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Oxidation State, Coordination, and Covalency Controls on Iron
Isotopic Fractionation in Earth’s Mantle and Crust: Insights from

First-Principles Calculations and NRIXS Spectroscopy

Marc Blanchard1 and Nicolas Dauphas2

ABSTRACT

Isotopes provide valuable insights into the complex geochemical behavior of iron. To put the wealth of Fe iso-
topic data measured in natural samples into a quantitative framework, it is important to know how iron isotopes
are fractionated at equilibrium between co-existing iron-bearing phases or species. These isotopic equilibrium
fractionation factors can be derived from isotopic exchange experiments and the study of natural samples,
but can also be calculated from partition functions, whose main contribution is the vibrational energy. This
approach relies on first-principles calculations (atomistic modeling based on quantum mechanics) and vibra-
tional spectroscopies (Mössbauer and Nuclear Resonant Inelastic X-ray Scattering – NRIXS). Comparison
of the results obtained from these techniques provides confidence in their reliability and improves our understand-
ing of the parameters controlling iron isotopic fractionation among coexisting phases. After an introduction to
the theory and methods applied in this field, the chapter will review how NRIXS and first-principles calculations
help interpret iron isotopic variations in natural rocks and minerals. At equilibrium, the heavy isotopes of iron
will concentrate in the phases where the interatomic force constants are the greatest, meaning in the phases where
iron bonds are the stiffest. Higher oxidation state, higher covalency, and lower coordination (shorter bond length)
tend to be associated with stronger bonds and heavy iron isotope enrichments.

14.1. INTRODUCTION

Iron is a ubiquitous element that is abundant in terres-
trial rocks, fluids, andmagmas. It displays a rich and com-
plex chemistry based on its multiple valence. Its three
oxidation states are 0 (metallic iron), +2 (ferrous iron),

and +3 (ferric iron). On Earth, these oxidation states
are stratified in a manner that follows the structural and
chemical layers characterizing our planet. At the center,
the core is made of metallic iron alloyed with some lighter
elements. The mantle is the main repository for ferrous
iron under the form of silicate and oxide minerals. Ferric
iron is mainly found in crustal rocks and surface environ-
ments due to the presence nowadays of an oxygen-rich
atmosphere.
Iron chemical behavior is often involved in oxidation-

reduction (redox) equilibria: chemical reactions that
involve a transfer of electrons between species having dif-
ferent valence states. This electron transfer implies a
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readjustment of chemical bonds. As we will see, the mod-
ification of the interatomic bonds affects in turn the iso-
topic properties. The ubiquity and rich chemistry of
iron explains why variations in its four stable isotopes
(54Fe, 56Fe, 57Fe, and 58Fe) have become essential tools
to investigate various cosmochemical, geochemical, and
biochemical questions. In Earth sciences, iron isotopic
analyses have brought new insights into planetary accre-
tion and mantle-core differentiation, crust formation by
partial melting, redox evolution of the Earth’s mantle,
redox evolution of the ocean in relation with the oxygen-
ation of the atmosphere, and magmatic differentiation.
An overview of the most recent results on these topics
can be found in Dauphas and Rouxel (2006), Johnson
et al. (2008), and Dauphas et al. (2017).
The relative enrichment in heavy isotopes of one phase

