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INTRODUCTION

The temperature dependent distribution of Fe and Mg on the
non-equivalent M1 and M2 sites of olivines, (Mg,Fe)2[SiO4], is
characterized by a weak tendency of Fe to order onto the M1
site with increasing temperature (e.g., Aikawa et al. 1985;
Ottonello et al. 1990; Princivalle 1990). Because it is difficult to
quench equilibrium states from above 800–900 °C, Artioli et al.
(1995) and Rinaldi et al. (1997) performed in situ neutron dif-
fraction experiments from which they infer that at high tem-
peratures Fe no longer prefers M1, but concentrates in M2.

Kirfel (1996) performed a round robin in which various labo-
ratories were asked to refine Fe,Mg distributions in orthopyroxenes
and olivines from X-ray intensity data provided by that author.
The large spread of the returned results was disconcerting. The
same olivine, for example, was reported with Fe preferring M1 or
M2, respectively, depending on the laboratory.

In the following, we report on Fe,Mg ordering states derived
from refinement techniques which are considered to reduce the
inadequacy of the conventional independent atom model (IAM)
with respect to modeling bond-induced charge redistributions. Two
olivine crystals from the Acapulco meteorite (Fa11) were equili-
brated at 750, 650, and 500 °C, then quenched to room tempera-
ture, and their site occupancies refined from X-ray intensities.

ABSTRACT

The temperature dependence of the intracrystalline Fe,Mg partitioning (KD) in two olivine crys-
tals (Fa11) separated from the Acapulco meteorite was determined by single-crystal X-ray structure
analysis. The independent atom model (IAM) was compared with a “bond model” which accounts
for bond-induced charge accumulations on the Si-O bonds. Outliers in the set of structure amplitudes
observed when using the IAM disappeared upon introducing the bond model. The crystals were
equilibrated at 750, 650, and 500 °C. The refined site occupancies yield the relation ln(KD) = 0.345(60)
– 204(53)/T, where T is in K, which is in qualitative agreement with earlier work. Comparison of
these data with the higher temperature data of Artioli et al. (1995) suggests an unusual temperature
variation of the Fe,Mg distribution within two temperature regimes. Below 880 °C, Fe tends to order
onto the M1 site with increasing temperature whereas it concentrates on the M2 site above 880 °C. In
principle, olivine may serve as a geospeedometer similar to orthopyroxene. However, at present its
usefulness is restricted because (1) the relatively weak dependence of ln(KD) on temperature needs to
be even more tightly constrained than presented here and (2) low-temperature extrapolation of the
rate constants for the Fe,Mg site exchange, derived from interdiffusion coefficients, is uncertain.

EXPERIMENTAL  METHODS

Microprobe analysis

Several olivine crystals were kindly provided by J. Zipfel,
Mainz. Two of them were selected for X-ray single crystal work.
They were optically clear and exhibited sharp optical extinc-
tions and sharp singular spots in Laue photographs. Two other
crystals less suitable for X-ray single crystal studies but free
of inclusions were analyzed with a JEOL Superprobe (JXA-
8600 MX). The data were reduced by a ZAF correction. The
crystals proved to be homogeneous and compositionally iden-
tical within error limits. Mean values of 203 point analyses
with weight percentages between 98.5 and 101.5% are given
in Table 1 along with the results of Zipfel et al. (1995) demon-
strating excellent agreement.

