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Abstract

We have critically reevaluated equilibrium iron isotope fractionation factors for oxide and sulfide minerals using recently
acquired data obtained by Mössbauer spectroscopy and inelastic nuclear resonant X-ray scattering (INRXS) synchrotron
radiation. Good agreement was observed in the iron b-factors of metallic iron (a-Fe) and hematite calculated using both
Mössbauer- and INRXS-derived data, which supports the validity and reliability of the calculations. Based on this excellent
agreement, we suggest the use of the present data on the iron b-factors of hematite as a reference.

The previous Mössbauer-derived iron b-factor for magnetite has been modified significantly based on the Fe-sublattice
density of states obtained from the INRXS experiments. This resolves the disagreement between naturally observed iron iso-
tope fractionation factors for mineral pairs involving magnetite and those obtained from the calculated b-factors. The cor-
rectness of iron b-factor for pyrite has been corroborated by the good agreement with experimental data of sulfur isotope
geothermometers of pyrite–galena and pyrite–sphalerite. A good correlation between the potential energy of the cation site,
the oxidation state of iron and the iron b-factor value has been established. Specifically, ferric compounds, which have a high-
er potential energy of iron than ferrous compounds, have higher b-factors. A similar dependence of b-factors on the oxidation
state and potential energy could be extended to other transition metals. Extremely low values of INRXS-derived iron b-fac-
tors for troilite and Fe3S significantly widen the range of iron b-factors for covalently bonded compounds.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The scope of studies of stable isotope geochemistry has
been tremendously widened since the mid-1990s by the
ever-growing development of multi-collector inductively
coupled plasma mass-spectrometry (MC-ICP-MS). Iso-
topes of many chemical elements have become the subject
of stable isotope geochemical investigations. A new field,
non-traditional stable isotopes, has been established as a
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sub-discipline of isotope geochemistry (see Johnson et al.,
2004a,b and references therein). Iron isotopes have
attracted the most notice among the non-traditional stable
isotopes, due to the high abundance of iron as well as its
importance in a variety of geochemical and biogeochemical
processes occurring over a wide range of temperatures and
pressures, from the Earth’s surface to the mantle and core.

Correct interpretation of natural and laboratory iron
isotope data requires knowledge of equilibrium isotope
fractionation factors as a sine qua non condition. Unlike
many other non-traditional stable isotopes, the equilibrium
fractionation factors of iron isotopes can be evaluated, with-
in the framework of first-order thermodynamic perturbation
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theory, from the experimental data of Mössbauer spectros-
copy and/or inelastic nuclear resonant X-ray scattering
(INRXS) in synchrotron radiation experiments. Data from
Mössbauer spectroscopy were used for the first determina-
tion of the equilibrium isotope fractionation factors for iron
(Polyakov, 1997). Regularities of the equilibrium iron
isotope fractionation and its dependence on oxidation state
were also first established from Mössbauer spectroscopy
data (Polyakov and Mineev, 2000). Mass-spectrometric
studies of natural samples, laboratory investigations and
calculations confirmed these regularities for iron and other
transition metal isotopes (Brantley et al., 2001; Matthews
et al., 2001, 2004; Schauble et al., 2001; Walczyk and Von
Blanckenburg, 2002; Rouxel et al., 2003, 2004, 2005;
Anbar, 2004; Beard and Johnson, 2004a,b; Croal et al.,
2004; Dauphas et al., 2004, 2007; Jarzęcki et al., 2004;
Poitrasson et al., 2004, 2005; Schoenberg and Von Blanck-
enburg, 2004, 2006; Williams et al., 2004, 2005; Anbar
et al., 2005; Balci et al., 2006; Dauphas and Rouxel, 2006;
Dideriksen et al., 2006; Horn et al., 2006; Markl et al.,
2006; Roskosz et al., 2006; Severmann et al., 2006; Busigny
and Dauphas, 2007; Frost et al., 2007; Schuessler et al.,
2007). However, some disagreements between Mössbauer-
derived equilibrium fractionation factors and observed iron
isotope fractionation factors from natural samples and in
laboratory experiments were reported (Beard and Johnson,
2004a,b; Johnson et al., 2004a,b, 2005; Skulan et al., 2002;
Wiesli et al., 2004; Yamaguchi et al., 2005).

Recently, Polyakov et al. (2005b) applied the INRXS
synchrotron radiation technique to the determination of
stable isotope fractionation factors of tin. This technique
has some advantages over traditional Mössbauer spectros-
copy and can provide more accuracy in the calculation of
stable isotope fractionation factors. A combination of tra-
ditional Mössbauer spectroscopy and the INRXS synchro-
tron radiation technique allows one to obtain reliable
values for stable isotope fractionation factors. In this paper,
we provide a critical reevaluation of the iron stable isotope
fractionation factors on the basis of the INRXS synchro-
tron radiation technique and Mössbauer spectroscopy.
We have focused our attention on minerals that were stud-
ied recently in the literature, and compared INRXS- and
Mössbauer-derived fractionation factors with iron isotope
fractionation observed under experimental and natural
conditions.
2. METHOD

2.1. First-order thermodynamic perturbation method

The reduced isotopic partition function ratio (b-factor),
introduced by Bigeleisen and Mayer (1947) and Urey
(1947), has been the main physical quantity in the theory
of stable isotope fractionation. An equilibrium isotope frac-
tionation factor between two substances A and B is ex-
pressed as:

ln aA�B ¼ ln bA � ln bB; ð1Þ

where a is the equilibrium isotope fractionation factor and
b is the b-factor. According to the definition, the b-factor
can be written in terms of the Helmholtz free energy (Bigel-
eisen and Mayer, 1947; Urey, 1947; Singh and Wolfsberg,
1975):

z ln b ¼ � F � � F
RT

þ F � � F
RT

� �
class

; ð2Þ

where F is the Helmholtz free energy (per mole); z is the
multiplicity of isotope substitution (two for iron isotope
substitution in the case of Fe2O3); T is absolute tempera-
ture; R is the universal gas constant. Hereafter, * relates
to the isotopically substituted form and the subscript
‘‘class’’ marks quantities calculated in accord with classical
mechanics.