relative to another referred to as isotope fractionation,
can be due to kinetic processes or can occur in conditions
of thermodynamic equilibrium. Equilibrium isotopic frac-
tionation factors represent reference values that must be
known in order to interpret the iron isotope variations
measured on natural samples. These key data and their
temperature dependence can be obtained through several
approaches. The most traditional way consists in design-
ing isotope exchange experiments whose goal is to attain
or to point to the equilibrium state (e.g., Schuessler et al.,
2007; Shahar et al., 2008, 2017; Saunier et al., 2011; Syver-
son et al., 2013). Alternative approaches consist of deriv-
ing theoretically the equilibrium isotopic fractionation
factors from the measurement or the computation of
vibrational properties. Electronic structure calculations
based on the resolution of quantum mechanics’ laws
can be used for determining the equilibrium fractionation
for any traditional or non-traditional stable isotopes (e.g.,
Schauble, 2004; Blanchard et al., 2017). This theoretical
approach is also of great interest for investigating what
crystal chemical parameters govern the isotopic fraction-
ation. Alternatively, for Mössbauer-active elements (like
iron), the vibrational properties of the target element in
solids can be investigated by Mössbauer spectroscopy
through the measurement of the temperature dependence
of the isomer shift (e.g., Polyakov & Mineev, 2000) or
using nuclear resonance inelastic X-ray scattering,
NRIXS (e.g., Polyakov et al., 2005; Dauphas et al.,
2012, 2018). While sound theoretically, determining the
second-order Doppler shift via the temperature depend-
ence of the isomer shift in Mössbauer spectroscopy is
fraught with difficulties. The NRIXS technique provides
the vibrational density of states for the resonant atom and
the database of equilibrium fractionation factors calcu-
lated from NRIXS measurements is rapidly growing.
In this chapter, we will give a brief introduction to the

theory of mass-dependent stable isotope fractionation.
We will define the quantity that is actually calculated

(i.e., the reduced partition function ratio β) and how it
relates with the commonly used fractionation factor α.
We will explain how the β-factor is derived from atomistic
modeling or NRIXS measurements. Iron isotope studies
based on these two techniques will be reviewed, focusing
on minerals and melts. The reliability of the derived equi-
librium fractionation factors will be assessed by compar-
ing the results from the various techniques. The results
will be analyzed to identify what are the crystal para-
meters that control the equilibrium fractionation factors.
The final section of this chapter will discuss some exam-
ples of igneous systems where equilibrium fractionation
factors help assess how iron geochemistry and redox
behavior affect iron isotopic variations.

14.2. THEORY: EQUILIBRIUM ISOTOPIC
FRACTIONATION FROM VIBRATIONAL

PROPERTIES

The theory of equilibrium mass-dependent stable iso-
tope fractionation has been established by Bigeleisen
andMayer (1947) and Urey (1947). Here we define briefly
the fractionation factors α and β, and we introduce the
expressions that are used for determining their theoretical
values. More details can be found in the review article of
Blanchard et al. (2017).
Let’s consider a reaction during which the X’ (light) and

X (heavy) isotopes are exchanged between two phases
A and B:

AX + BX⇄AX + BX (14.1)

Even in conditions of thermodynamics equilibrium,
the isotopic exchange leads to an isotopic enrichment
of one phase relative to the other. This phenomenon of
equilibrium isotopic fractionation has some temperature
dependence that can be calculated. Indeed, as any chem-
ical reaction, the isotopic exchange reaction is character-
ized by an equilibrium constant, Keq, related to the
variation of the standard free energy between reactants
and products, or to the partition functions, Q, of the
reactants and products; the two quantities (free energy
and partition function) being linked. The equilibrium
constant of Reaction 14.1 is thus given by the following
expression:

Keq =
Qproducts

Qreactants
=

Q AX × Q BX
Q AX × Q BX

(14.2)

The commonly used fractionation factor, α, between
two phases can be defined as the ratio of quantum and
classical equilibrium constants (i.e., equilibrium constants
obtained considering either quantum or classical mechan-
ics). This is justified by the fact that classical contributions
to the partition functions only play a bookkeeping role in
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the isotopic fractionation, and therefore it is convenient to
define a reduced partition function, by ratioing the
quantum partition function to its classical counterpart
(Qqm/Qcl). Thus using Equation 14.2, the α fractionation
factor between phases AX and BX can be expressed as:

αAX −BX =
Keq qm

Keq cl

=
Qqm AX × Qcl AX

Qqm AX × Qcl AX

×
Qqm BX × Qcl BX

Qqm BX × Qcl BX
=

βAX
βBX

(14.3)

