to constrain chemical diffusivity in (Mg,
Fe)O ferropericlase solid solutions under conditions
of the lower mantle.

2. Experimental technique

2.1. Crystal preparation

Commercially available single crystals of pure
MgO (10 mm× 10 mm× 0.5 mm, purchased from
Alfa AESAR), with one side oriented along (1 0 0),
were used as starting materials for preparing the sin-
gle crystal (Mg, Fe)O diffusion couples. FeO was
diffused into the MgO crystals by annealing them in
a (Mg, Fe)O powder inside an alumina crucible for
200 h at 1723 K and at an oxygen fugacity of 1.6 log
units below the Ni–NiO buffer (NNO-1.6), using
a CO/CO2 gas-mixing furnace (approximate ratio
of gas volumes: CO/CO2 = 0.25). The (Mg, Fe)O
powder had been synthesized previously by mixing
laboratory grade Fe2O3 and MgO in an agate mor-
tar followed by annealing for two cycles at 1673 K
and an oxygen fugacity of NNO-1.6 for 20 h, with
regrinding between the cycles.

After the diffusive enrichment of the single crys-
tal slices in FeO, the sintered oxide powder was care-
fully ground away, maintaining the crystal orientation
within 0.5◦ of (1 0 0), as determined by X-ray diffrac-
tion. However, because the diffusion coefficient is a
second rank tensor and ferropericlase is cubic in the
investigated pressure and temperature regime, there is
no anisotropy in (Mg, Fe)O with respect to diffusion,
and crystal orientation should not affect the results of
the experiments (Nye, 1985).

The diffusion interface was polished with alumina
powders to 0.3�m. For the high-pressure diffusion
experiments, discs of 1 mm diameter and 500�m
thickness were drilled out as starting crystals. Elec-
tron microprobe traverses over the samples showed
heterogeneities of less than±1.5 mol% FeO along the
entire length of the crystal and less than±0.25 mol%
over 1 mm (diameter of diffusion couples). Alumina
contamination from the reaction crucibles was not
detected. However, on one side of the low iron con-
tent crystal a well sintered layer with polycrystalline
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(Mg, Fe)O with the same composition and a Ca2SiO4
phase was observed after the experiments, possibly
due to contamination during sample preparation.

2.2. High pressure experiments

The high pressure experiments were performed in
a 1000 t Kawai-type multianvil press. For diffusion
experiments at 8 and 12 GPa a 14/8 type multianvil
assembly was used and above 16 GPa a 10/4 multi-
anvil assembly was used (Fig. 1). These assemblies
consist of a Cr2O3-doped MgO octahedral pressure
medium with either 14 or 10 mm edge length and WC
cubes with 8 or 4 mm edge length corner truncations.
Fig. 1 shows the arrangement of the diffusion couple
in the assembly. A straight LaCrO3 resistance heater
was used for heating the 10/4 cell, whereas in the
14/8 cell a stepped LaCrO3 heater was employed to
reduce temperature gradients along the capsule. The
temperature was measured by a W97Re3–W75Re25
thermocouple without any correction for the effect
of pressure. To prevent thermocouple poisoning with
Ni from the sample capsule, a thin MgO disc was
inserted between the capsule and the thermocouple.

For preparation of the sample capsule, Ni foil was
rolled into a cylinder and then one end was folded
over. After careful cleaning in an ultrasonic bath the

Fig. 1. Pressure assemblies for multianvil experiments used in this study. AtP < 16 GPa a 14/8 assembly (14 mm edge length of the
octahedron, WC cubes with 8 mm edge length corner truncations) and atP ≥ 16 GPa a 10/4 assembly were used. The sample capsule
consists of Ni foil with the addition of NiO to bufferfO2.

single crystals were inserted, NiO powder (dried at
1000◦C) and a small Ni disc were added and the cap-
sule was closed. Subsequently the capsule was stored
in a desiccator until it was inserted into the assembly.

All parts of the assembly that consist of MgO,
LaCrO3 or Al2O3 were dried for at least 30 min at
1000◦C. In the 10/4 assembly the length of the ther-
mocouple rod was chosen such that the thermocouple
junction and the diffusion interface were arranged
symmetrically around the hot spot. In the 14/8 as-
sembly the thermocouple junction was located at
the center of the assembly where thermal gradients
are low. The complete assemblies were stored in a
vacuum oven at 220◦C to prevent any absorption of
water prior to the high pressure experiments.

