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Diffusion of the divalent transition metals in the deep mantle is important for understanding length

scales of mantle heterogeneity, transport across the core–mantle boundary, and the degree of

equilibration during core formation. Here we report the results of experiments and theoretical

calculations on Ni, Co, Fe and Mn diffusion in periclase, the primary repository of these elements in

cation vacancy concentration, and the experiments were performed at 2 GPa and temperatures

between 1673 and 2073 K. The variation in diffusion coefficients among the transition metals was

found to be less than a factor of three, and to increase in the order NioCo�MnoFe. Theoretical results

on the diffusion energetics, based on density functional theory with electron correlation effects

accounted for using the GGAþU method, correctly predict the relative diffusivities, and yield absolute

diffusion coefficients in reasonable agreement with the experimental results. A simple crystal field

splitting model does not provide even qualitative guidance for the trends in relative diffusivity, but

does show strong correlation with changes in migration energy due to spin transitions. The diffusion

coefficients are rapid enough under mantle conditions to allow equilibration during core separation

through the solid mantle, if the metal percolates through a grain-scale permeable network with

channel spacing of centimeters or less.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The divalent transition metals Co, Ni, Fe and Mn are important
tracers of mantle evolution, and are particularly important for
understanding formation of Earth’s core. During core formation,
siderophile (‘‘iron-loving’’) elements are segregated into the metal
phase, depleting them in the mantle. Nickel and cobalt are particu-
larly important tracers for determining the conditions of core
formation because their volatility is similar to iron and their
abundances in the upper mantle are well known, being largely
unaffected by crust formation because they are strongly retained in
the solid during partial melting (Hart and Davis, 1978). A great deal
of attention has been paid to the partitioning of these elements
between mantle phases and iron alloys, to provide constraints on
the conditions required to explain their observed depletion in the
mantle (e.g. Chabot et al., 2005; Malavergne et al., 1999; O’Neill
et al., 1998; Righter et al., 1997). It is also important to understand
how rapidly these elements diffuse in mantle phases, because this
All rights reserved.

an Orman).

ie Institution of Washington,

, USA.
determines the conditions under which partitioning equilibrium can
be attained during metal segregation.

Core formation is a complex process that involves metal segrega-
tion within planetesimals and planetary embryos prior to their
accretion to Earth, and during large accretion events that partially
or completely melt the mantle. The prevailing view is that the core-
forming metal equilibrated with mantle silicates at modest pressures
and temperatures, much lower than those that pertain at the present
core–mantle interface (e.g. Holzapfel et al., 2003; Murthy and Karato,
1997). The core–mantle partitioning of many elements, including the
divalent transition metals, is strongly dependent on pressure and
temperature (e.g. Malavergne et al., 1999; Righter et al., 1997; Siebert
et al., 2011), and hence it is likely that a strong driving force for
chemical exchange across the core–mantle boundary existed when
the core formed. How much chemical exchange could have occurred
across this boundary over the age of the Earth depends on how
rapidly the elements diffuse at the base of the mantle.

The divalent transition metals are also important for under-
standing the length scales on which geochemical heterogeneity can
be retained during mantle convection; iron is particularly important
in this regard because it has a significant influence on seismic
velocities (e.g. Duffy and Anderson, 1989; Isaak, 1992; Mao et al.,
2006; Trampert et al., 2001). Erasing chemical heterogeneity that is
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introduced into the mantle by partial melting, subduction, and other
processes depends both on the mechanical thinning of geochemical
reservoirs that accompanies convection and on chemical diffusion
(Kellogg and Turcotte, 1987).

Periclase, (Mg,Fe)O, is thought to comprise �15–20% of the
lower mantle but may have a disproportionate influence on the
transport of Fe, Ni and Co because (1) these elements are strongly
partitioned into periclase relative to magnesium silicate perovs-
kite (e.g. Kesson et al., 2002; Malavergne et al., 1997; Ohtani et al.,
1991); and (2) cation diffusion is much more rapid in periclase
than in magnesium silicate perovskite (e.g. Ammann et al., 2010;
Holzapfel et al., 2005; Yamazaki and Irifune, 2003).

Crispin and Van Orman (2010) found evidence that the crystal
field stabilization energy significantly reduces the diffusivity of Cr3þ

in periclase, and Saha et al. (2011) similarly found that the enhanced
crystal field stabilization of low-spin Fe2þ significantly reduces its
diffusivity relative to high-spin Fe2þ . The divalent transition metals
have a range of crystal field stabilization energies in periclase,
varying from 0 for Mn2þ to �122.1 kJ/mol for Ni2þ (Burns, 1993).
Previous studies, discussed in Van Orman and Crispin (2010) and
references therein, have examined some of these cations, but no
study has examined multiple transition metals simultaneously
under the same conditions. This simultaneous examination is
important because diffusion rates in periclase are sensitive to trace
impurities that control the vacancy concentrations, making it
difficult to interpret differences in the diffusivity of different cations
unless they are studied together in the same samples.

The vacancy formation energy in periclase is quite large,
�650 kJ/mol (Alf�e and Gillan, 2005; Karki and Khanduja, 2006),
and this implies that intrinsic vacancies will be present at less
than a few ppm at all temperatures where MgO is stable. Even the
highest-purity synthetic MgO crystals typically contain trivalent
impurities at much higher concentrations, and these are charge-
balanced by the creation of extrinsic cation vacancies. Cation
diffusion in MgO is therefore expected to be in the extrinsic
regime, both in experiments and under deep mantle conditions.

Wuensch and Vasilos (1962) found large differences in diffusivity
among Fe, Co, and Ni in periclase, which were shown to be correlated
with their crystal field stabilization energies (Crispin and Van Orman,
2010). However, each of these cations was studied individually, at
relatively high doping concentrations, and under varying oxygen
fugacity (some experiments were performed in an Ar atmosphere,
others in air), which can impact the valence state of the cation dopant
and the cation sublattice vacancy concentration. Part of the variation
in diffusivity among these elements found by Wuensch and Vasilos
(1962) is almost certainly related to differences in vacancy concen-
tration within the samples used. The relative diffusivities found by
Wuensch and Vasilos (1962) are correlated not only with the crystal
field stabilization energy of the cation but also with its tendency to
oxidize. Iron was found to diffuse most rapidly in their experiments,
but under the conditions of their experiments a significant proportion
of this element would have been trivalent, and charge-balanced by
cation vacancies. Nickel, on the other hand, which was found to be
the slowest cation in the Wuensch and Vasilos (1962) study, is
predominantly divalent even in air; the samples used in these
experiments likely had significantly lower cation vacancy concentra-
tions than the samples used in the Fe or Co experiments.