Heat treatment

After collecting their X-ray intensity data the two selected
crystals were heat-treated. Each crystal was placed in a SiO2-
glass capillary. Then, both capillaries were loaded side by side
into a SiO2-glass capsule together with Fe powder separated
from the capillaries. The capsule was repeatedly evacuated,
filled with purified Ne, and finally sealed. The crystals were
annealed at 750 °C for 4 days, and then, after rapid quenching
into water, analyzed by X-ray diffraction. This procedure of
heating, quenching, and subsequent X-ray analysis was re-
peated for temperatures of 650 and 500 °C, allowing equili-
bration times of 6 and 26 days, respectively.*E-mail: kroll@nwz.uni-muenster.de
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RATE CONSTANTS AND FE,MG INTERDIFFUSION
COEFFICIENTS

The Fe,Mg exchange between M1 and M2 is very fast at high
temperatures (Akamatsu and Kumazawa 1993). Therefore, one
must be certain that quenching from 750 °C was fast enough to
preserve the attained equilibrium distribution. Likewise, it needed
to be confirmed that the annealing time at 500 °C was suffi-
ciently long to achieve equilibrium.

Time constants for equilibration can be found from rate con-
stants for the Fe,Mg site exchange. However, rate constants for
olivine have not yet been determined. As an alternative, we will
estimate them from the temperature variation of the Fe,Mg inter-
diffusion coefficient ̃D (Bocquet et al. 1983; Akamatsu and
Kumazawa 1993; Ganguly and Tazzoli 1994). Following the no-
tation of Bocquet et al. (1983), the coefficient of diffusion  D̃  along
a specific direction x

→ is related to atomic jump frequencies by
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where z is the number of jump directions, Γk the mean atomic
jump frequency for the k-th direction, and xk the displacement
of a k-jump projected onto the x→-direction. In olivine, each M1
octahedron has six neighboring M2 octahedra, and vice versa,
i.e., z = 6. The M1-M2 vectors have an average component xk =
b/4 along the b-direction, which is the one direction where only
jumps between M1 and M2 contribute to diffusion. Then Equa-
tion 1 reads
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Following Ganguly and Tazzoli (1994), the jump frequency
sum, ΣΓk may be related to the rate constants of the chemical
rate equation of Mueller (1967, 1969):

d

d
Fe
M2

Fe
M1

Fe
M2

Mg
M1

Fe
M1

Mg
M2

X X

t
k X X k X X

−( ) = − +21 12
(3)

where Xα
i are site occupancies of species i on site α, k21 is the

rate constant for Fe(M2→M1) or Mg(M1→M2) exchanges,
and similarly k12 is the rate constant for Mg(M2→M1) or
Fe(M1→M2) exchanges. Thus, k21 may be equated with the
number of jumps per unit time that an Fe atom performs be-
tween an M2 site and the six adjacent M1 sites, and similarly
k12 may be equated with the number of jumps per unit time that
an Mg atom performs between an M2 site and the six adjacent
M1 sites. Then, the total number of jumps per unit time that
occur between an M2 site and the six M1 neighbors, or equiva-
lently between an M1 site and the six M2 neighbors, is k21 + k12

= ΣΓk, and therefore
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Equation 4 corresponds to Equation 6 of Ganguly and
Tazzoli (1994), except that the average jump projection on b
enters rather than the mean M1-M2 distance itself. Given that
KD = k21/k12, Equation 4 can be transformed into
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Diffusion coefficients in olivine have been measured by
Buening and Buseck (1973), Misener (1974), Jurewicz and
Watson (1988), and most recently by Chakraborty (1997) who
determined  ̃Dc in experiments between 1300 and 980 °C. Fur-
ther experiments at lower temperatures, which were evaluated
by TEM techniques, showed agreement with diffusion coeffi-
cients obtained by extrapolation of the high temperature re-
sults Chakraborty (personal communication). Chakraborty
(1997) gives reasons why the results of Buening and Buseck
(1973) and to some extent those of Misener (1974) differ from
his. In addition, his experimental setup avoids shortcomings of
the earlier work. Hence, we consider Chakraborty’s (1997) re-
sults to be more reliable.

Diffusion in olivine is anisotropic. Because Chakraborty
measured  D̃c rather than  ̃Db we have to relate  D̃b to  ̃Dc. At high
temperatures it is found that  D̃c/ D̃b ∪5, but this ratio increases
with decreasing temperature according to Buening and Buseck
(1973) and Misener (1974). The results of Jurewicz and Watson
(1988), however, do not support this view. For the time being
we will assume that  D̃c/ ̃Db = 5, being aware that this may be an
oversimplification.