For the 14/8 assembly, sample pressure was cali-
brated against hydraulic oil pressure at 1473 K using
the coesite� stishovite (Zhang et al., 1996) and
the Mg2SiO4 � � � (Morishima et al., 1994) phase
transformations. For the 10/4 assembly, pressure cal-
ibration at 1873 K was based on phase boundaries
of � � perovskite+ MgO, � � � and � � � in
Mg2SiO4 (Suzuki et al., 2000; Akaogi et al., 1989;
Morishima et al., 1994) as well as the ilmentite�
perovskite phase boundary in the system MgSiO3
(Ono et al., 2001). The pressure uncertainty is es-
timated to be±0.5 GPa. After pressurization, the
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sample was heated to the desired temperature which
was maintained for a time period that resulted in
a diffusion profile length of∼100�m. In order to
quench the experiments the power to the furnace was
switched off, resulting in a drop in temperature to
<300◦C in less than 2 s. Each recovered octahedron
was mounted in epoxy and was ground down until
the middle of the capsule was exposed.

3. Analytical procedure

Fig. 2 shows a backscattered electron image of a
diffusion couple annealed for 45 min at 16 GPa and
1873 K. The two halves of the diffusion couple are
generally well sintered after the diffusion experiments.
Fractures are rare and when present were carefully
avoided during electron microprobe analysis.

Fe–Mg concentration profiles have been mea-
sured by electron microprobe using a Cameca SX-50
equipped with four wavelength dispersive spectrome-
ters. The accelerating voltage was either 15 or 20 kV
and the probe current was 20 nA. Measurement times
on peak and background were 20 and 10 s, respec-
tively, resulting in a detection limit of approximately
2500 ppm for Fe and 600 ppm for Mg. Under these

Fig. 2. Backscattered electron image of the pressure assembly after a ferropericlase diffusion experiment. Conditions of the experiment
were 16 GPa and 1873 K with an annealing time of 45 min. The diffusion couple is seen surrounded by the Ni capsule. The NiO used for
buffering fO2 also interacted chemically with the end of the diffusion couple over a distance of∼150�m.

conditions ferropericlase is stable and no Mg loss
occurred. As standards, either enstatite or MgO were
used for Mg and either metallic Fe or Fe2O3 were
used for Fe, depending on which combination gave
totals closest to 100 wt.% on both crystals.

To determine the Fe3+ content of the samples,
Mössbauer analysis was performed on sample C55,
annealed at 2073 K and 23 GPa for 21 min, using a
thin section of 100�m thickness. The Fe3+ content
was approximately 2–3 at.% of the total Fe content.
The same sample was also used for Fourier transform
infrared spectroscopy. Only the low Fe-content crys-
tal could be examined because of severe absorption
on the Fe-rich side. Most analysis points gave a H2O
content of around 12 ppm; only one measurement
point near the edge of the sample showed 60 ppm of
H2O. The total water content is therefore low and con-
sistent with previous water solubility measurements
(Bolfan-Casanova et al., 2002).

4. Diffusion coefficient determination

An example of a diffusion profile is shown inFig. 3.
Due to the strong dependence of diffusivity on compo-
sition and the large compositional difference between
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Fig. 3. Diffusion profile that developed at 23 GPa and 1656 K af-
ter 961 min. The asymmetry due to the compositional dependence
of diffusivity is clearly visible. The flat parts of the profile, to-
wards each end, are indicative of the original homogeneity of the
crystals.

the two crystals (0.08 < XFeO < 0.37), the profile is
asymmetric. There is no direct analytical solution to
the diffusion equation where the diffusivity depends
on composition. To analyze the composition depen-
dence two alternative methods were applied.