In this paper we report new experimental results on diffusion
of Mn, Fe, Co and Ni in periclase, as well as results of first-
principles modeling of the diffusivity of these cations.
2. Experiments

To avoid the problems encountered in previous studies, we
made a rigorous effort to limit external influences. The vacancy
concentration was controlled by doping with 550 ppm Al3þ both
the MgO single crystals and transition-metal bearing MgO pow-
der used as the diffusion source in the experiments. The experi-
ments were conducted in a piston cylinder device within graphite
capsules to fix the f O2

at conditions sufficiently reducing that each
of the transition metals was predominantly in the divalent state.
All of the cations of interest were present in the same experiment
and exposed to the same conditions simultaneously, thus allow-
ing for a direct one-to-one comparison of the results.

The experiments were conducted using pieces of an MgO
single crystal, 10 mm�10 mm�0.5 mm (mirror polished on top
and bottom), purchased from MTI corporation. The impurity
content reported by MTI was Car40 ppm, Alr15 ppm,
Sir10 ppm, Fer50 ppm, Crr10 ppm, Br5 ppm, and
Cr10 ppm. These nominal impurity contents are much less than
the aluminum trivalent impurities introduced into the crystals at
a level of 550 ppm, and therefore the vacancy concentrations can
safely be assumed to have been fixed by the concentration of
Al3þ . To introduce Al3þ into the crystal, it was surrounded by
spinel powder, packed tightly into an alumina crucible, and
placed in a furnace at 1200 1C for five months, long enough to
allow diffusion to produce a uniform distribution within the
crystal (Van Orman et al., 2009). Each crystal was then cleaved
into smaller pieces of approximately 1 mm�1 mm and then
annealed at 1500 1C in air overnight to reduce surface damage.

Periclase powder doped with �1 wt% each of Mn, Co, Ni, and
Fe, and 550 ppm Al3þ , was produced in a glycine–nitrate sol–gel
combustion synthesis (Chick et al., 1990). Pure MgO powder (Alfa
Aesar) was dissolved in pure concentrated nitric acid (Alfa Aesar)
and the dopants were added to the solution as 10 mg/ml plasma
standard solutions (Alfa Aesar). Glycine was added to act as a
complexing agent and the solution was heated on a hot plate in a
fume hood until combustion. The residue was collected and
placed in a box furnace at 900 1C for 24 h to burn off carbon
and nitrates. The powder was then annealed under reducing
conditions in sealed silica glass tubes in contact with Ni foil for
3 days.

All experiments were performed at 2 GPa in a Rockland piston
cylinder apparatus at Case Western Reserve University. A sche-
matic depiction of the sample assembly is shown in Fig. S1 of the
Supplementary Information. A sample chamber was drilled out of
graphite (with a graphite lid), which itself was inserted into a hole
drilled out of a solid magnesia rod such that the sample would be
centered within the hotspot of the assembly. The assembly used a
graphite furnace surrounded by silica glass and NaCl as the
pressure medium. An Al3þ-doped crystal was surrounded by
doped MgO powder to provide an effectively infinite reservoir
of the divalent transition metal cation. A W5%Re/W26%Re ther-
mocouple was inserted into the assembly with its junction within
1–2 mm of the single-crystal/doped–powder interface. The tem-
perature variation expected across the sample in this configura-
tion is expected to be �25 K or less (Watson et al., 2002). Samples
were heated to the final run temperature at a rate of 100 K/min
and quenched by shutting off the power. Diffusion during heating
and cooling can be considered insignificant compared to the run
times, which range from 0.5 h to 94.72 h.

Diffusion profiles were measured with a JEOL 8900 electron
microprobe at the Geophysical Laboratory using an accelerating
voltage of 15 kV and a probe current of 50 nA. Standards used
were MgO for Mg, spinel for Al, K253 for Mn and Co, Fe3O4 for Fe
and Ni-olivine for Ni. Linear scans were obtained perpendicular to
the edge of the crystal that was in contact with the doped powder.
Individual data collection spots were spaced 2.5–5 mm apart to
ensure no significant overlap. All diffusion profiles extended
less than 175 mm into the crystal, i.e. they did not reach the
center of the crystal. Hence, the diffusion can be considered
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one-dimensional within a semi-infinite medium. Five profiles
were measured on each crystal at different locations to evaluate
internal reproducibility. Additionally, three experiments were
conducted under the same conditions, with different run dura-
tions, to examine the reproducibility between runs.

In these experiments, where diffusion can be considered to be
one-dimensional, in a semi-infinite medium, with a constant
concentration boundary condition at the interface between the
powder and the crystal, the solution to the diffusion equation is
(Crank, 1975)

Cðx,tÞ�C0

Ci�C0
¼ erf

xffiffiffiffiffiffiffiffi
4Dt
p

� �
ð1Þ

where C is the concentration at depth x after time duration t, C0 is
the concentration at the interface, Ci is the initial concentration in
the crystal, and D is the diffusion coefficient. A curve was fit to
each of the profiles by least squares to find the diffusion
coefficient. An example of the diffusion profiles for all four cations
from one experiment, on a plot of the inverse error function of the
normalized concentration versus distance, is shown in Fig. S2 of
the Supplementary Information. The profiles are linear, indicating
that the diffusion coefficient is independent of concentration, and
differences in diffusivity among the cations are evidenced by
differences in slope, which is equal to 1=

ffiffiffiffiffiffiffiffi
4Dt
p

.
An isothermal time series at 1673 K was conducted to evaluate

the reproducibility between experiments. A representative exam-
ple of the profiles obtained from the time series experiments is
shown in Fig. 1 for Mn. In Fig. 1b, the distance is scaled with the
square root of the run duration. The scaled profiles fall within a
narrow band and the diffusion coefficients determined from each
individual profile are in good agreement for all four cations.
0.0
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Distance (μm) / sqrt (time (s))
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Fig. 1. Results of a time series for Mn2þ at 1673 K and 2 GPa. In (a) diffusion

profiles are shown as normalized concentration versus distance (in mm) from the

interface. In (b), the distance (in mm) is scaled by the square root of the run

duration (in seconds). All profiles overlap within a narrow band, indicating that

the diffusivity is independent of time, consistent with transport by volume

diffusion. The inset plot shows diffusion coefficients versus time for Mn2þ ,

Fe2þ , Co2þ and Ni2þ for all three experiments at 1673 K.
3. Experimental results

Diffusion coefficients determined in each experiment are listed
in Table 1. Each of the values listed is an average from 4 or
5 separate diffusion profiles obtained at different locations on the
recovered crystal. The reported errors represent two standard
deviations.