Diffusion coefficients in olivine also depend on oxygen
fugacity. Chakraborty (1997) determined  at   D̃c constant fugac-
ity, fO2 = 10-12 bar. Following Buening and Buseck (1973)
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The question is, below which temperature does the diffu-
sion coefficient become independent of fO2? Chakraborty (1997)
argues that at low temperatures, in the pure extrinsic diffusion
regime (roughly below 800 °C, personal communication), dif-
fusion rates become independent of oxygen fugacity because
in that region impurity defects represent the majority of point
defects.

Accepting a constant  D̃c/ D̃b = 5 and an oxygen fugacity
correction at 800 °C according to the iron-wüstite buffer, leads
to an Arrhenius relation for k21:

k T21
1 141 23 10 54 2( ) . exp . /d kcal / mol R− = ⋅ − ( )[ ] (7)

where R is the gas constant.

TABLE 1. Electron microprobe analyses of Acapulco olivines

This work Zipfel et al. (1995)
oxide weight% cation a.p.f.u. oxide weight% cation a.p.f.u. a.p.f.u. (adj.)
SiO2 40.61(31) Si 1.009(5) SiO2 40.29 Si 1.005 1.000
MgO 47.19(21) Mg 1.748(8) MgO 47.06 Mg 1.751 1.760
FeO 10.71(21) Fe 0.222(4) FeO 11.00 Fe 0.229 0.230
MnO   0.55(5) Mn 0.015(1) MnO   0.55 Mn 0.010 0.010
CaO   0.01(1) Ca 0 CaO – Ca – –
NiO   0.01(2) Ni 0 NiO – Ni – –
Sum 99.09(41) 2.994(18) 98.89 2.995 3.000
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The time constants for equilibration, roughly approximated
by  k–1

21 and calculated from Equation 7, would be 4 min at
750 °C and 17 d at 500 °C. Thus, they would both be suffi-
ciently large to successfully quench the site distribution from
750 °C, and sufficiently short to ensure that equilibrium was
reached within 26 d at 500 °C, respectively.

X-RAY STRUCTURE ANALYSIS

Data collection and reduction

Intensity data were collected in four or eight hkl-octants,
up to sinθ/λ = 1.1 Å–1 using θ/2θ scans. On average, 1265
unique reflections with |Fo| > 3σ were obtained. Absorption
effects were corrected applying the semi-empirical method of
North et al. (1968). The structure refinements were carried out
in space group Pbnm using the program PROMETHEUS by Zucker
et al. (1983), modified by R. Heinemann. Fe and Mg were al-
lowed to occupy the M1 and M2 sites, subject to chemical and
site constraints (Table 2). Mn, in the presence of Fe and Mg,
strongly prefers the M2 site (Henderson et al. 1996; Redfern et
al. 1996). Choosing the simplest assumption, we assigned Mn
completely to the M2 site. Neglect of a minor amount of Mn
on M1 somewhat affects the value of the equilibrium distribu-
tion coefficient, KD, but leaves the conclusions unaltered. The
|Fo| values were weighted according to w = 1/σ2(|Fo|), where
σ2(|Fo|) = σ2

c(|Fo|)+(1/2P|Fo|)2 (e.g., Stout and Jensen 1989).
σ2

c(|Fo|) is based on counting statistics; P is an instrument in-
stability factor. P was equated with Ri, the |F| based internal
agreement of the data (e.g., Le Hénaff et al. 1997). Variation of
Ri, as suggested in some refinement programs, was not consid-
ered appropriate, because it would bias the weighting scheme
towards outliers. Extinction effects were accounted for accord-
ing to Becker and Coppens (1974) by choosing type I isotropic
extinction assuming a Lorentzian mosaic distribution.