The Boltzmann–Matano analysis is an exact for-
mulation that describes the diffusion coefficient
in terms of the derivative and the integral of the
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Fig. 4. Determination of Fe–Mg interdiffusion coefficients from an asymmetric normalized FeO diffusion profile in ferropericlase.
Normalization was performed such that the concentrationXFeO is equal to one at the left end of the profile and zero at the right end of the
profile. The profile was measured after an experiment at 23 GPa and 1851 K for 183 min. The lines show the numerical simulation (solid
line) and the fitted empirical sigmoidal function (dashed line), employing a Richards-type function (Ratkowsky, 1983), which was used
for the Boltzmann–Matano analysis. The results are given in the inset and are consistent within the experimental error of±0.3 log units.

concentration–distance function (Shewmon, 1989):

D(c∗) = − 1

2t

(
dx

dc

)
c∗

∫ c∗

c=0
x dc (1)

whereD(c∗) is the diffusion coefficient at concentra-
tion c∗, t the duration of the diffusion anneal,x the
position along the profile, andc the concentration. For
computing the derivative inEq. (1) from the exper-
imental data, a smoothing function is required. Dif-
ferent functions, normally used for sigmoidal growth
models (Ratkowsky, 1983), were applied. Due to the
strong nonlinearity of these functions, precise fitting
can be problematic. The resulting best-fit obtained by
the nonlinear least squares fit routine of Mathemat-
ica (Version 4.1.0.0, Wolfram Research) is shown in
Fig. 4, together with diffusion coefficients calculated
as a function of composition.

The alternative approach is to use a numerical finite
difference scheme with an assumed composition de-
pendence. At 1 bar, Fe–Mg interdiffusion in ferroper-
iclase can be described by:

DFe–Mg = (D01 + D02fO2
mXFeO

p)

×exp

(
−EA − αXFeO

RT

)
(2a)
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where D01 = 1.8 × 10−8 m2 s−1, D02 = 1.1 ×
10−4 m2 s−1, the activation energyEA = 206 500 J
mol−1, α = 61 950 J mol−1, m = 0.22, p = 1.17,
R is the molar gas constant, andT is temperature.
This equation was derived byMackwell et al. (in pre-
paration)using point defect arguments and the values
of the parameters are best-fit values to their data. The
power law dependence only plays a significant role
at low iron concentration, whereas for compositions
with XFeO > 0.07, diffusivities are primarily expo-
nentially dependent on composition, andEq. (2a)can
be approximated at constant temperature by:

D = D0 exp(ac(x)) (2b)

wherec(x) is the concentration at distancex, the con-
stanta controls the extent of asymmetry observed in
the diffusion profiles and the pre-exponential factor
includes the temperature and oxygen fugacity of the
experiment which are constants for each individual
experiment. Also for olivine (Morioka and Nagasawa,
1991) a pure exponential dependence on composition
was observed. For all experiments employing diffu-
sion couples withXFeO > 0.07, Eq. (2b) is inserted
into Fick’s second law, giving:

∂c

∂t
= ∂

∂x

(
D0 exp(ac(x))

∂c

∂x

)
(3)

which after differentiation gives:

∂c

∂t
= aD0 exp(ac(x))

(
∂c

∂x

)2

+ D0 exp(ac(x))
∂2c

∂x2

(4)

The partial derivatives in this equation were approx-
imated by finite differences and the solution propa-
gated in time using an explicit formulation (Smith,
1985). Simulations to the profiles were performed
by varying the parameters inEq. (2b) to minimize
the sum of squared residuals between calculated and
observed composition values along the profile. In
Fig. 4 the resulting fit to the experimental data is
shown in comparison with the nonlinear fit used for
Boltzmann–Matano analysis.

The inset ofFig. 4shows a comparison of the diffu-
sion coefficients determined using both types of analy-
sis. Because of the assumed exponential compositional
dependence for the numerical approximation, the loga-
rithm of the diffusion coefficient follows a straight line

when plotted against composition. The diffusion co-
efficients calculated by the Boltzmann–Matano anal-
ysis deviate systematically towards higher diffusivi-
ties at low Fe-concentrations and lower diffusivities
at high Fe-concentrations, compared to the numerical
model. Most of this deviation can be attributed to the
smoothing function itself, which does not fit the profile
perfectly at low and high iron concentrations. How-
ever, the difference is at most 0.1 log units for diffu-
sion couples with 0.07 < XFeO < 0.37 and therefore
lies well within the overall experimental error. Hence
both methods can be used to give consistent results
for these experiments. For sample C64, in which an
MgO single crystal was used as one end member, the
numerical model, using only an exponential compo-
sitional dependence (Eq. (2b)), slightly overestimates
diffusivities at the MgO-rich end of the profile. In this
region the composition power law dependence con-
tributes significantly to the diffusivity (Mackwell et al.,
in preparation). This implies a change in the charge
neutrality condition for point defects when approach-
ing the MgO-rich end of the solid solution. Based on
the above comparisons, all diffusion coefficients pre-
sented below were derived using the numerical model.