The temperature dependence of the diffusivity is given by the
Arrhenius relationship:

D¼D0 exp
�Hact

RT

� �
ð2Þ

where D is the diffusivity of the transition metal cation, T is the
temperature in Kelvin, R is the gas constant, and Hact is the
activation enthalpy. Because the experiments were performed at
2 GPa, the activation enthalpy includes the influence of pressure:
Hact¼EþPV, where E is the activation energy, V is the activation
volume and P is the pressure. To calculate the activation energy at
zero pressure, we assumed that the activation volume for each
cation scales with its activation energy, as elastic models predict
(Sammis et al., 1981) and that the ratio E/V for each cation is the
same as for Mg self-diffusion in MgO. We used the experimental
values of Mg activation energy (220 kJ/mol) and Mg activation
volume (3.0 cm3/mol) from Sempolinski and Kingery (1980) and
Van Orman et al. (2003), respectively. The Arrhenius parameters
for each cation are given in Table 2. In Fig. 2, the dashed lines
represent an adjustment of the data to atmospheric pressure and
Table 2 also lists the activation energy for 1 atm.

A comparison of results from this study, corrected to 1 atm, to
results from previous studies of Fe in periclase is shown in Fig. 3a
and a comparison to previous Ni results in periclase is shown in
Fig. 3b. In both cases, there is significant scatter between the
various studies. With the exception of the study of Fe2þ by Chen
et al. (2008), which also used Al3þ-doped crystals, the impurity
levels of the crystals used in these earlier studies are unknown.
Dotted lines represent the diffusivities for different trivalent
cation concentrations within the crystal. These Arrhenius lines
were calculated following the methods outlined in Van Orman
et al. (2009) assuming a binding energy of �50 kJ/mol between
trivalent cations and cation vacancies.

Wuensch and Vasilos (1962) found a much greater difference in
diffusivity between Fe, Co and Ni than is found in the present study
(Fig. 3c). The large differences in diffusivity among these cations
found by Wuensch and Vasilos (1962) is likely explained by
differences in the cation vacancy concentrations among the differ-
ent sets of experiments, due to variations in the oxidation state of
the diffusing cations. Cations in different oxidation states could
also have significantly different migration barriers due to changes
in effective size, charge, crystal field energy, and other properties. If
we assume that the changing vacancy content dominated the
changes in cation diffusion then, based on a comparison with our
experiments, we can infer that the concentration of trivalent



Table 1
Experimental conditions and results for Mn2þ , Fe2þ , Co2þ , and Ni2þ . Values in parentheses represent 2-sigma errors.

Time (h) Temp. (K) Mn2þ Fe2þ Co2þ Ni2þ

D (10�15 m2/s) D (10�15 m2/s) D (10�15 m2/s) D (10�15 m2/s)

MFCN091214 16 1673 5.13 (0.26) 7.59 (0.42) 4.97 (0.27) 2.69 (0.30)

MFCN091215 4 1673 4.11 (0.63) 5.86 (0.68) 3.89 (0.53) 2.11 (0.32)

MFCN091211 67.5 1673 4.66 (0.48) 5.24 (0.36) 3.28 (0.19) 1.71 (0.098)

MFCN100114 1.5 2073 28.8 (3.7) 40.6 (6.9) 33.1 (4.3) 18.5 (1.8)

MFCN100519A 0.5 1873 19.4 (2.0) 27.0 (2.3) 19.0 (2.5) 12.5 (2.5)

MFCN100519B 6.33 1573 2.11 (0.16) 2.99 (0.30) 1.95 (0.16) 1.06 (0.11)

MFCN100520 94.72 1473 0.849 (0.068) 1.13 (0.096) 0.72 (0.053) 0.386 (0.030)

MFCN100525 2 1773 4.44 (0.36) 7.10 (0.82) 4.51 (0.63) 2.52 (0.59)

Table 2
Experimentally determined Arrhenius parameters at 2 GPa and their extrapolation to 1 atm, and first-principles calculations of the migration, vacancy binding, and

activation energies at 1 atm. Values in parentheses represent 2s errors. Ionic radii are crystal radii from Shannon (1976), ionic polarizabilities are from Shannon (1993),

crystal field stabilization energies on the octahedral cation site in MgO are from Burns (1993).

Cation Experimental First principles Cation properties

log D0 Hact—2 GPa
(kJ/mol)

Hact—1 atm
(kJ/mol)

Hm

(kJ/mol)
Hact

(kJ/mol)
Ionic

radius(Å)

Polarizability

(Å3)

CFSE
(kJ/mol)

Mn2þ
�9.67 (0.60) 151 (19) 147 (19) 153.9 147.7 0.97 2.64 0

Fe2þ
�9.10 (0.53) 168 (17) 164 (17) 128.7 124.6 0.92 2.23 �51.7

Co2þ
�9.24 (0.50) 165 (16) 161 (16) 154.0 155.9 0.885 1.66 �86.2

Ni2þ
�9.57 (0.34) 165 (11) 161 (11) 182.1 181.6 0.83 1.23 �122.1

Mg2þ 196.6 0.86 1.33 0
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Fig. 2. Arrhenius plots of the diffusion coefficients for (a) Mn2þ , (b) Fe2þ , (c) Co2þ , and (d) Ni2þ determined from each experiment at 2 GPa. Dashed lines represent the

Arrhenius lines adjusted to 1 atm.
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cations in the Wuensch and Vasilos (1962) experiments was
between �50 and 200 ppm for the Ni diffusion experiments,
�200–600 ppm for Co and �2000–4000 ppm for Fe.
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4. First-principles calculations

First-principles calculations were carried out to determine the
energetics of the various atomic jumps that are involved in
diffusion of the transition metals and calculate their tracer
diffusion coefficients. The first-principles modeling serves both
to validate the experimental data and to provide insight on
mechanisms governing migration, e.g. the influence of crystal
field energetics.

4.1. Multi-frequency model

The MgO lattice consists of two interpenetrating fcc sub-
lattices, with cation diffusion taking place on the Mg sub-lattice.
Lidiard (1955) developed a theoretical model, often referred to as
the five-frequency model, describing diffusion of a dilute sub-
stitutional atom on an fcc lattice, which in the present case
involves site exchanges between cation vacancies, the substitu-
tional cation, and other surrounding cations. There are four types
of vacancy-cation site exchange to be considered in the diffusion
of a substitutional cation in periclase, which are depicted sche-
matically in Fig. 4a. The frequencies for each of these exchanges
are defined as follows: w1 is the frequency of exchange between a
surrounding Mg cation and a nearest-neighbor cation vacancy; w2

represents the exchange between the substitutional cation and
the vacancy; w3 is a dissociating jump of the vacancy away from
the substitutional cation (i.e. moving the vacancy out of the
nearest-neighbor position); and w4 is the associating jump of
the vacancy towards the substitutional cation into the nearest-
neighbor position. In addition to these four frequencies, w0 is
defined as the site exchange frequency between a vacancy and an
Mg cation that resides far from the substitutional cation, which is
equivalent to the Mg-vacancy exchange frequency in pure MgO.
The diffusion coefficient of the transition metal cation substitut-
ing onto an Mg lattice site in the rock salt structure is given by the
equation:

Dtm ¼ a2w2xvf
w4

w3

� �
ð3Þ

where a is the distance between nearest-neighbor Mg and O
atoms (equal to half the lattice parameter of MgO), xv is the
concentration of vacancies that contribute to diffusion, and f is a
correlation factor defined as:

f ¼
2w1þ7Fw3

2w2þ2w1þ7Fw3
: ð4Þ

The parameter F is the escape probability, given by

F ¼ 1�
1

7

10x4
þB1x

3
þB2x

2
þB3x

2x4
þB4x

3
þB5x

2
þB6xþB7

, ð5Þ

where symbol x is related to the jump frequencies, x¼w4=w0.
The coefficients Bi are determined by Koiwa and Ishioka (1983)
using perturbation theory and are given in Allnatt and Lidiard
Fig. 3. Comparison with prior experimental results on diffusion of divalent

transition metals. (a) Summary of diffusion data for Fe2þ in periclase (Blank and

Pask, 1969; Bygdén et al., 1997; Chen et al., 2008; Mackwell et al., 2005; Tagai

et al., 1965; Wuensch and Vasilos, 1962), including the results of this study

(corrected to 1 atm). The dotted lines represent the extension of our results to

different trivalent concentrations (see text for discussion). (b) Summary of

diffusion data for Ni in periclase (Appel and Pask, 1971; Blank and Pask, 1969;

Harding, 1972; Mimkes and Wuttig, 1971; Wei and Wuensch, 1973; Wuensch and

Vasilos, 1962, 1971). (c) Comparison of the present results (corrected to 1 atm)

with those of Wuensch and Vasilos (1962). Cation vacancy concentrations in the

Wuensch and Vasilos (1962) study were not controlled, and are inferred based on

the present results to be �50–200 ppm for Ni, �200–600 ppm for Co, and

�2000–4000 ppm for Fe.



Fig. 4. Schematic depicting the theoretical methods used to calculate transition metal diffusion coefficients. (a) Five-frequency model for diffusion on the fcc cation sub-

lattice in MgO, with vacancy (open square) and transition metal (large dark circle) on adjacent sites. Gray circles represent Mg on nearest-neighbor sites to the transition

metal. See text for discussion. (b) Schematic representation of a nudged elastic band (NEB) image of transition metal diffusing in (Mg,TM)O. At the initial position a TM2þ

ion (golden sphere) resides on an Mg lattice site adjacent to an Mg vacancy (white square). In the activated state the TM2þ atom is halfway between the initial lattice

position and target vacant position and forms a line with the two nearest-neighbor oxygen anions (red spheres). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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(1993). The lattice parameter of MgO is 0.425 nm, calculated from
first principles by fully relaxing a 216 atom cell of MgO.

The jump frequencies are dependent on temperature, and each
can be expressed as

wi ¼ vi exp
Si

k

� �
exp

�Hi

kT

� �
, i¼ 0 to 4 ð6Þ

where v is the jump attempt frequency, Hi the enthalpy, Si the
entropy, k the Boltzmann constant, and T the absolute temperature.
All vacancy hops are assumed to have a frequency of 5.2 THz, the
value calculated for cation self-diffusion in MgO by Ita and Cohen
(1997). In order to simplify the calculations, two types of approx-
imations were used to estimate three of the necessary migration
energies in terms of two others, effectively reducing the five-
frequency model to a three parameter model specified by w0, w2,
and the binding enthalpy, Hb (which is equal to the binding energy
as the modeling is done at zero pressure). We will refer to this
model as a multi-frequency model to cover all cases. First, it is
assumed that the Mg migration energy is not strongly affected by
the neighboring transition metal, which allows us to set w1¼w0.
Second, it is assumed that the transition metal-vacancy binding
energy affects the dissociating and associating hops (w3 and w4)
symmetrically, that the vacancy unbinds completely when it hops
away from the transition metal nearest-neighbor site, and that the
binding entropy is negligible (Crispin and Van Orman, 2010; Van
Orman et al., 2009). These assumptions imply that w3 ¼w0eHb=2RT

and w4 ¼w0e�Hb=2RT . Note that Hb is negative when the transition
metal and vacancy are attracted.

Because the migration entropy and enthalpy are correlated, we
also assume for migration that Si¼0.000142Hi as implied by the
Sempolinski and Kingery (1980) data for diffusion of cation
vacancies in MgO assuming a jump attempt frequency of
5.2 THz (Ita and Cohen, 1997).

4.2. Migration and binding energies

The migration and binding energies are calculated using first-
principles methods. The migration energy is defined as the jump
barrier of the transition metal from a lattice site to an activated
state. The calculations are carried out using density functional
theory (DFT) and the projector-augmented plane-wave (PAW)
method (Blöchl, 1994; Kresse and Joubert, 1999) with the Vienna
Ab-initio Simulation Package (VASP) (Kresse and Furthmüller, 1996;
Kresse and Hafner, 1993). Exchange correlation is treated in the
Generalized Gradient Approximation (GGA), as parameterized by
Perdew–Burke–Ernzerhof (PBE) (Perdew et al., 1996). To account for
the electron correlation effects in transition metals more accurately,
the GGAþU method is used, with an effective U¼U� J (Anisimov
et al., 1997). The effective U’s for transition metals in oxide are taken
from fits by Wang et al. (2006) and are 4 eV, 4 eV, 3.3 eV and 6.4 eV
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for Mn, Fe, Co and Ni, respectively. A plane wave basis set with a
kinetic cutoff energy of 540 eV is used. The Brillouin zone is sampled
by a Monkhorst–Pack (Monkhorst and Pack, 1976) k-point grid with
8 k-points/atom for a 64 atom 2�2�2 supercell and with just the
gamma point for a 216 atom 3�3�3 supercell. One transition
metal atom (dilute limit) is used for all the transition metal
energetics. Calculated energies with a charged vacancy in the cell
are converged to better than 1 meV/atom with respect to a higher
cutoff energy (840 eV) and a denser k-point grid (with 27 k-points/
atom and 8 k-points/atom for the 2�2�2 and 3�3�3 supercell,
respectively).