Application of the first order thermodynamic perturba-
tion theory to the stable isotope fractionation problem
allows the b-factor to be expressed in the terms of the ki-
netic energy and the mass difference between the isotopes
of interest (Polyakov, 1993, 1997; Polyakov and Kharlash-
ina, 1994, 1995; Polyakov and Mineev, 2000; Polyakov
et al., 2005a)

ln b ¼ Dm
m�

KE

zRT
� 3

2

� �
; ð3Þ

where KE is the kinetic energy (per one mole) of the sublat-
tice of atoms of interest; m is the mass of isotope of interest;
Dm = m* � m.

Eq. (3) is derived from first principles and does not
require any special assumptions and models. Eq. (3) is
approximate, taking into account the first term that is linear
with Dm, and neglecting terms which are proportional to
quadratic and higher powers of Dm. Neglecting the higher
terms is valid for all isotopes except for hydrogen and is
based on the assumption of the ideal mixing of isotopes.
This assumption is implicit in the great majority of the cal-
culations of stable isotope fractionation factors of con-
densed matter (Polyakov, 1993). Eq. (3) provides a basis
for calculating the b-factor of iron isotopes, using INRXS
synchrotron radiation and Mössbauer data to calculate
the kinetic energy of iron sublattices (Polyakov, 1997;
Polyakov and Mineev, 2000; Polyakov et al., 2005a,b).
2.2. Mössbauer spectroscopy and inelastic nuclear resonant

X-ray scattering

Mössbauer spectroscopy provides experimental data
that can be used to calculate the b-factor. Historically,
the first determination of equilibrium iron isotope fraction-
ation factors was made using data obtained from Möss-
bauer spectroscopy (Polyakov, 1997). The second-order
Doppler (SOD) shift in Mössbauer spectra is proportional
to the vibrational kinetic energy of the Mössbauer-sensitive
isotope (e.g. 57Fe):

S ¼ �KE=mc; ð4Þ

where S is the SOD shift (in velocity units); c is the speed of
light.

Substituting Eq. (4) in Eq. (3) results in a simple equa-
tion expressing the b-factor in terms of the experimentally
measurable quantity, namely, the SOD shift in Mössbauer
spectra (Polyakov, 1997):
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ln b ¼ Dm
m�

�mSc
zRT
� 3

2

� �
: ð5Þ
The mass m in (5) should be expressed in amu, m = 57, in
the case of iron.

The SOD shift is responsible for temperature shifts
observed in Mössbauer spectra. Therefore, experimental
determination of the SOD shift (and, consequently, calcula-
tion of the b-factor) requires Mössbauer spectroscopic mea-
surements at different temperatures. To extract the SOD
shift from the Mössbauer spectra at different temperatures
some assumptions on the temperature dependence of
SOD shift are needed. This introduces some errors in the
Mössbauer-derived SOD shift. Another source of error in
the Mössbauer-derived SOD shift is the temperature depen-
dence of the isomeric shift, which can be confused with the
SOD shift. Fortunately, the temperature dependence of the
isomeric shift is usually (but not always) small in compari-
son with the SOD shift and does not distort significantly the
true value of the SOD shift.

Polyakov et al. (2005b) presented and applied a new
method for experimentally determining the kinetic energy
(KE) of elements having Mössbauer-sensitive isotopes
(tin isotopes as an example). One can apply this method
directly to iron isotopes. The experimental foundation is
based on recent progress in nuclear resonant scattering
of synchrotron X-radiation, which, together with the
development of high-resolution X-ray monochromators,
allows one to measure energy spectra of nuclear resonant
inelastic absorption directly (e.g. Chumakov and Stur-
hahn, 1999). This technique provides the possibility of
obtaining the phonon partial density of states (PDOS)
for the resonant atom (Sturhahn et al., 1995, 1998; Kohn
and Chumakov, 2000; Alp et al., 2001).1 The PDOS is ex-
tracted from the observations of Mössbauer resonant pho-
tons scattered by thermal phonons in single-phonon
processes. The high-resolution monochromator provides
a 0.8 meV resolution in the energy of the scattered pho-
tons and allows one to obtain �100 columns in the PDOS
histogram, which is usually 80–100 meV wide. (1 meV =
10�3 eV = 1.60217653 · 10�22 J� 8.06602 cm�1 � 2.41814 ·
1011 Hz). The extraction procedure of the PDOS from the
energy spectra of nuclear resonant inelastic absorption in-
cludes the double Fourier transform, which allows one to
eliminate the multiphonon contribution together with the
deconvolution of the data (Kohn et al., 1998). The general
approach is based on two main approximations: (a) the
adiabatic approximation in which the motion of heavier
ion cores is treated separately from that of the electrons,
1 The vibrational spectrum or density of state (DOS) is the most
valuable physical quantity for the calculations of thermodynamic
properties of solids. If the DOS is known, any thermodynamic
property can be computed using appropriate equations of statis-
tical physics (e.g. Maradudin et al., 1971). The PDOS is the part of
the DOS relating to vibrations of the sublattice of an element of
interest. The PDOS presents the energy spectrum of the sublattice
thermal vibrations. Using the PDOS, the thermodynamic proper-
ties of the sublattice such as the kinetic energy, the contribution to
heat capacity, etc. can be computed.
whose average motion generates the potential that dictates
the motion of the ion cores; and (b) the harmonic
approximation in which only the second-order term in
the Taylor expansion of the interatomic potential is
retained (Alp et al., 2001). It should be emphasized that
the PDOS represents the vibrational energy spectrum of
the Mössbauer-sensitive isotope (57Fe in the case of iron)
for which the resonant nuclear scattering is observed.
Since the PDOS of the iron sublattice is known, all atomic
thermal properties of the sublattice such as vibrational
energy and heat capacity as well as Mössbauer quantities
such as the Lamb–Mössbauer (LM) factor or SOD shift
can be computed using standard statistical physics formu-
las. Thermodynamic properties of the iron sublattice from
PDOS are computed in a completely analogous way to the
computation of the thermodynamic properties of the total
crystal from a complete DOS. According to Eq. (3), the
kinetic energy of the iron sublattice is the main physical
quantity needed for the computation of iron isotope
b-factors.