5. Results

The initial compositions of the crystals and the
experimental conditions are listed inTable 1. The
composition-dependent diffusivity was simulated for
each diffusion profile by the numerical method out-
lined above and fitted parameters for the constants
D0 and a in Eq. (2b) are also listed inTable 1. As
pointed out above, sample C64, employing pure MgO
as one end member, could not be simulated satisfac-
torily at the MgO-rich end using a pure exponential
composition dependence because the power law term
in Eq. (2a)becomes significant. Therefore, the profiles
for this sample were reanalyzed with a composition
dependence ofD = (D0 +D1(XFeO)1.17) exp(aXFeO)

(cf. Eq. (2a)), where the constanta was fixed at a con-
stant value of 4, consistent with the results at 1 bar
(Mackwell et al., in preparation), and the constantsD0
andD1 were allowed to vary. The result of this simu-
lation is also given inTable 1.

To test the inter-experiment reproducibility a time
series of experiments was performed at constant
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Table 1
Experimental conditions, initial compositions of diffusion couples, parametersD0, D1 and a for the equationD = (D0 + D1(XFeO)1.17)

exp(aXFeO) (cf. Eq. (2a)), and Fe–Mg interdiffusion coefficients forXFeO = 0.2a

Sample P (GPa) T (K) Time
(min)

XFeO

(crystal 1)
XFeO

(crystal 2)
D0

(�m2/s)
D1

(�m2/s)
a log(D),

XFeO = 0.2

C48 23 2063 40 0.079 0.363 0.037 0 7.23 −12.80
C51 23 1851 183 0.080 0.370 0.0048 0 7.49 −13.67
C53 23 1656 961 0.077 0.359 0.000454 0 6.82 −14.75
C55 23 2073 21 0.079 0.362 0.035 0 7.38 −12.81
C62 16 1873 45 0.082 0.356 0.053 0 7.54 −12.62
C64 8 1873 20 0.00 0.354 0.0168 1.20 4.00 −12.35
C67 8 1873 5 0.087 0.350 0.12 0 8.92 −12.15
C68 12 1673 48 0.085 0.354 0.0063 0 10.66 −13.27
C72 12 1873 20 0.077 0.335 0.042 0 8.87 −12.60
C73 23 1923 46 0.082 0.340 0.028 0 7.41 −12.91
C81 8 1873 15 0.086 0.363 0.132 0 8.66 −12.13

a D1 was only fitted for sample C64 in which pure MgO was one end member. For all other results the power law contribution of the
compositional dependence is not significant;D1 was therefore set to 0 (Eq. (2b)). All values are averages of simulations of at least two
profiles measured on each sample. As an example Fe–Mg interdiffusion coefficients forXFeO = 0.2 are given in the last column.

temperature of 1873 K and constant pressure of 8 GPa
(Fig. 5). The three experiments were performed for
5, 15 and 20 min using different heating rates, mul-
tianvil presses and types of diffusion couples. No
systematic variation of diffusivity as a function of
time was observed and the overall scatter of the data
was found to be better than±0.3 log units. Therefore,
at these conditions no zero-time effect due to heating
was observed experimentally.
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Fig. 5. Logarithm of the diffusion coefficient at constant temperature of 1873 K and constant pressure of 8 GPa. The dashed lines show
the average values of diffusivity, recalculated forXFeO = 0.1 and 0.3. The time series shows that the effects of the variation of heating
rate (hr), multianvil press (1000 or 1200 t), and compositions of the diffusion couples (DC) on the results are negligible.