Migration barriers are calculated using the nudged elastic band
(NEB) scheme (Jónsson et al., 1998). For the rocksalt structure of
periclase, most of the NEB calculations are done with one image as
the hop is symmetric, assuring a local maximum at the center of
the hop unless the migration path energy surface has multiple
maxima. Convergence with respect to images has been done for a
few barriers using three and five images and in all cases they show
insignificant variations. An illustration of a typical migration
barrier and hopping path is given in Fig. 4b. For Mg and all
transition metals the hopping atom is found to move directly
along the line joining the nearest-neighbor sites of the fcc metal
sublattice. Attempts to find paths where the hopping cation had an
activated state near tetrahedral sites had either higher migration
energies or relaxed back to the direct path picture shown in Fig. 4b.

The binding energies of the first nearest neighbor solute and
vacancy pair are calculated by comparing the energy of a config-
uration in which the vacancy and solute are first nearest-
neighbors to configurations where the vacancy and solute are
isolated. The specific stoichiometries used to determine the
binding enthalpy are defined as

Hb ¼H½ðMgN�2SVÞON �þH½MgNON��H½ðMgN�1SÞON��H½ðMgN�1VÞON �

ð7Þ

where H is the enthalpy of the supercell shown in brackets, S is a
transition metal solute, V is a cation vacancy, SV denotes a solute
and vacancy placed on nearest-neighbor cation sites, and N

represents the total number of cation or anion sites in the
simulation supercell.

As the supercell size is increased from 2�2�2 to 3�3�3, the
binding energies for all elements change by less than 6 kJ/mol, and
the migration energies for Co2þ and Ni2þ change by less than 3 kJ/
mol. On the other hand, the migration energies for Mn2þ and Fe2þ

decrease by 13 and 22 kJ/mol, respectively. Ammann et al. (2012)
did not find a significant size effect for Mg2þ and O2� diffusion in
MgO beyond the 3�3�3 supercell size, and we expect the
changes in migration and binding energies with larger cell sizes
to be small, perhaps on the scale of just 1–2 kJ/mol, which would
create an insignificant error in the results. For further analysis and
comparison to experiment, we use the energies from the 3�3�3
supercell calculations. A comparison of the migration and binding
energies for 2�2�2 and 3�3�3 supercell sizes is given in the
Supplementary Information (Table S1).

4.3. Results and their comparison with experimental data

The migration and binding energies obtained from the first-
principles calculations and the activation energies calculated from
the slope of the natural log of the diffusion coefficients vs. inverse
temperature are given in Table 2. The diffusion coefficients
calculated from the multi-frequency model are compared to the
experimental values in Fig. 5. Because diffusion coefficients
obtained from first principles are calculated at 0 GPa external
pressure, the experimental diffusion data are extrapolated to
1 atm in Fig. 5 for comparison. To obtain the theoretical diffusion
curve in Fig. 5, the cation vacancy concentration xv in Eq. (3) is
calculated based on the Al3þ concentration measured in the
experimental samples. A fraction of the cation vacancies in the
experimental samples is bound to Al3þ to form defect pairs, and
these bound vacancies are not expected to contribute significantly
to diffusion of the transition metals in our experiments. We
calculated the proportion of bound vacancies as described by
Van Orman et al. (2009) and Ammann et al. (2012), assuming a
binding energy of �50 kJ/mol, and subtracted these from the total
vacancy concentration determined by stoichiometry to obtain xv.
The agreement between the experimental data and first-
principles results is very good considering that there is no fitting
of any kind to the experimental data. The greatest discrepancies
are for Ni and Fe, which show disagreement with the diffusion
coefficients and predicted activation energies outside the 2s
experimental error bars. The source of these errors could be the
finite temperature changes in migration enthalpy, additional
terms in the five-frequency model that were not included,
vibrational entropy contributions that were approximated, or
potentially density functional theory errors (which are not unex-
pected on these correlated electron systems). We note that the
largest errors are on the scale of about 10–15% of the migration
enthalpies, e.g. the Fe calculations could be brought within the
error bars of the experiments by changing the combined migra-
tion and binding energies by about 30 kJ/mol.
4.4. Controls on diffusivity

The diffusion coefficients determined here increase in the
order NioCo�MnoFe, and are correlated with ionic radius,
polarizability and crystal field stabilization energy (Table 2). All
of these properties are likely to affect the diffusivities, but it is
difficult to separate their influences because all are strongly
correlated. The diffusivities generally increase with radius, oppo-
site to the trend usually observed in minerals and to the behavior
expected from simple elastic models for the migration energy
(Mullen, 1966; Van Orman et al., 2001). This anomalous behavior
likely arises not from the influence of size itself but from the
larger polarizability and smaller crystal field stabilization energy
of the larger transition metal cations. More polarizable cations are
more easily distorted in the electric field between two oxygen
anions in the activated state, and this distortion may lower the
migration barrier. The influence of polarizability on the migration
energies is supported by the first principles results for Mn and
Mg, neither of which exhibits crystal field effects. Mn has a
smaller migration barrier than Mg despite its larger size, and this
is presumably due to its much larger polarizability.

Crystal field effects were suggested by Crispin and Van Orman
(2010) and by Saha et al. (2011) to play a role in diffusion of
transition metals in MgO. The calculated transition metal-vacancy
binding energies decrease systematically with the crystal field
stabilization energy (Table 2), consistent with experimental data
(Crispin and Van Orman, 2010) for Cr3þ and Ga3þ (larger crystal
field stabilization correlated with smaller binding energy). It is
likely that ionic size and polarizability also influence the binding
energy. Specifically, strain reduction could lead to increased
vacancy binding for larger atoms, consistent with the trends
observed here.

Saha et al. (2011) showed that the changes in crystal field
stabilization energy (CFSE) across the spin transition of Fe2þ can
explain the differences in migration barrier between high-spin
(HS) and low-spin (LS) Fe2þ at high pressure. We have done a
similar analysis for the divalent transition metals studied here, as
described in more detail in the Supplementary Information. If the
cation migration barrier differs from that of Mg only because of
the crystal field stabilization, the migration energy could be



Fig. 5. Comparison of experimental results (adjusted to 1 atm; symbols) to the first-principles calculations of the diffusion coefficients of transition metals Mn2þ , Fe2þ ,

Co2þ , and Ni2þ (solid lines). Note that there are no adjustable parameters in the comparison of the experimental and theoretical results: the cation vacancy concentrations

used to calculate the theoretical diffusion coefficients are constrained to be the same as those inferred for the experimental samples based on their Al3þ concentrations.
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predicted as

HTM
m ¼HMg

m þCFSETM
lin �CFSETM

oct ð8Þ

where Hm is the migration enthalpy, CFSElin and CFSEoct represent
the CFSEs for the substituted transistion metal in the linear field
of the activated state and in the octahedral field of the lattice
position, respectively. The linear field of the activated state
represents the cation in a linear local environment, surrounded
by two oxygen atoms on the same plane.