If the PDOS of an atom of interest is known from
INRXS experiments, the kinetic energy can be calculated
from the following equation:

KE ¼ 3=2

Z emax

0

Eðe=kT ÞgðeÞde ð6Þ

where g(e) is the PDOS, E(e/kT) is the Einstein function for
the vibrational energy of a harmonic oscillator having the
frequency m = e/h, h is the Planck constant, emax is the max-
imal energy of the vibration spectrum (blue limit). The Ein-
stein function is given by

Eðe=kT Þ
kT

� e=kT
expðe=kT Þ � 1

þ 0:5e=kT ð7Þ

Eqs. (6) and (7) are valid under the harmonic approxima-
tion and Eq. (6) takes into account the virial harmonic rela-
tion K = 0.5Evib, where Evib is the vibrational energy of the
harmonic oscillator. The PDOS function is normalized to
unity:
Z emax

0

gðeÞde ¼ 1 ð8Þ

Eqs. (3), (6)–(8) allow computing the b-factor if the PDOS
is found from the INRXS in synchrotron radiation
experiments. The INRXS radiation technique provides
more reliable b-factors than those derived by Mössbauer
spectroscopy. In distinction from Mössbauer SOD shift
measurements, the INRXS radiation experiments are con-
ducted at a single temperature, which avoids the possibility
of confusing the SOD shift with the temperature depen-
dence of the isomeric shift. The INRXS-based computation
also does not require any model assumptions about the type
of vibrational spectrum and/or interatomic potential.
Mössbauer spectroscopy and INRXS approaches for the
determination of the iron isotope b-factors are based on
different model assumptions. Thus, an agreement between
Mössbauer- and INRXS-derived iron isotope b-factors
provides compelling evidence for the validity of the
calculations.



0 10 20 30 40 50 60
Energy, meV

0

40

80

120

160

200
D

O
S,

m
eV

-1

Fig. 1. The phonon DOS of metallic iron (a-Fe) (Alp et al., 2001).
Typical uncertainties in the phonon DOS values are shown by error
bars.

0 2 4 6 8 10 12 14
106/T2, K-2

0

2

4

6

8

10

10
3 l

n
β 57

/5
4 F

e

from Mössbauer data
(Housley and Hess, 1967)
from INRXS DOS
(Alp et al., 2001)
traditional calculations
(Shauble et al., 2001)

toC02550100200300400700

Fig. 2. Comparison of Mössbauer- and INRXS-derived b-factors of
metallic iron (a-Fe). Error bars show typical uncertainties in the
b-factors of metallic iron resulted from the uncertainties in the
phonon DOS of metallic iron. The method for calculations of the iron
b-factor uncertainties is presented by Polyakov et al. (2005b).
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3. RESULTS

In this section, we present our new calculations of the
iron isotope b-factors for iron-bearing compounds using
INRXS data on PDOS and new Mössbauer spectroscopy
data. These new computations complement and revise early
calculations by Polyakov (1997) and Polyakov and Mineev
(2000).

3.1. Metallic iron (a-Fe)

Metallic iron is the most thoroughly studied substance
by both Mössbauer spectroscopy and the INRXS synchro-
tron radiation technique. Mössbauer spectroscopic studies
of metallic iron were carried out intensively in the early
stages of investigations of the Mössbauer effect. Housley
and Hess (1967) summarized these investigations and
obtained an accurate SOD shift for metallic iron. Their re-
sults can be well approximated by a Debye function with
the characteristic temperature hM = 421 ± 10 K. There are
several INRXS synchrotron radiation studies of metallic
iron (Sturhahn et al., 1995; Chumakov et al., 1996; Toellner
et al., 1997; Chumakov and Sturhahn, 1999; Kohn and
Chumakov, 2000; Alp et al., 2001; Shen et al., 2004). The
phonon DOS2 histogram for metallic iron is shown in
Fig. 1. Unlike traditional Mössbauer spectroscopy, the
INRXS technique does not require measurements at differ-
ent temperatures. We have used both types of data to com-
pute the temperature dependence of the b-factor of metallic
iron, using Eq. (5) in the case of the SOD shift measure-
ments and Eqs. (3), (6)–(8) in the cases when the phonon
DOS is available. Results of the computations are presented
2 The PDOS coincides with the DOS in the case of single-element
substances.
in Fig. 2, together with conventional calculations by Scha-
uble et al. (2001) for comparison. Uncertainties in the
INRXS-derived b-factors were calculated by the method
described by Polyakov et al. (2005b). One can see good
agreement between Mössbauer- and INRXS-derived b-fac-
tors for metallic iron. Small differences are within the range
of experimental and computational error. The three-term
polynomial expressions for 57/54 and 56/54 b-factors for
a-iron in Table 1 are computed according to Housley and
Hess (1967). The polynomial expression is valid at temper-
atures above 273 K (0 �C) and agrees with the correspond-
ing polynomial of Polyakov and Mineev (2000).

3.2. Iron oxides

3.2.1. Hematite (a-Fe2O3)

The SOD shift of hematite was obtained by both tradi-
tional Mössbauer spectroscopy and synchrotron radiation
experiments. The temperature dependence of the SOD shift
of synthetic hematite is described by a Debye function with
hM = 500 ± 40 K (De Grave and Van Alboom, 1991). This
value for hM was confirmed by Polyakov et al. (2001), who
found hM = 502 ± 25 K. The SOD shift was also estimated
from the INRXS experiments directly using a special tech-
nique (Chumakov and Sturhahn, 1999; Kohn and Chuma-
kov, 2000). As in the case of PDOS determination, one can
obtain the SOD shift from an INRXS synchrotron experi-
ment at one temperature instead of wide range of tempera-
tures in the case of Mössbauer spectroscopy. A comparison
between b-factors computed from the SOD shifts men-
tioned above is shown in Fig. 3. An excellent agreement be-
tween traditional Mössbauer- and INRXS-derived iron
isotope b-factors for hematite strongly supports the use of
hematite iron isotope b-factors as reference data for com-



Table 1
Polynomial coefficients for calculating iron b-factors of minerals under study