The composition-dependent Fe–Mg interdiffusion
coefficientD at high pressure can be described by:

D=D0 exp

(
AXFeO

RT

)
exp

(
−EA + (P − Pref)VA

RT

)

(5)

where the constantA describes the compositional
dependence,XFeO the mole fraction of FeO,VA the
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dotted lines show a global fit ofEq. (5) with the parameter values detailed in the text.

activation volume,EA the activation energy,P the
pressure,Pref the reference pressure (=1 bar), and
T the absolute temperature. As discussed byPoirier
(2000) the pressure dependence of the entropic term
is neglected in this formulation.Eq. (5) is consistent
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Fig. 7. Logarithm of the Fe–Mg interdiffusion coefficient as a function of pressure at a constant temperature of 1873 K recalculated for
the compositionsXFeO = 0.1, 0.2, and 0.3 (Table 1). Data at 1 bar are from the study ofMackwell et al. (in preparation). At 23 GPa
data-points are recalculated to 1873 K from the correlation shown inFig. 8. Individual data-points are shown forXFeO = 0.1 and 0.3. The
solid lines are fits to the individual data-points atXFeO = 0.1, 0.2, and 0.3 calculated from the values inTable 1. The dotted lines show
the global fit ofEq. (5).

with Eq. (2a), derived from point defect considera-
tions, as long asXFeO > 0.07.

Figs. 6 and 7show the pressure dependence of dif-
fusion from which the value of the activation volume
VA (Eq. (5)) has been determined using the slope of
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a linear regression. Diffusivities at different compo-
sitions were calculated for each experiment by using
the constantsa andD0 in Eq. (2b) listed in Table 1.
The constanta in Eq. (2b)corresponds toA/(RT) in
Eq. (5). At 23 GPa, Fe–Mg interdiffusion coefficients
were recalculated to 1673 and 1873 K using the tem-
perature dependence given inFig. 8. At 8 GPa three
experiments have been performed, one of them using
a diffusion couple of a pure MgO single crystal as
one end member (C64,Table 1) and two employing a
diffusion couple withXFeO = 0.09 andXFeO = 0.35
(C67). No significant differences in the diffusion co-
efficients derived using the different kinds of diffu-
sion couples are observed (Fig. 5). Hence the result
from C64 was included in all calculations presented
below. FromFig. 6 values for the activation volume
of 3.4 ± 0.5 and 3.3 ± 0.5 cm3 mol−1 at 1673 and
1873 K, respectively, are evaluated from the slopes of
the regression lines.Fig. 7 shows that at 1873 K the
activation volume is 3.0 ± 0.5 cm3 mol−1 at 10 mol%
FeO, 3.3± 0.5 cm3 mol−1 at 20 mol% FeO and 3.5±
0.5 cm3 mol−1 at 30 mol% FeO. The error on the ac-
tivation volume was estimated from the 1 sigma stan-
dard deviation of the fit of logD versus pressure at a
fixed temperature and composition. Because the total
variation is not larger than the 1 sigma standard devia-

tion, it is concluded that at the experimental conditions
the activation volume does not depend significantly on
either temperature or composition.

The activation energyEA at 23 GPa can be calcu-
lated using the calculated activation volume and the
average constantA determined usingTable 1whereA
(Eq. (5)) = a (Table 1, Eq. (2b)) × RT, which at 23 GPa
is 1.16 × 105 J mol−1, from a plot of logD against
104/T (Fig. 8). At 23 GPa, the activation energy is
253±50 kJ mol−1 for XFeO = 0.1, 260±53 kJ mol−1

for XFeO = 0.2, and 271±55 kJ mol−1 for XFeO=0.3.
As stated in the analytical section the crystal with

XFeO = 0.07 had some CaO–SiO2 contamination on
one surface. This surface was always on the opposite
side of the crystal to the diffusion interface. Results
obtained from sample C64, which did not employ this
crystal, and from samples C72 and C73, where the
contamination layer was removed prior to the diffu-
sion anneal are consistent with the other experiments.
Therefore, the contamination has no effect on the de-
termined diffusion coefficients.

Using data recalculated toXFeO = 0.1, 0.2 and 0.3
(Table 1) and including 1 bar data at 1673 and 1873 K
from Mackwell et al. (in preparation), a global fit of
Eq. (5) was performed, leading toA = 132± 13 kJ
mol−1, activation energyEA = 255± 16 kJ mol−1,
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activation volumeVA = 3.3 ± 0.1 cm3 mol−1, and
the pre-exponential factorD0 = (9.8 ± 0.7) ×
10−6 m2 s−1. The quoted errors are standard errors
from the Mathematica (Version 4.1.0.0, Wolfram
Research) package LinearRegression. From the devi-
ation of the calculated and experimentally determined
values the overall error is estimated to be 0.3 log
units. These values forEq. (5)are valid for an oxygen
fugacity corresponding to the Ni–NiO buffer as will
be discussed below. The experimental conditions for
deriving these parameters were pressures of 0–23 GPa
and temperatures of 1656–2073 K.