A comparison of the transition metal migration barrier pre-
dicted based on CFSE (Eq. (8)) with the activation energy from the
experiment and the first principles calculations is presented in
Fig. 6a (and in Table S4 of the Supplementary Information). The
predicted migration enthalpies are much larger than the calcu-
lated and experimental migration and activation energies. If CFSE
were the dominant contribution, the activation energy for Fe, Co
and Ni would be expected to be larger than for Mg, but instead
the activation energies for each of these elements is smaller. It is
therefore clear that for these elements, while crystal field energies
may be playing a role, they cannot simply be used to estimate
migration enthalpies.

Even if the crystal field effects cannot be correlated with the
total migration energies it is interesting to see to what extent
they can be correlated with the difference in migration energy
across the spin transition, as was done by Saha et al. (2011) for
high pressure Fe in ferropericlase. The difference in migration
energy across the spin transition can be expressed in terms of the
CFSE as

HLS
m�HHS

m ¼ ðCFSEHS
oct�CFSELS

octÞ�ðCFSEHS
lin�CFSELS

linÞ ð9Þ

A comparison of DHm predicted from Eq. (9) with the DHm

calculated from first principles is shown in Fig. 6b. The Supple-
mentary Information provides the numerical data from Fig. 6b in
Table S3, as well as a discussion of the treatment of Ni2þ spin
state used in this analysis. There is a strong correlation between
the simple CFSE and first-principles calculations of DHm but the
CFSE model consistently overestimates the difference.

Overall, the simple CFSE-based model significantly overesti-
mates the difference in migration energy across the spin transi-
tion compared to the differences calculated from first principles.
However, we note that the agreement seems to improve with
pressure, accounting for the quite good agreement found by Saha
et al. (2011) for the first principles and crystal field predicted spin
dependence of the migration energy of Fe2þ at 60 GPa. The
migration energy changes across the spin transition from crystal
field calculations are consistently 45–55 kJ/mol too large, except
for Mn2þ , which has an even greater discrepancy (Fig. 6b). The
unusual behavior of Mn2þ stems from the fact that the first
principles calculations fail to find a stable activated state for LS
Mn2þ where 4 electrons are paired, as in the LS Mn2þ on the
lattice. Low spin Mn2þ in the activated state is modeled in
the CFSE calculation as having 4 paired electrons and one
unpaired electron (as depicted schematically in Fig. S5a of the
Supplementary Information). However, the first principles calcu-
lation predicts a stable activated state with all 5 d-orbitals
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occupied (as depicted schematically in Fig. S5b of the Supple-
mentary Information), but with some of the electrons antiparallel
in spin. Apparently the energy cost to remain in a higher orbital is
less than that required to form an up and down pair in a single
orbital. Therefore, the ab initio calculation is not really modeling
the same spin state that is used in the CSFE energy estimate,
which leads to a discrepancy different than in the other cases.

In summary, we find that the crystal field splitting does not
provide even qualitative guidance for the overall trends in
migration energy for the divalent transition metals. However, a
simple CFSE model does show strong correlation with changes in
migration energy due to spin transitions, provided the CFSE
model and the actual system have the same electron pairing.
The necessity of matching electron pairing in the model and
nature (or ab initio) is a significant limitation as we saw that in
both Mn2þ and Ni2þ the stable states were different than what
could be reliably treated with a simple CFSE model. The failure of
the simple crystal field model for predicting overall migration
enthalpy changes is not very surprising as many other properties
of the transition metal, from size to bonding strength, could
influence the migration energetics. The relative success of the
crystal field models for the spin dependence of the migration
energy is likely due to the cancellation of many other contribu-
tions when comparing different spin states of the same atom. The
discrepancies that still occur even for the CFSE based prediction of
the spin state dependence could have many sources. These
discrepancies may be explained in part by the systematically
smaller size of the atom in the low spin state, which would be
expected to lower the migration barrier. Another possible reason
for these errors is a loss of significance of the crystal field splitting
parameters in low-symmetry coordination sites (Burns, 1993).
Cations with an uneven distribution of electrons in eg orbitals
tend to spontaneously distort their environment following the
Jahn–Teller theorem and gain more stability at low symmetry
sites. Such site-specific effects are not included in the simple
crystal field model here.
5. Applications

5.1. Transition metal diffusion in the lower mantle

To apply the experimental data acquired in this study to
Earth’s lower mantle, it is necessary to extrapolate the results to
higher pressure. The pressure dependence of Mg diffusion in
periclase has been measured experimentally at pressures up to
25 GPa (Van Orman et al., 2003) and has been calculated from
first-principles by Karki and Khanduja (2006) and Ammann et al.
(2010) up to core–mantle boundary pressure. The experimental
and first-principles results are in good agreement up to 25 GPa,
and are consistent with a migration volume of 3 cm3/mol. At
higher pressures, the first-principles calculations show that the
migration volume for Mg decreases significantly, and similar
behavior is expected for diffusion of the transition metals. A
useful prediction of elastic continuum models for diffusion is that
the migration volume is related to the migration energy by a
constant that depends on the elastic properties of the crystal
(Sammis et al., 1981). This prediction has been confirmed experi-
mentally for metals and alkali halides (Sammis et al., 1981), and
for Al3þ and Mg2þ diffusion in MgO (Van Orman et al., 2003),
where the ratio of the migration volume to the migration energy
is approximately the same for both cations. If Vm/Em is constant
for cations diffusing by a vacancy mechanism in MgO, it follows
that HTM/HMg at all pressures is constant, and equal to ETM/EMg. We
can therefore estimate the curves of HTM vs. pressure based on the
curve determined for Mg from first-principles and the low-
pressure activation energies for the transition metals determined
in this study. Here we use the pressure dependence of HMg

determined by Ammann et al. (2010) to scale our experimental
results for the activation enthalpy of the transition metals. The
results of this extrapolation for Fe are in reasonable agreement
with the high-pressure first-principles results for high-spin iron
of Ammann et al. (2011) and Saha et al. (2011). Spin transitions
may reduce the diffusivities, but the effect is only a factor of �3
for Fe at pressures corresponding to the base of the mantle (Saha
et al., 2011).