Solids Method and source Coefficients of the polynomial expansion:
103 ln b ¼

P3
i¼1Aixi; xi ¼ 106=T 2

57Fe/54Fe 56Fe/54Fe

A1 A2 · 103 A3 · 106 A1 A2 · 103 A3 · 106

Iron metal Mössbauer-derived from Housley and Hess (1967) 0.69964 �1.4762 4.8454 0.47475 �1.0017 3.2879
Hematite Mössbauer-derived from Polyakov et al. (2001) 1.0542 �3.1652 1.3260 0.71534 �2.1478 8.9976
Magnetite INRXS-derived from Seto et al. (2003) 0.95706 �4.7296 4.0703 0.64943 �3.2094 2.7620
FeO (wüstite) INRXS-derived from Struzhkin et al. (2001, 2004) 0.67154 �2.2631 1.4589 0.45569 �1.5357 9.8995
Pyrite Mössbauer-derived from Nishihara and Ogawa (1979) 1.5729 �7.0581 4.2873 1.0673 �4.7894 2.9093
Marcasite Mössbauer-derived from Permyakov et al. (2004) 1.3430 �5.4604 3.3409 0.91129 �3.7053 2.2670
Troilite INRXS-derived from Kobayashi et al. (2004) 0.43820 �9.8632 4.4614 0.29735 �6.6929 3.0274
Fe3S INRXS-derived from Lin et al. (2004) 0.47319 �8.5917 2.6653 0.32109 �5.8301 1.8086
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Fig. 3. Mössbauer- and INRXS-derived iron b-factors for hema-
tite (a-Fe2O3). Metallic iron is presented for comparison.
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Fig. 4. The PDOS of Fe in magnetite, obtained by Seto et al.
(2003) in INRXS synchrotron radiation experiments. The PDOS,
presented here, is the resultant density of vibration energy for iron
nuclei in A- and B-sites.
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parisons of calculated, experimental or natural iron isotope
fractionation factors. The three-term polynomial, based on
Polyakov et al. (2001), is presented in Table 1, which agrees
with the previous expressions of Polyakov and Mineev
(2000).

3.2.2. Magnetite (Fe3O4)

Polyakov and Mineev (2000) computed magnetite b-fac-
tors from Mössbauer SOD data of De Grave et al. (1993)
and Persoons et al. (1993). De Grave et al. (1993) and Per-
soons et al. (1993) reported extremely high values of hM =
665 ± 25 K for the A site (Fe3+) and hM = 570 ± 15 K for
the B site (Fe2+ + Fe3+).

Recently, Seto et al. (2003) presented the INRXS-
derived PDOS for magnetite (Fig. 4). We calculated the
temperature dependence of the magnetite b-factor from
the PDOS reported by these authors. A comparison of
the magnetite b-factors calculated from data cited above
is given in Fig. 5. There is clearly a large difference between
b-factors computed from the Persoons et al. (1993) mea-
surements and those obtained from other sources. It
appears that the Mössbauer data of magnetite by Persoons
et al. (1993) are suspect. The three-term polynomial, pre-
sented in Table 1, corresponds to magnetite b-factors com-
puted from the Seto et al. (2003) INRXS-derived PDOS.
This new equation differs significantly from the previous
one calculated by Polyakov and Mineev (2000), using
Mössbauer data of Persoons et al. (1993).

3.2.3. FeO (wüstite)

Struzhkin et al. (2001, 2004) obtained the iron PDOS of
FeO (wüstite) from synchrotron radiation experiments for
INRXS at pressures from 0.9 to 49 GPa. They observed
substantial softening of the PDOS at energies below
10 meV at pressures 15–20 GPa, which persisted at high
pressures up to 49 GPa. They related the observed softening
to the magnetoelastic coupling in the high-pressure antifer-
romagnetic phase. In principle, the PDOS data at different
pressures allows one to estimate the pressure dependence of
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iron b-factors for FeO. However, a detailed study of the
pressure dependence of iron b-factors for FeO lies beyond
the scope of the present paper. We have computed the iron
b-factors for FeO using the iron PDOS (Fig. 6) measured
by Struzhkin et al. (2001, 2004) at 0.9 GPa, the lowest pres-
sure in their studies, at which the pressure effect for the iron
FeO b-factors does not exceed 0.15‰ at room temperature.
The temperature dependence of the iron b-factor for FeO is
shown in Fig. 7 and an appropriate polynomial expression
is presented in Table 1.
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Fig. 6. The PDOS of FeO (wüstite) at 0.9 GPa after Struzhkin
et al. (2001, 2004).
3.3. Iron sulfides

Iron b-factors for pyrite were previously estimated by
Polyakov and Mineev (2000), using the SOD data of
Mössbauer measurements for a synthetic sample of pyrite
by Nishihara and Ogawa (1979). New iron b-factors for
pyrite were recently published by Permyakov et al.
(2004) based on the Mössbauer investigations of natural
pyrite samples. These data along with new INRXS-derived
iron b-factors for troilite and other iron sulfides expand
the range of possible variations of the iron isotope compo-
sition in equilibrium isotope fractionation processes
involving sulfides.

3.3.1. Pyrite (FeS2)

Permyakov et al. (2004) presented results of Mössbauer
investigations of natural pyrite from the Butuobin deposit
in Russia. Iron is distributed among pyrite (�76%), marca-
site (�14%) and an unidentified phase (presumably arseno-
pyrite, 10%) according to Mössbauer spectra and X-ray
phase analysis. The SOD was described in terms of the
Debye model. The following values for characteristic
temperatures, hM, were obtained: 598 ± 12 K for pyrite
and 516 ± 26 K for marcasite. The temperature dependence
of the iron b-factor for pyrite and marcasite are presented
in Fig. 8 in comparison with the pyrite b-factor from Nishi-
hara and Ogawa (1979). From Fig. 8, one can observe good
agreement between the data of Nishihara and Ogawa (1979)
for the b-factor for pyrite (hM = 610 ± 20) and those ob-
tained by Permyakov et al. (2004).