Site refinement

Conventional X-ray structure refinements are known to suf-
fer from the inadequacy of the independent, spherically sym-
metrical atom model (IAM), which ignores the charge
redistribution due to chemical bonding. Calculated structure
amplitudes satisfactorily reproduce observed values only in the
high order (HO) region (sinθ/λ < 0.6 /Å–1), whereas they often
fail to do so in the low order (LO) region where non-spheri-
cally distributed valence electrons, which are not accounted
for by the IAM significantly contribute to the scattering. This

deficiency can cause “model outliers” as demonstrated in Fig-
ure 1. Maximum ∆|F| values even approach 12σ(|Fo|). All out-
liers are in fact restricted to the LO region whereas outliers due
to measurement errors would be expected to be distributed over
the whole range of data.

The distribution of the outliers can be modified by varying
the valence states of the atoms. However, this cannot remedy
the deficiency of the IAM.

High order truncation (HOT) analysis

To investigate the effect that the outliers may have on the
results of the site refinements, a bivariate analysis (high order
truncation (HOT) analysis) was carried out following the
method of Kroll et al. (1997). Starting with the full set of ob-
served structure amplitudes (sinθ/λmax = 1.1 Å-1), sinθ/λmax was

TABLE  2. Site occupancies XFe
M2 : weighted averages from HOT refinements based on the bond model

Rw (%)* Ru (%)* GOF* XFe
M2 σ (X) ln(KD) σ [ln(KD)]

L7 equil. at 750 °C 1.20-1.77 1.14-2.07 0.77-0.81 0.1065 0.0009 0.1561 0.0184
L7 equil. at 650 °C 1.32-1.99 1.14-2.07 0.69-0.70 0.1091 0.0011 0.1055 0.0223
L7 equil. at 500 °C 1.07-1.61 0.92-1.77 0.60-0.62 0.1111 0.0009 0.0650 0.0173
L7 untreated 1.58-1.95 1.35-1.85 0.79-0.96 0.1129 0.0012 0.0297 0.0240
L8 equil. at 750 °C 1.19-1.64 1.08-1.93 0.85-0.95 0.1070 0.0010 0.1462 0.0188
L8 equil. at 650 °C 1.19-1.70 1.11-2.02 0.82-0.91 0.1083 0.0010 0.1207 0.0189
L8 equil. at 500 °C 1.16-1.45 0.98-1.49 0.63-0.76 0.1092 0.0009 0.1034 0.0167
L8 untreated 1.11-1.54 0.99-1.84 0.86-0.98 0.1143 0.0009 0.0028 0.0171

Chemical and site constraints are: X X X X X X XFe
M1

Fe
M2

Mg
M1

Fe
M1

Mg
M2

Fe
M2

Mn
M2= − = − = − =0 230 1 0 99 0 01. , , . , . .

* Ranges are given , see text.

FIGURE 1. Variation with sin θ/λ of weighted residuals, ∆F/σ =
(|Fo| – |Fc|)/σ, taken from structure refinements using all data on olivine
L7 (annealed at 750 °C, and then quenched to room temperature). (a)
Refinement based on the independent atom model with all atoms taken
as fully ionic. Several model outliers (∆F > 3σ) occur. (b) Refinement
based on the “bond model” with all cations taken as fully ionic, oxygen
atoms as O1-, and point-charges placed on the Si-O bonds. Model
outliers are no longer present. All measured |Fo| values were included
in the two refinements.



HEINEMANN ET AL.: Fe,Mg PARTITIONING IN OLIVINE 1403

reduced in subsequent steps of 0.1 /Å–1 down to 0.7 /Å–1. These
refinements were first carried out employing all reflections of
each subset. Next, reflections with (|Fo| – |Fc|)/σ exceeding 10,
5, and 3, respectively, were rejected. The resulting 20 site oc-
cupancies XFe

M2  (Fig. 2a) show their clear dependence on the
chosen subset of data.