Given the calculated curve of HTM with pressure, the diffusion
coefficient along a lower mantle geotherm can be calculated using
Eq. (2). The value of Do in Eq. (2) depends on the cation vacancy
concentration, which may not be the same in lower mantle
periclase as in our experimental samples. Reasonable estimates
for the cation vacancy concentration in lower mantle periclase
range from �1000 ppm to 2% based on the trivalent and mono-
valent concentrations in periclase from diamond inclusions
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assumed to have a lower mantle origin (e.g. McCammon et al.,
2004; Stachel et al., 2000). A nominal vacancy concentration of
4000 ppm is used in Fig. 7 to calculate the diffusivities along the
lower mantle geotherm of Stacey and Davis (2004). The diffusion
coefficients are nearly constant throughout most of the mantle,
except near the core–mantle boundary, due to the opposing
influences of pressure and temperature, which nearly cancel
along an adiabat. Over the age of the Earth, the calculated
diffusive length scale L¼ 2

ffiffiffiffiffiffi
Dt
p

is on the order of 100 m through-
out most of the lower mantle, and up to nearly a kilometer at the
core–mantle boundary. These values can be considered upper
limits on the length scale for volume diffusion of these elements
in the lower mantle, because cation diffusion through perovskite
and post-perovskite is significantly slower (Ammann et al., 2010).
The length scale for volume diffusion will approach these values if
periclase forms an interconnected network, or if grain boundary
diffusion is efficient enough to connect periclase crystals that are
not in physical contact. The diffusive length scale for grain
boundary transport may be orders of magnitude larger than for
volume diffusion (Harris et al., 1997; Hayden and Watson, 2007;
Van Orman et al., 2003).

5.2. Chemical exchange with solid lower mantle during core

formation

Core formation is commonly envisioned to involve metal
transport both through liquid silicate at shallow levels, and
through solid mantle below the magma ocean (e.g. Rubie et al.,
2003). If metal ponds at the base of the ocean and sinks through
the solid mantle as large diapirs, no significant chemical exchange
during descent is possible. Experiments have shown, however,
that iron alloys may be able to form permeable networks under
deep mantle conditions (Takafuji et al., 2004). If liquid metal
alloys percolate through the solid lower mantle, significant
chemical exchange may be possible. The critical parameter that
determines whether chemical exchange can occur during perco-
lation is the spacing, d, between melt tubes, relative to the
diffusivity in the solid mantle, Ds. The composition of the liquid
metal will be affected by percolation through the solid mantle if
(Spiegelman and Kenyon, 1992)

DS4Ad4
ð10Þ
where

A¼
fn�1Drg

10bmL
ð11Þ

For reasonable values of the porosity (1%) and its exponent (n¼2 for
tubular geometry; n¼3 for planar channel geometry), density con-
trast (Dr�4400 kg/m

3), gravitational acceleration (g�9.8 m/s2), per-
meability constant (b�1000), liquid metal viscosity (m�0.01 Pa s),
and percolation distance (L�2000 km), A is on the order of
2�10�6 m�2 s�1 for tubular geometry and 2�10�8 for planar
geometry.

The solid diffusion coefficients relevant to metal percolation are
larger than those relevant at present because mantle temperatures
were higher in Earth’s earliest history. For a geotherm �1000 K
hotter than today, the diffusion coefficients for the transition
metals in periclase would be on the order of 10�12 m2/s, and the
diffusion coefficients for perovskite about four orders of magnitude
smaller. Fig. 8 shows the conditions required for significant
chemical exchange to occur during core metal percolation for the
range of diffusion coefficients relevant to the bulk mantle. If the
permeable network is on the grain scale, which is likely to be of
order a few millimeters (Solomatov et al., 2002), then significant
chemical exchange is likely whether the bulk diffusivity is con-
trolled by periclase or perovskite. The metal descent time through
a grain-scale percolative network is on the order of 10,000 years or
less, consistent with Hf–W constraints on the timing of metal
separation (Kleine et al., 2002). A coarser channel spacing on the
order of tens of millimeters to tens of centimeters is necessary to
prevent any chemical exchange between the core-forming metal
and the mantle during percolation (Fig. 8). Magma in Earth’s upper
mantle focuses into channel networks significantly coarser than
this during its ascent to the surface, leading to solid/melt chemical
disequilibrium (Kelemen et al., 1997). The focusing of magma flow
in the upper mantle is thought to be due in part to a reactive
infiltration instability that results from dissolution of pyroxenes
(Kelemen et al., 1997). This focusing mechanism is not likely to be
efficient during percolation of core metal, due to the low solubility
of silicates and oxides in liquid iron. Focusing of liquid metal may
also result from mechanical instabilities, e.g. due to lateral viscosity
variations (Stevenson, 1989) or shear-induced anisotropic perme-
ability. Exploration of such mechanical focusing mechanisms in the
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context of core percolation would seem to be a fruitful direction for
future experimental and theoretical research.
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1 Mbar. Phys. Earth Planet. Inter. 131, 295–310.

Kleine, T., Münker, C., Mezger, K., Palme, H., 2002. Rapid accretion and early core
formation on asteroids and the terrestrial planets from Hf–W chronometry.
Nature 418, 952–955.

Koiwa, M., Ishioka, S., 1983. Integral methods in the calculation of correlation
factors for impurity diffusion. Philos. Mag. A 47, 927–938.

Kresse, G., Furthmüller, J., 1996. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54,
11169–11186.

Kresse, G., Hafner, J., 1993. Ab initio molecular dynamics for liquid metals. Phys.
Rev. B 47, 558–561.

Kresse, G., Joubert, D., 1999. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758–1775.

Lidiard, A.B., 1955. Impurity diffusion in crystals (mainly ionic crystals with the
sodium chloride structure). Philos. Mag. 46, 1218–1237.

Mackwell, S., Bystricky, M., Sproni, C., 2005. Fe–Mg interdiffusion in (Mg,Fe)O.
Phys. Chem. Miner. 32, 418–425.

Malavergne, V., Guyot, F., Peyronneau, J., Poirier, J.-P., 1999. High pressure
equilibrium of nickel and cobalt between metal and mantle minerals.
Geochim. Cosmochim. Acta 63, 1819–1824.

Malavergne, V., Guyot, F., Wang, Y., Martinez, I., 1997. Partitioning of nickel, cobalt
and manganese between silicate perovskite and periclase: a test of crystal field
theory at high pressure. Earth Planet. Sci. Lett. 146, 499–509.

Mao, W.L., Mao, H.-K., Sturhahn, W., Zhao, J., Prakapenka, V.B., Meng, Y., Shu, J., Fei,
Y., Hemley, R.J., 2006. Iron-rich post-perovskite and the origin of ultralow-
velocity zones. Science 312, 564–565.

McCammon, C.A., Stachel, T., Harris, J.W., 2004. Iron oxidation state in lower
mantle mineral assemblages: II. Inclusions in diamonds from Kankan, Guinea.
Earth Planet. Sci. Lett. 222, 423–434.

Mimkes, J., Wuttig, M., 1971. Diffusion of Ni2þ in MgO. J. Am. Ceram. Soc. 54,
65–66.

Monkhorst, H.J., Pack, J.D., 1976. Special points for Brillouin-zone integrations.
Phys. Rev. B 13, 5188–5192.