3.3.2. Troilite and Fe3S

The INRXS spectrum for troilite published recently by
Kobayashi et al. (2004) is presented in Fig. 9. The iron
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spectroscopic data. Error bars for pyrite and marcasite reflect
uncertainties in Mössbauer temperatures: 598 ± 12 K for pyrite
and 516 ± 26 K for marcasite.
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Fig. 9. The PDOS of troilite from INRXS synchrotron radiation
experiments (Kobayashi et al., 2004).
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Fig. 10. The temperature dependence of the iron b-factors for
troilite (FeS) and Fe3S. The iron b-factors for pyrite, hematite and
siderite are presented for comparison. The range of equilibrium
iron isotope fractionation for sulfides is extremely wide and even
exceeds typical difference between the iron b-factors of ferric and
ferrous compounds. The iron b-factors for siderite were calculated
using hM = 375 K as suggested by De Grave and Van Alboom
(1991). Uncertainties in the iron b-factors for Fe3S, which are
typical for IRNXS-derived values, results from uncertainties in the
PDOS (Fig. 11). The method for calculations of the iron b-factor
uncertainties is presented by Polyakov et al. (2005b).
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sublattice PDOS relates to a pressure of 1.5 GPa. The
temperature dependence of the iron b-factor for troilite
is shown in Fig. 10 and the third-order polynomial is pre-
sented in Table 1. The PDOS of troilite was measured at
different pressure and the pressure effect on the iron b-
factor for troilite can be estimated, in principle. However,
this subject lies beyond the scope of the present paper.
The iron b-factor for troilite is much lower than those
for pyrite and marcasite presented in Fig. 10 for
comparison.

Fe3S is the most iron-rich sulfide mineral currently
known. It forms at 21 GPa and 1300 K. This compound
may play an important role in the formation of cores in
the Earth and Mars (Poirier, 1994; Bertka and Fei, 1998).
Lin et al. (2004) measured INRXS spectra of Fe3S at pres-
sures up to 57 GPa. The PDOS at ambient pressure is pre-
sented in Fig. 11. The temperature dependence of the iron
isotope b-factor (Fig. 10) is close to, but somewhat larger
than, that for troilite (FeS).

4. DISCUSSION

4.1. Correlation with the electrostatic energy

The INRXS using synchrotron radiation and Möss-
bauer spectroscopy are complementary methods for the
determination of iron isotope b-factors. The INRXS
method provides more accuracy, but Mössbauer spectros-
copy is a site-specific technique, which allows the deter-
mination of internal equilibrium isotope fractionation in
a mineral.
The use of Mössbauer-derived and INRXS-derived
results provides a powerful tool for obtaining reliable data
on iron isotope b-factors of minerals. Agreement of b-fac-
tor values obtained by the two different techniques (e.g.,
metallic iron and hematite) provides confidence in the accu-
racy of these values. We believe that an excellent agreement
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compounds, respectively; magnetite data are marked as a cross
(Mössbauer-derived from De Grave et al. (1993) and Persoons
et al. (1993)) and a square (INRXS-derived from Seto et al. (2003)).
The energies of cation site were taken from Smyth and Bish (1988).
The energies and the b-factors for magnetite were computed by
averaging data on A and B magnetite sites with weight coefficients
1 and 2, respectively. The iron b-factors for minerals except
hematite, FeO (wüstite) and INRXS-derived magnetite are taken
from Polyakov and Mineev (2000). Hematite, FeO (wüstite) and
INRXS-derived magnetite b-factors obtained in this study. One
can see that b-factor value for magnetite calculated by Polyakov
and Mineev (2000) from the characteristic temperatures hM

obtained by De Grave et al. (1993) and Persoons et al. (1993)
does not obey the trend describing correlation between the
electrostatic energy of the iron sites and iron b-factors.
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between INRXS- and Mössbauer-derived iron b-factors
obtained from different studies (Fig. 3) allows us to use
hematite as a reference mineral for equilibrium iron isotope
fractionation. The present study reveals the serious dis-
agreement between the previous Mössbauer-derived iron
isotope b-factors for magnetite (Polyakov and Mineev,
2000) and our new calculations in this study based on the
PDOS results from INRXS with synchrotron radiation
technique (Fig. 5); the Mössbauer-derived b-factors are
much greater than the corresponding INRXS-derived
values.

Our INRXS-based re-evaluation of the iron isotope
fractionation factors confirms the main regularity in equi-
librium iron isotope fractionation factors, namely depen-
dence on the oxidation states, as was previously observed
from the Mössbauer spectroscopic data (Polyakov and
Mineev, 2000). The INRXS-derived iron b-factors for
FeO (wüstite), which is a typical value for Fe2+ compounds,
are smaller than those for hematite and metallic iron. The
dependence of the iron isotope b-factors on oxidation state
is shown as a correlation between the iron b-factor and the
electrostatic site energy calculated by the method of Smyth
(1989) (Fig. 12). Such a correlation was also observed for
oxygen isotope fractionation factors in silicates (Smyth
and Clayton, 1988; Clayton et al., 1989; Rosenbaum
et al., 1994; Chacko et al., 1996). As one can see in
Fig. 12, the potential energy of the ferric sites is about twice
that of ferrous sites. It is known that stronger bonded com-
pounds are characterized by larger values of the b-factor
(e.g. Singh and Wolfsberg, 1975). Therefore, the ferric com-
pounds (or sites) have b-factors that are larger than those
for ferrous ones. It is interesting to compare values for
the iron b-factor of magnetite from Polyakov and Mineev
(2000) and those in this paper. One can see that the present
calculations obey the trend shown in the figure, while the
calculations of Polyakov and Mineev (2000) using the
Mössbauer data of De Grave et al. (1993) and Persoons
et al. (1993) do not.
4.2. Comparison with experimental and natural data

It has been previously observed (e.g. Johnson et al.,
2003) that iron isotope fractionation factors between min-
erals calculated based on the Mössbauer spectroscopy
(Polyakov and Mineev, 2000) appear to be overestimated
compared to those based on experimental and natural
studies. This apparent discrepancy is due mainly to an
overestimation of the iron b-factor for magnetite com-
puted by Polyakov and Mineev (2000), because of their
use of the SOD shift presented by De Grave et al.
(1993) and Persoons et al. (1993). In Table 3, we com-
pared the ‘‘preferred’’ isotope fractionation factors pre-
sented by Johnson et al. (2003) with our new
calculations for magnetite and other minerals in this
study, obtained from new sets of Mössbauer-spectroscopy
and INRXS data (Table 2). We present iron isotope frac-
tionation factors between minerals, rather than those with
respect to dissolved iron (Johnson et al., 2003). One can
observe overall agreement between ‘‘preferred’’ values of
Johnson et al. (2003) and calculated equilibrium iron iso-
tope fractionation factors in this study (Table 2). We
emphasize that large non-systematic variations in iron
isotope compositions of minerals from banded iron
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formations from the Transvaal Craton studied by John-
son et al. (2003) reflect iron isotope fractionation in mul-
tistage forming processes and suggest that many mineral
phases are not in equilibrium.