The value of 3.3 cm3 mol−1 is in good agreement
with the activation volume of 3.0 cm3 mol−1 deter-
mined for Mg tracer diffusion in the experiments of
Van Orman et al. (2002).

6. Discussion

6.1. Temperature gradients

Temperature gradients in the 10/4 assembly can be
as large as 100 K mm−1 (Trønnes and Frost, 2002).
For a profile length of around 100–150�m the temper-
ature variation along the diffusion profile is therefore
on the order of 10–15 K. Numerical simulations by
finite differences usingEq. (5), but allowing the tem-
perature to vary linearly along the profile, show that
effects of profile lengthening or shortening are negli-
gible (
1�m at the extreme ends of the profiles).

Aside from pure distortion due to a change of dif-
fusivity, temperature gradients can potentially also
lead to Soret diffusion. This effect would be different
in the two assembly types used in this study be-
cause temperature gradients in the 14/8 cell are much
smaller in comparison to the 10/4 cell. Therefore, a
kink or discontinuity would appear in the pressure
correlation if the Soret effect leads to a significant
contribution of the diffusional flux. Such a kink is not
observed however (Figs. 6 and 7), so significant Soret
diffusion can be excluded.

6.2. Heating effects

Some diffusion inevitably occurs while the sam-
ple is being heated. However, at 1873 K and 8 GPa,
results of the time series shown inFig. 5 show that

this has little or no effect on the derived diffusion co-
efficients at these conditions. The contribution to the
diffusion profiles during heating at all conditions was
simulated by finite differences usingEq. (5). In an
initial heating phase the temperature was varied from
room temperature to the final temperature using the
actual heating rates of the experiments. The best-fit
parameters forEq. (5) were used for the activation
volume and the activation energy. The constantA was
recalculated fromTable 1. These simulations show
that diffusion profiles with lengths of several microns,
depending on the heating rate, develop during initial
heating. The difference between simulations employ-
ing these extended profiles as the initial condition and
simulations using an ideal step function as the initial
condition vanishes very quickly, however, with pro-
gressive diffusion. After less than 5 min no significant
differences can be observed for the combinations of
heating rate and high temperature annealing times
used in this study. Therefore, the profiles observed in
this work only contain information about the diffu-
sional properties at high temperature and it is mathe-
matically justified to use an ideal step function as the
initial condition in the simulation of the profiles.

6.3. Oxygen fugacity

All experiments reported here have been performed
in Ni capsules in contact with NiO powder (Fig. 2).
Therefore,Eq. (5) is only valid at oxygen fugacities
corresponding to the Ni–NiO buffer. BecausefO2 at
the Ni–NiO buffer varies with temperature and pres-
sure, this dependence is implicitly built intoEq. (5)
(see alsoChakraborty and Ganguly, 1991).

According to Mackwell et al. (in preparation),
Fe–Mg interdiffusion in ferropericlase varies withfO2
by the factor of (fO2)0.22. To test if the high-pressure,
high-temperature dependence of Fe–Mg interdiffu-
sion is independently consistent with the 1 bar data
from Mackwell et al. (in preparation), Eq. (5) was
refitted without including the 1 bar data. The differ-
ence between diffusivities calculated at 1 bar using
the back extrapolation of the high pressure data, and
those calculated from the results ofMackwell et al. (in
preparation)at an fO2 corresponding to the Ni–NiO
buffer, ranges from 0.01 log units at 1673 K and
XFeO = 0.1 to 0.58 log units at 2073 K forXFeO =
0.3. Considering the experimental error of 0.3 log
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units and the fact that the experimental data are ex-
trapolated over a pressure range of 8 GPa, these dif-
ferences indicate good consistency between the high
pressure results and data obtained at 1 bar.