The data scatter is not restricted to XFe
M2 . It is well known

that correlations occur between model parameters, in particu-
lar between scale factor, extinction coefficient, atomic “vibra-
tion” parameters, and site occupancies. Figure 3 shows the
positive correlation between the last two parameter groups (see
also Kroll et al. 1997 for a discussion). The effect that an in-
crease in XFe

M2  (corresponding to a decrease in XFe
M1 ) has on

calculated structure amplitudes is counterbalanced by an in-

crease in the ratio of “vibration” parameters of the M2 and M1
sites. This causes an unwanted element of uncertainty to enter
the determination of site occupancies. Therefore, one would
be more confident if the data scatter in a HOT analysis were
small. As is seen below, this can be achieved by reducing the
inadequacy of the IAM.

It should be clear that the HOT analysis is not meant to
suggest keeping or removing outliers in the course of a refine-
ment. It is merely intended to indicate to what extent site occu-
pancies can depend on different subsets of data, and thus to
give an idea to what extent the IAM and the quality of the mea-
sured intensity data may bias refined site occupancies.

Bond model

The deficiency of the IAM can be mitigated by two differ-
ent simple measures.

(1) Kroll et al. (1997) suggested a procedure of bivariate
analysis based on stepwise truncation of low-order intensity
data. Thereby, bonding electron densities become less and less
important and correlation effects can be circumvented by a
controlled adjustment of the atomic “vibrational” parameters.
(2) Tsirelson et al. (1990) reviewed experimental electron den-
sity distributions in silicates and the bond induced charge ac-
cumulations on the Si-O bonds. In a simple extension of the
IAM, the charge accumulations can be accounted for by plac-
ing point charges on the bonds (Kirfel and Will 1980; Vad et al.
1997). The resulting “bond model” has been successfully ap-
plied in electron density studies requiring unbiased atomic pa-
rameters.

This study follows the second approach. Fully ionized cat-
ions were used, oxygen was given a charge of –1. Charge neu-
tralization was provided by an electron placed midway between
each pair of Si and O atoms. The coordinates and anisotropic
“vibrational” parameters of the “electrons” were allowed to
vary. With this “bond model”, all outliers disappeared (Fig. 1b).
This demonstrates that they were not a consequence of mea-
surement errors but were all caused by the IAM model adopted.
All |Fo| values are now adequately accounted for. Because all
|∆F/σ| values are less than 3, the number of |Fo|-subsets for the
HOT analysis was reduced to the five chosen sinθ/λ cut-offs.
Figure 2b shows that the dependence of the refined site occu-
pancies on the |Fo|-subset is now negligible. Note that we could
not detect any correlations between the site occupancies and
the bonding-electron parameters (γmax < 0.4).

Weighted averages of the site occupancies derived from the
HOT analyses of the eight data sets of the L7 and L8 crystals
using the bond model are listed in Table 2. Similar trends on
heat-treated olivines have been found by Aikawa et al. (1985),
Ottonello et al. (1990), and Princivalle (1990).

RESULTS

Temperature dependence of the equilibrium Fe,Mg
distribution

The temperature variation of the equilibrium distribution
coefficient, KD = ( ) / ( )X X X MFe

M1
Mg
M2

Fe
M2

Mg
M1⋅ ⋅ , is obtained from a

weighted regression analysis of the data in Table 2:
ln(KD) = 0.345(60) – 204(53)/T, (8)

where T is in K.

FIGURE 2. High order truncation (HOT) analyses of the set of |Fo|
values measured on olivine L7 (750 °C) used in Figure 1. (a) Ionic
model: for each sinθ/λ cut-off, XFe

M2 depends on the exclusion
criterion |∆F/σ|. (b) Bond model: all |∆F| < 3σ, XFe

M2  is almost
independent of the subset of |Fo| values. Weighted averages of XFe

M2  are
indicated by the solid lines.