Frost et al. (2007) tested the agreement between INRXS-
and Mössbauer-derived b-factors and iron isotope mineral–
mineral fractionation including magnetite using natural
samples from the Biwabik Iron Formation. They pointed
out the agreement for magnetite–silicate (hedenbergite)
and magnetite–carbonate (siderite) at high temperatures
(>550 �C), but did not observe any temperature regularities
in iron isotope fractionation coefficients between minerals
at low temperatures. They suggested that equilibrium state
was not attained at low temperatures. The iron isotope frac-
tionation between magnetite and pyroxene at 750 �C
observed by Dauphas et al. (2004) for natural samples from
Early Archean band iron formation from Greenland are
also in agreement with b-factors for magnetite computed
in this study and those for pyroxene from Polyakov and
Mineev (2000).

It is also interesting to compare INRXS- and Möss-
bauer-derived b-factors with laboratory iron isotope inves-
tigations. We devote our attention to mineral–mineral
equilibrium isotope fractionation factors only, so as to
avoid using available theoretical calculations of b-factors
for aqueous iron complexes, which contradict each other.
(e.g. Anbar et al., 2005; Schauble et al., 2001). Available
experimental data allow us to determine of magnetite–
hematite and magnetite-siderite 56/54Fe isotope fractiona-
tions at room temperatures. To find the magnetite–hematite
Table 2
Comparison between Mössbauer- and INRXS-derived equilibrium iron (5
from Johnson et al. (2003) for minerals

T (�C) ln aA–B, ‰a

Siderite Magnetite

Equilibrium Johnson et al.
(2003)

Equilibrium

Ankerite 25 �1.5 (�0.3) 0 to �3.5
median: �1.75

�3.7 (�2.5)

100 �1.0 (�0.2) 0 to �2.0
median: �1.0

�2.5 (�1.5)

Siderite 25 �2.4 ± 0.4

100 �1.5 ± 0.25

Magnetite 25

100

Isotope fractionation factors between minerals A and B can be found in th
column relating to the mineral B. All ‘‘Johnson et al., 2003’’ isotope fracti
in Table 3 of that paper by excluding values for dissolved Fe2+ and Fe
ankerite–siderite pair, one must subtract the Fe2+–ankerite ‘‘preferred’’ v
the equilibrium values except fractionation factors for pairs involving
calculated in this study instead of the incorrect b-factor for magnetite fro
the iron b-factors are known for two ankerites having different elemental
equilibrium fractionation factors for the second composition of ankerite

a A is a mineral in the first column; B is a mineral in the second row.
56/54Fe isotope fractionation factors (D56/54Fehem-mag), the
following experiments can be used:

– the 56/54Fe fractionation factor between ferric aqua com-
plexes and hematite at 98 �C, D56/54FeFe(III)aq-hem =
�0.1‰ (Skulan et al., 2002);

– the 56/54Fe fractionation factor between ferric and fer-
rous aqua complexes at 22 �C, D56/54FeFe(III)aq–

Fe(II)aq = +3.0‰ (Welch et al., 2003);
– the 56/54Fe fractionation factor between ferrous aqua

complexes and magnetite at 22 �C, D56/54FeFe(II)aq-mag =
�1.3‰ (Johnson et al., 2005).

One can see that D56/54FeFe(III)aq-hem was measured at
98 �C, whereas all other fractionation factors relate to
22 �C. To reduce all experiments to the same temperature,
we used the temperature dependence of the hematite and
ferric aqua complex b-factors:

D56=54FeFeðIIIÞaq-Hemð22 �CÞ ¼ D56=54FeFeðIIIÞaq-Hemð98 �CÞ

þ103 ðln56=54bFeðIIIÞaqð22 �CÞ � ln56=54bFeðIIIÞaqð98 �CÞÞ
h

�ðln56=54bHemð22 �CÞ � ln56=54bHemð98 �CÞÞ
i

ð9Þ

103(ln56/54bFe(III)aq(22 �C) � ln56/54bFe(III)aq(98 �C)) = 3.37
according to DFT-based calculations by Anbar et al.
(2005). It is likely that temperature dependence of the
calculated b-factor for ferric aqua complexes in the rela-
tively narrow temperature range from 98 to 22 �C is more
accurate than calculations of the absolute b-factor values.
6/54) isotope fractionation factors and isotope fractionation factor

Hematite

Johnson et al. (2003) Equilibrium Johnson et al. (2003)

�2.1 to �4.3
median: �3.2

�4.5 (�3.1) �3.1 to �4.6
median: �3.85

�2.1 to �4.3
median: �3.2

�3.0 (�2.0) �1.8 to �3.0
median �2.4

�0.7 to �2.8
median: �1.7

�3.0 ± 0.4 �0.9 to �2.9
median: �1.9

�0.4 to �1.8
median: �1.1

�2.0 ± 0.3 �0.7 to �2.0
median: �1.35

�0.8 ± 0.4 �0.3 to �0.4
median: �0.35

�0.5 ± 0.25 �0.1 to �0.2
median: �0.15

e cell at the intersection of the row relating to the mineral A and the
onation factors are computed from the ‘‘preferred’’ values presented
3+. For example, to find the ‘‘Johnson et al., 2003’’ value for the
alue from the Fe2+–siderite ‘‘preferred’’ value. This is also true for
magnetite. We have used new values for the magnetite b-factor

m Polyakov and Mineev (2000) used by Johnson et al. (2003). Since
composition: CaFe0.5Mg0.5(CO3)2 and Ca1.1Mg0.5Fe0.3Mn0.1(CO3)2,
are presented in parentheses.
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From the polynomial expansion for hematite (Table 1), it
follows 103 (ln 56/54bHem(22�C) � ln 56/54bHem(98 �C)) = 2.8.
According to Eq. (9), one can get D