6.4. Diffusion in (Mg, Fe)O in the lower mantle

Using the values obtained in this study it is possible
to constrain rates of chemical diffusion in ferroperi-
clase in the lower mantle. Based on studies of Fe–Mg
partitioning between ferropericlase and silicate per-
ovskite, XFeO of ferropericlase in the lower mantle
is likely to lie in the range 0.1–0.2 depending on
the alumina content of coexisting silicate perovskite
(Fei, 1999; Poirier, 2000; Frost and Langenhorst,
2002).

Using best-fit values forEq. (5), the Fe–Mg interdif-
fusion coefficient is 1.1×10−13 m2 s−1 for XFeO = 0.2
and 0.5×10−13 m2 s−1 for XFeO = 0.1 at 23 GPa and
2000 K, corresponding to the top of the lower mantle.
The pressure at the core–mantle boundary is approx-
imately 136 GPa (Dziewonski and Anderson, 1981)
but the temperature is poorly constrained. A value
of 3000 K on the mantle side of the thermal bound-
ary layer is derived from a mantle adiabat whereas
for a core adiabat the temperature at the core–mantle
boundary is likely to be around 5000 K (Poirier, 2000).
Most of the parameters used in these estimations are
highly uncertain but according toWilliams (1998)a
temperature contrast of 1000–2000 K acrossD′′ is ex-
pected. For the estimation of diffusion coefficients
at the core–mantle boundary 3000 and 5000 K are
adapted as limiting cases. According toBoehler (1996)
the melting temperature of ferropericlase at 136 GPa
is also∼5000 K.

Another uncertainty arises from the value of the
activation volume in the lower mantle because theo-
retical considerations predict that it should decrease
with increasing pressure (Karato, 1981; Poirier and
Liebermann, 1984; Mills et al., 1991). Ita and Cohen
(1997) calculated free energies of vacancy pair for-
mation and migration of Mg and O in pure MgO at
pressures from 0 to 140 GPa and temperatures from
1000 to 5000 K. Using these data together with cal-
culated lattice parameters enabled these authors to
calculate the decrease in the activation volume of the
intrinsic Mg self-diffusion coefficient with increasing
pressure. However, experimental and theoretical evi-

dence shows that Mg diffusion in MgO occurs by an
extrinsic diffusion mechanism at all experimental con-
ditions so far investigated (Sempolinski and Kingery,
1980; Wuensch, 1983; Vočadlo et al., 1995; Van
Orman et al., 2002). This is also likely to be the case
for the Fe–Mg interdiffusion experiments reported
in this study. Hence, to compare the results ofIta
and Cohen (1997)with experimental results only
the migration volumeVm = ∂Gm/∂P , whereGm is
the free energy of migration of the diffusion mecha-
nism, has to be considered. The activation volume of
3.0 cm3 mol−1 for Mg tracer diffusion determined by
Van Orman et al. (2002)agrees well with the migra-
tion volume of 3.1 cm3 mol−1 calculated employing
free energies of migration byIta and Cohen (1997)be-
tween 0 and 20 GPa at 2000 K. It will be assumed here
that the data for the free energy of migration reported
in Ita and Cohen (1997)can also be used to constrain
the pressure dependence of the activation volume of
(FexMg1−x)O ferropericlase at pressures greater than
23 GPa.

The migration entropySm calculated asSm =
∂Gm/∂T from the values ofIta and Cohen (1997)
is approximately constant between 0 and 140 GPa
indicating that the pre-exponential factor is pressure
independent. In this case the activation volumeVa(P)
at any pressureP and constant temperature is given
by (Poirier, 2000):

Va(P) = −RT
∂ ln D(P)

∂P
= ∂Ha(P)

∂P
(6)

whereD(P) is the diffusion coefficient at pressureP
andHa(P) the activation enthalpy at pressureP. As an
approximation, the activation volume between 1 bar
and pressureP was estimated from

V
avg
a (P) = Ha(P) − Ha (1 bar)

P − 1 bar
(7)