FIGURE 3. Correlation between site occupancy XFe
M2  and isotropic

temperature factor ratio Beq(M2)/Beq(M1).
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Figure 4 combines the new data with results of in situ neu-
tron scattering experiments on olivine Fa12 by Artioli et al.
(1995). A similar trend of KD (T) was also observed for Fa50

(Rinaldi et al. 1997). The neutron experiments were performed
at vanadium-vanadium oxide buffer conditions using an evacu-
ated vanadium furnace (10-5 mbar). Under the assumption that
the results derived from two different methods and under dif-
ferent conditions of data collection and refinement can be com-
bined, the following result is obtained: At low temperatures,
Fe is predicted to slightly prefer the M2 site. Full disorder is
attained at 260–360 °C. At higher temperatures, as was first
noted by Smith and Hazen (1973), Fe starts to order onto M1.
This is in agreement with the observation that Fe tends to be
enriched in the M2 site of (slowly cooled) metamorphic oliv-
ines, but in the M1 site of (rapidly cooled) volcanic ones
(Aikawa et al. 1985). Above ~880 °C the process of ordering
reverts, and full disorder is attained for a second time, at ~900
°C, followed at still higher temperature by a second regime in
which Fe prefers M2. Due to the fast Fe,Mg exchange kinetics,
a natural olivine would follow the reverse path, with the ex-
change process freezing in at say 300 °C, i.e., close to full dis-
order.

The slope of the ln(KD) line is very gentle in the region be-
low 750 °C, i.e., the Fe,Mg distribution varies only slightly
with temperature. This is most likely the result of a balance
between competing forces. Ghose (1982) argues that on the
one hand the Fe2+ ion prefers the larger M2 site, because Fe2+ is
larger than Mg2+. On the other hand, Fe2+ prefers the smaller,
but more distorted M1 site, because the transition metal char-
acter of Fe allows a greater degree of covalent bonding with
the oxygen ions of M1. In other words, the internal field con-
trolling the Fe,Mg site preference is a complex and non-uni-
form function of temperature. It vanishes roughly at 300 and
900 °C, and changes drastically at 880 °C. If this is true, the
effect can be expected to be reflected by detectable changes in

FIGURE 4. Variation of ln(KD) with temperature. The two bracketing
lines indicate the 1σ-uncertainty.

the structural parameters. It is therefore interesting to obtain
more evidence of the high temperature structures of (Fe,Mg)
olivines. In situ X-ray experiments are currently in progress.

Olivine: a potential geospeedometer?

The work by Henderson et al. (1996) and Redfern et al.
(1996) on MnMg[SiO4] and MnFe[SiO4] tephroites raised hopes
that (Fe,Mg) olivines could possibly provide a useful
geospeedometer. From the site occupancies of the two untreated
crystals which correspond to apparent equilibration tempera-
tures of 325(30) and 375(50) °C one could in principle derive
cooling rates. We restrain from this, because it appears that
two requirements would have to be fulfilled more closely. First,
we need rate constants for the Fe,Mg exchange process that
can be more reliably extrapolated to low temperatures than those
which can currently be derived from Fe,Mg interdiffusion data.
Second, the slope of the ln(KD) line is so small that it needs to
be even more tightly constrained than presented here (see the
1σ-lines in Fig. 4). This could be achieved by a higher number
of data points including those of reversed experiments, and by
improved data collection, correction, and evaluation techniques.
It is tempting to put effort into that goal because olivines are
advantageous compared to orthopyroxenes, because they usu-
ally provide a better single crystal quality and suffer less from
impurity element concentrations or exsolution products. Finally,
restricting such studies to olivines from unweathered meteor-
ites containing metallic Fe, the dependence of the Fe,Mg-ex-
change rate on oxygen fugacity or total pressure could be safely
neglected.
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