56/54

FeFe(III)aq-hem

(22 �C) = +0.47. This gives a hematite–magnetite iron iso-
tope fractionation at 22 �C:

D56=54Fehem-mag ¼ �D56=54FeFeðIIIÞaq-hem

þ D56=54FeFeðIIIÞaq–FeðIIÞaq

þ D56=54FeFeðIIÞaq-mag

¼ 1:23&: ð10Þ

INRXS- and Mössbauer-derived polynomials in Table 1
give:

D56=54Fehem-mag ¼ 103ðln 56=54bhem � ln 56=54bmagÞ
¼ 0:90&: ð11Þ

Similarly, one can compare equilibrium iron isotope frac-
tionation between siderite and magnetite from INXRS
and Mössbauer data with that obtained from laboratory
experiment. Wiesli et al. (2004) obtained D56/54FeFe(II)aq-sid =
+0.5‰ for the 56/54Fe fractionation factor between ferrous
aqua complexes and siderite at 22 �C. Combining this value
with D56/54FeFe(II)aq-mag = �1.3‰ from Johnson et al.
(2005), one can get:

D56=54Fesid-mag ¼ D56=54Fe FeðIIÞaq-mag

� D56=54FeFeðIIÞaq-sid

¼ �1:3&� 0:5& ¼ �1:8&: ð12Þ

The b-factor for siderite computed by Polyakov and Mine-
ev (2000) from the Mössbauer-derived SOD shift and the
INRXS-derived b-factor for magnetite give for equilibrium
56/54Fe isotope fractionation coefficient:

D56=54Fesid-mag ¼ 103ðln 56=54bsid � ln 56=54bmagÞ
¼ �2:60&: ð13Þ

One can see from comparisons of Eq. (10) with Eq. (11)
and (12) with Eq. (13) that the b-factors presented in this
study slightly underestimate low-temperature hematite–
magnetite and siderite–magnetite iron isotope fractionation
coefficients relative to laboratory derived values. A possible
reason for this disagreement is the magnetite sample used in
the INRXS synchrotron radiation experiment by Seto et al.
(2003). This sample was somewhat oxidized and the ratio
between the tetrahedral (Fe3+) A site and the octahedral
(Fe2+ + Fe3+) B site was 1.3:1 instead of 1:1 as in stoichi-
ometric magnetite. Considering the dependence of the iron
b-factor on oxidation state, the INRXS-derived iron b-fac-
tors for magnetite presented in this study might have over-
estimated those for stoichiometric magnetite. Mössbauer
investigations of two stoichiometric magnetite samples
(Mineev et al., 2007) support this assumption. At room
temperature Mössbauer-derived 103 ln 56/54b for stoichiome-
tric magnetite is 0.52 ± 0.35 smaller than that calculated in
present study from INRXS data by Seto et al. (2003).
Unfortunately, the A/B ratio in magnetite was not mea-
sured directly in experiments by Johnson et al. (2005).

A second possible reason for the disagreement between
laboratory experiments and INRXS-and Mössbauer
derived iron isotope fractionation factors deals with exper-
imental procedure. All experimental data used in our com-
parisons, except D 56/54FeFe(III)aq–Fe(II)aq, were obtained in
experiments involving mineral precipitation. Such experi-
ments cannot unambigously demonstrate the attainment
of isotopic equilibrium (e.g., O’Neil, 1986). On this ground,
we cannot exclude the kinetic contribution in the values of
the iron isotope fractionation coefficients obtained in the
low-temperature experiments by Skulan et al. (2002), Wiesli
et al. (2004), and Johnson et al. (2005).

4.3. Fe-bearing sulfide minerals

New INRXS and Mössbauer data have extended the
range of the iron b-factors for sulfide minerals signifi-
cantly (Fig. 10). Among sulfides, pyrite has the largest
iron b-factor according to Mössbauer spectroscopy data.
Unfortunately, because an INRXS-derived PDOS is not
available for pyrite, the Mössbauer-derived large b-fac-
tors cannot be verified independently. However, we can
test the validity of Mössbauer-derived iron b-factors of
sulfide minerals, using their sulfur isotopes. Polyakov
and Mineev (2000) calculated the sulfur b-factor of pyrite
by Eq. (14) in which the kinetic energy of the sulfur sub-
lattice in pyrite was written as the difference between the
total kinetic energy of the crystal and the kinetic energy
of the iron sublattice:

ln b34=32S ¼
1

17

KEtot �KEFe

2RT
� 3

2

� �
ð14Þ

where KEtot and KEFe are the kinetic energy of the total
pyrite crystal and its iron sublattice, respectively, and 1/17
is a Dm/m* value for the 32S fi 34S substitution that is un-
der consideration. The total energy of the pyrite crystalline
lattice was calculated from experimental data on the heat
capacity of pyrite reported by Ogawa (1976). The iron
sublattice kinetic energy was computed from the Möss-
bauer SOD shift data of Nishihara and Ogawa (1979).
Polyakov and Mineev (2000) found good agreement in
the sulfur isotope b-factors for pyrite between calculations
according to Eq. (14) and those obtained by conventional
statistical mechanical calculations. Here we further tested
the validity of the sulfur b-factor values for pyrite, by
comparing with experimentally calibrated sulfur isotope
geothermometers: pyrite (FeS2)–sphalerite (ZnS)–galena
(PbS). The fractionation factors between pyrite–galena
and pyrite–sphalerite can be obtained from sulfur b-fac-
tors for pyrite, galena and sphalerite, according to Eq.
(1). The latter b-factors (galena and sphalerite) were calcu-
lated by Elcombe and Hulston (1975) using the lattice dy-
namic technique (Fig. 13a). Comparisons of calculated
equilibrium fractionation factors for pyrite–galena and
pyrite–sphalerite with appropriate experimental calibra-
tions are presented in Fig. 13b. A good agreement
between calculated and experimental values is observed.
One can also estimate how much possible errors in values
of the iron b-factor affect the sulfur b-factor for pyrite and
calculated equilibrium fractionation factors for pyrite–ga-
lena and pyrite–sphalerite (Fig. 13b). Equation for
56/54Fe b-factor is written as
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ln b56=54Fe ¼
1