Mullen, J.G., 1966. Theory of diffusion in ionic crystals. Phys. Rev. 143,
658–662.

Murthy, V.R., Karato, S.-I., 1997. Core formation and chemical equilibrium in the
Earth—II: chemical consequences for the mantle and core. Phys. Earth Planet.
Inter. 100, 81–95.

O’Neill, H.S.C., Canil, D., Rubie, D.C., 1998. Oxide-metal equilibria to 2500 1C and
25 GPa: implications for core formation and the light component in the Earth’s
core. J. Geophys. Res. 103, 12239–12260.

Ohtani, E., Kato, T., Ito, E., 1991. Transition metal partitioning between lower
mantle and core materials at 27 GPa. Geophys. Res. Lett. 18, 85–88.

Perdew, J.P., Burke, K., Ernzerhof, M., 1996. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865–3868.

Righter, K., Drake, M.J., Yaxley, G., 1997. Prediction of siderophile element metal-
silicate partition coefficients to 20 GPa and 2800 1C: the effects of pressure,
temperature, oxygen fugacity, and silicate and metallic melt compositions.
Phys. Earth Planet. Inter. 100, 115–134.

Rubie, D.C., Melosh, H.J., Reid, J.E., Liebske, C., Righter, K., 2003. Mechanisms of
metal-silicate equilibration in the terrestrial magma ocean. Earth Planet. Sci.
Lett. 205, 239–255.

Saha, S., Bengtson, A., Crispin, K.L., Van Orman, J.A., Morgan, D., 2011. Effects of
spin transition on diffusion of Fe2þ in ferropericlase in Earth’s lower mantle.
Phys. Rev. B 84, 184102.

Sammis, C.G., Smith, J.C., Schubert, G., 1981. A critical assessment of estimation
methods for activation volume. J. Geophys. Res. 86, 10707–10718.

Sempolinski, D.R., Kingery, W.D., 1980. Ionic conductivity and magnesium vacancy
mobility in magnesium oxide. J. Am. Ceram. Soc. 63, 664–669.

Shannon, R., 1976. Revised effective ionic radii and systematic studies of
interatomic distances in halides and chalcogenides. Acta Crystallogr. 32,
751–767.

Shannon, R.D., 1993. Dielectric polarizabilities of ions in oxides and fluorides.
J. Appl. Phys. 73, 348–366.

Siebert, J., Corgne, A., Ryerson, F.J., 2011. Systematics of metal-silicate partitioning
for many siderophile elements applied to Earth’s core formation. Geochim.
Cosmochim. Acta 75, 1451–1489.

dx.doi.org/10.1016/j.epsl.2012.09.023


K.L. Crispin et al. / Earth and Planetary Science Letters 357–358 (2012) 42–53 53
Solomatov, V.S., El-Khozondar, R., Tikare, V., 2002. Grain size in the lower mantle:
constraints from numerical modeling of grain growth in two-phase systems.
Phys. Earth Planet. Inter. 129, 265–282.

Spiegelman, M., Kenyon, P., 1992. The requirements for chemical disequilibrium
during magma migration. Earth Planet. Sci. Lett. 109, 611–620.

Stacey, F.D., Davis, P.M., 2004. High pressure equations of state with applications
to the lower mantle and core. Phys. Earth Planet. Inter. 142, 137–184.

Stachel, T., Harris, J.W., Brey, G.P., Joswig, W., 2000. Kankan diamonds (Guinea) II:
lower mantle inclusion parageneses. Contrib. Mineral. Petrol. 140, 16–27.

Stevenson, D.J., 1989. Spontaneous small-scale melt segregation in partial melts
undergoing deformation. Geophys. Res. Lett. 16, 1067–1070.

Tagai, H., Iwai, S., Iseki, T., Saho, M., 1965. Diffusion of iron, manganese, and
chromium oxides into single crystal magnesia. Radex Rundsch. 4, 577–583.

Takafuji, N., Hirose, K., Ono, S., Xu, F., Mitome, M., Bando, Y., 2004. Segregation of
core melts by permeable flow in the lower mantle. Earth Planet. Sci. Lett. 224,
249–257.

Trampert, J., Vacher, P., Vlaar, N., 2001. Sensitivities of seismic velocities to
temperature, pressure and composition in the lower mantle. Phys. Earth
Planet. Inter. 124, 255–267.

Van Orman, J.A., Crispin, K.L., 2010. Diffusion in oxides. Rev. Mineral. Geochem. 72,
757–825.
Van Orman, J.A., Fei, Y.W., Hauri, E.H., Wang, J.H., 2003. Diffusion in MgO at high
pressures: constraints on deformation mechanisms and chemical transport at
the core–mantle boundary. Geophys. Res. Lett. 30, 1056.

Van Orman, J.A., Grove, T.L., Shimizu, N., 2001. Rare earth element diffusion in
diopside: influence of temperature, pressure, and ionic radius, and an elastic
model for diffusion in silicates. Contrib. Mineral. Petrol. 141, 687–703.

Van Orman, J.A., Li, C., Crispin, K.L., 2009. Aluminum diffusion and Al-vacancy
association in periclase. Phys. Earth Planet. Inter. 172, 34–42.

Wang, L., Maxisch, T., Ceder, G., 2006. Oxidation energies of transition metal
oxides within the GGAþU framework. Phys. Rev. B 73, 195107.

Watson, E.B., Wark, D.A., Price, J.D., Van Orman, J.A., 2002. Mapping the thermal
structure of solid-media pressure assemblies. Contrib. Mineral. Petrol. 142,
640–652.

Wei, G.C.T., Wuensch, B.J., 1973. Composition dependence of 63Ni diffusion in
single-crystal NiO–MgO solid solutions. J. Am. Ceram. Soc. 56, 562–565.

Wuensch, B.J., Vasilos, T., 1962. Diffusion of transition metal ions in single-crystal
MgO. J. Chem. Phys. 36, 2917–2922.

Wuensch, B.J., Vasilos, T., 1971. Diffusion of Ni2þ in high-purity MgO at high
temperatures. J. Chem. Phys. 54, 1123–1129.

Yamazaki, D., Irifune, T., 2003. Fe–Mg interdiffusion in magnesiowustite up to
35 GPa. Earth Planet. Sci. Lett. 216, 301–311.


	Diffusion of transition metals in periclase by experiment and first-principles, with implications for core-mantle...
	Introduction
	Experiments
	Experimental results
	First-principles calculations
	Multi-frequency model
	Migration and binding energies
	Results and their comparison with experimental data
	Controls on diffusivity

	Applications
	Transition metal diffusion in the lower mantle
	Chemical exchange with solid lower mantle during core formation

	Acknowledgments
	Supporting information
	References