Values for the activation enthalpyHa(T, P) at tem-
peratureT and pressureP can be calculated employing
the results ofIta and Cohen (1997)from Ha(T, P) =
Gm(T, P) + TSm(P), whereGm(T, P) is the migration
free energy at temperatureT and pressureP andSm(P)
is the migration free entropy at pressureP. Between 0
and 140 GPa at 3000 K an average migration volume
of 1.35 cm3 mol−1 was derived in this way for extrin-
sic Mg self-diffusion. Assuming a similar pressure ef-
fect on the activation volume for Fe–Mg interdiffusion
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Table 2
Diffusion coefficients at 136 GPa (core–mantle boundary pressure)
derived using limiting assumptions for conditions prevailing at the
core–mantle boundary as discussed in the texta

TCB (K) Va (cm3 mol−1) XFeO DFe–Mg (m2 s−1) xdiff (km)

3000 1.4 0.1 3× 10−13 0.4
3000 1.4 0.2 5× 10−13 0.5
5000 1.4 0.1 3× 10−10 13
5000 1.4 0.2 4× 10−10 15

a Va is the activation volume estimated usingEq. (7) and the
calculations ofIta and Cohen (1997). Diffusion coefficients are
calculated using best-fit values forEq. (5) but employing the
estimated activation volume of 1.4 cm3 mol−1 instead of the low
pressure value of 3.3 cm3 mol−1. The lengthxdiff of diffusional
interaction is calculated asxdiff = 2

√
Dte where te is the age of

the Earth (4.5 × 109 years).

leads to an average activation volume of 1.4 cm3 mol−1

for calculation of diffusivities at the core–mantle
boundary. Diffusion coefficients derived using a com-
bination of the limiting assumptions listed above are
given inTable 2.

The diffusion coefficients listed inTable 2can be
used to constrain the length of diffusionxdiff at the
core–mantle boundary over the entire history of the
Earth (te = 4.5× 109 years) by applying the equation
xdiff = 2

√
Dte. The diffusional distance ranges be-

tween 0.5 and 15 km at 3000 and 5000 K, respectively.
Due to the effect of oxygen fugacity on diffusion
(Eq. (2a)) these length scales are upper limits because
the fO2 at the core–mantle boundary will be more
reducing than the correspondingfO2 of the Ni–NiO
buffer, where the experiments of this study have been
performed. These length scales are slightly longer
than the estimates ofVan Orman et al. (2002)using
self-diffusion coefficients of Mg in MgO. If the data
of Ita and Cohen (1997)are not applicable for Fe–Mg
interdiffusion and the activation volume does not
decrease with pressure then equilibration distances
would be significantly shorter. Preliminary results for
diffusion in Mg-silicate perovskite show that diffu-
sion rates for Fe–Mg interdiffusion in this phase are
orders of magnitude slower than for ferropericlase
(Holzapfel et al., 2001). Thus, it can be concluded
that pure diffusive interaction during Earth’s history
between the core and the mantle would not have any
significant effect on the bulk compositions of these
geochemical reservoirs.

7. Conclusions

In this study Fe–Mg interdiffusion in (FexMg1−x)O
ferropericlase was investigated at high pressure using
the multianvil technique. The resulting asymmetric
composition profiles can be described well by numer-
ical simulations using an exponential composition
dependence of diffusion forXFeO > 0.07. Includ-
ing data obtained at 1 bar fromMackwell et al. (in
preparation), diffusivities decrease monotonically at
constant temperature, with a constant activation vol-
ume of 3.3 cm3 mol−1 along the Ni–NiO buffer. The
difference between diffusivities at 1 bar and 23 GPa
is approximately 2.5 orders of magnitude at con-
stant temperature. Therefore, in modeling processes
occurring in the mantle that depend on diffusion,
it is essential to take the effect of pressure into
account.

It is expected that the absolute value of the activa-
tion volume decreases in the lower mantle. Taking this
effect into account by using results from theoretical
calculations (Ita and Cohen, 1997) leads to diffusion
coefficients at the base of the lower mantle at 136 GPa
and 3000 K which are approximately of the same order
as at the top of the lower mantle (Table 2) despite the
temperature increase of 1000 K. In the thermal bound-
ary layer at the core–mantle boundary where tempera-
tures most likely increase by 1000–2000 K, diffusivity
is increased by approximately three orders of magni-
tude. Based on these estimates, diffusive interaction
between the metallic core and the base of the lower
mantle would develop over distances of 0.5–15 km
over the entire history of the Earth. Taking into ac-
count the presence of silicate perovskite is likely to
significantly reduce these distances.
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