27

KEFe

RT
� 3

2

� �
: ð15Þ

Combining Eqs. (14) and (15), one can derive dependence
of the variation in 34/32S b-factor on the variation in the
56/54Fe b-factor after routine algebraic transformations:

Dðln b34=32SÞ ¼
27

34
Dðln b56=54FeÞ; ð16Þ

where Dðln b34=32SÞ and Dðln b56=54FeÞ are variations in ln b34=32S

and ln b56=54Fe, respectively. As it follows from Eq. (16) and
Fig. 13b, even 2–3‰ variations in the 56/54Fe for pyrite lead
to significant deviations of calculated pyrite–galena and
pyrite–sphalerite equilibrium fractionation curves from
appropriate experimental values.

The agreement between calculated equilibrium fraction-
ation factors for pyrite–galena and pyrite–sphalerite and
appropriate experimental calibrations (Fig. 13b) suggests
strongly that the sulfur b-factor values for pyrite calculated
by Eq. (14), and thus the iron b-factors of pyrite computed
by Polyakov and Mineev (2000) using the Mössbauer SOD
shift are accurate. In a similar fashion, we calculated the
oxygen isotope b-factors of cassiterite (SnO2) and found
excellent agreement with fractionation factors determined
by laboratory experiments (Hu et al., 2005; Polyakov
et al., 2005a). Recently, Macey and Harris (2006) tested
these oxygen isotope b-factors for cassiterite using natural
samples and observed consistency of results obtained with
quartz–cassiterite and quartz–hematite and quartz–musco-
vite isotope geothermometers.

Troilite shows the smallest value of the iron b-factor
among sulfides studied to date. The iron b-factor of Fe3S
is very close to that of troilite. The small values of the iron
b-factor for troilite are in agreement with results from the
direct iron isotope exchange experiments in the pyrrho-
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Fig. 13. Sulfur-isotope data of Fe-bearing sulfide minerals. (a) Temperatu
and Mineev (2000) using the Mössbauer SOD shift for iron measured
sphalerite are taken from lattice dynamics calculations by Elcombe and
pyrite–galena and pyrite–sphalerite pairs (solid lines) calculated from the
with data by Smith et al. (1977) (open circles), Kajiwara et al. (1969) (op
tite–peralkaline rhyolitic melt system at high temperature
(Schuessler et al., 2005, 2007), assuming similarity between
iron b-factors of troilite and pyrrhotite. According to these
experiments an equilibrium fractionation factor between
pyrrhotite and high Fe3+ peralkaline rhyolitic melt varies
from �0.15 to �0.22‰/amu at temperatures from 850 to
1000 �C (Schuessler et al., 2005, 2007). These values of
the iron isotope fractionation factor are close to those
obtained from the typical values for the Mössbauer- and
INRXS-derived iron b-factors of ferric silicates and troilite.
Butler et al. (2005) suggested in their experimental study of
Fe isotope fractionation on the precipitation of FeS that the
enrichment of light iron isotopes in pyritic sediments can be
explained by a kinetic isotope effect in the precipitation of
FeS, followed by the conversion of FeS to pyrite without
isotope fractionation. If we can assume that the b-factor
of the monosulfide (mackinawite?) is similar to that of troi-
lite, one can conclude that the enrichment of pyrite in light
iron isotopes may be the result of equilibrium iron isotope
fractionation during the precipitation of FeS on the first
stage of the mechanism suggested by Butler et al. (2005).
The small values of iron b-factors of troilite and Fe3S
obtained from INRXS extend the range of variations of
the equilibrium iron isotope fractionation factors for cova-
lently bonded compounds and open new possibilities for
interpreting iron isotope ratios observed in nature.

5. SUMMARY

The critical reevaluation of equilibrium iron isotope
fractionation factors has been accomplished for oxide and
sulfide minerals, using recent literature data from Möss-
bauer spectroscopy and INRXS synchrotron radiation.
Good agreement between iron b-factor values obtained
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Hulston (1975). (b) 34/32S equilibrium fractionation coefficients for
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from the Mössbauer SOD shift and those obtained from the
INRXS synchrotron radiation technique provides evidence
for the validity and reliability of the iron b-factors for
metallic iron (a-Fe) and hematite. Based on the excellent
agreement between Mössbauer- and INRXS-derived iron
b-factors for hematite, we suggest the use of hematite as a
reference material.

New iron b-factors for magnetite have been computed
from DOS obtained from the INRXS synchrotron radia-
tion experiment (Seto et al., 2003). It is shown that the pre-
vious data on iron b-factors of magnetite computed by
Polyakov and Mineev (2000) using the Mössbauer SOD
shift of De Grave et al. (1993) and Persoons et al. (1993)
are incorrect. The new data of magnetite resolve the dis-
agreement between naturally observed iron isotope frac-
tionation factors for mineral pairs involving magnetite
and those calculated using the data from Mössbauer spec-
troscopy and INRXS. The validity of the iron b-factor
for pyrite was corroborated, using sulfur isotope geother-
mometers of pyrite–galena and pyrite–sphalerite.

A correlation between the potential energy of the cation
site and the iron b-factor value has been established. This
correlation explains the dependence of the iron b-factors
on the oxidation state: the iron potential energy of ferric
compounds is about twice that of ferrous compounds. This
correlation between the b-factor and the oxidation state
could be extended to other transition metals (Cu, Sn, Mo,
etc.).

Low values of INRXS-derived iron b-factors for troilite
and Fe3S have significantly widened the range of the iron b-
factor values for sulfides, and for covalently bonded com-
pounds in general. Observed low values of the iron b-factor
of covalently bonded compounds agree with experimental
study of pyrrhotite–silicate melt isotope exchange (Schuess-
ler et al., 2005, 2007).
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