This expression allows introducing the concept of
reduced partition function ratio, also called β. The
reduced partition function ratio βAX can be seen as the iso-
topic fractionation factor between the phase AX and an
ideal atomic gas of X. Contrary to the fractionation factor
α that can be measured directly from isotope exchange
experiments where two or more phases are coexisting,
the fractionation factor β is associated to one phase,
and in most cases, cannot be retrieved from isotopic com-
positions. However, β is the quantity that is calculated
from the vibrational properties, as described below. As
shown in Figure 14.1, β-factors can be conveniently com-
pared and combined in order to derive the equilibrium
fractionation factors α between any coexisting phases.
Isotopic fractionations are relatively small, on the order
of parts per thousand for iron isotopes, so it is common
to use the notation 1000 ln α or 1000 ln β, reporting the
result in permil (‰).
From Equation 14.3, we understand that the β-factor of

a given phase can be calculated from the classical and
quantum partition functions. Their expressions are

explained and detailed in several articles (e.g., Bigeleisen&
Mayer, 1947; Richet et al., 1977). Briefly, the ratio of the
classical partition functions of two isotopologues will only
depend on the atomic mass of isotopes and symmetry
considerations, while the main contribution to the
quantum partition function is the vibrational energy. If
we consider a crystal undergoing a complete isotopic
substitution and if interatomic vibrations are treated as
harmonic, we obtain the following β-factor expression:

βAX =
3N

i = 1 q

νq,i
ν q,i

×
e− hνq,i 2kT

1− e−hνq,i kT
×

1− e− hν q,i kT

e− hν q,i 2kT

1 nNq

(14.4)

where νq,i and ν q,i are the vibrational frequencies of the
vibrational mode i = 1,3N along wavevector q for the
two isotopologues.N is the number of atoms in the crystal
unit-cell with n sites for the element of interest. T is the
temperature, h the Planck constant and k the Boltzmann
constant. The second product is performed on a suffi-
ciently large grid ofNq q-points in the first Brillouin zone.
Crystal lattices have some periodicity that can be captured
by their Fourier transform, which is also a lattice known
as reciprocal space. The first Brillouin zone is a primitive
cell in the reciprocal space and this zone is sampled using a
uniform grid of q-points. β-factor value converges toward
the final value while the number of q-points used is
increased. The expression 14.4 takes into account the
“rule of the high-temperature product” also called
“Redlich-Teller rule” (Kieffer, 1982), which accounts
for the fact that there should be no isotopic fractionation
in the high-temperature limit. Similar β-factor expressions
can be derived for a molecule where rotational and trans-
lational motions also contribute to the partition function
or for the case of a “site by site” isotopic substitution
(Blanchard et al., 2017).
In an equivalent way, one can write the equilibrium

fractionation factor β as a function of the kinetic energy
K of the element (Polyakov, 1997):

ln βAX =
m−m

m
K
RT

−
3
2

(14.5)

Here this kinetic energy will be calculated from the
vibrational density of states of the element g(e):

K =
3
2

emax

0
E e kT g e de (14.6)

where E(e/kT) is the Einstein function for the vibrational
energy of a single harmonic oscillator at frequency ν= e/h,
and emax corresponds to the maximal energy of the vibra-
tional spectrum. Using a series expansion of the kinetic
energy above (Polyakov et al., 2005, 2007) or a Bernoulli
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Figure 14.1 Generic example of the temperature dependence
of the β-factors of phases AX and BX, expressed in ‰.
β-factors can then be combined in order to obtain the
equilibrium fractionation factor α between these two phases;
a quantity that can be compared to measured isotopic
fractionations between co-existing phases.
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expansion of the β-factor (Dauphas et al., 2012), the
β-factor can be expressed as,

ln βAX =
m
m

− 1
mg

2

8k2T2
−

mg
4

480k4T4
+

mg
6

20160k6T6

(14.7)

where mg
i is the ith moment of the vibrational density of

states g(e): mg
i =

+ ∞
0 g e eide

Finally, Bigeleisen and Mayer (1947) also derived an
approximate formula, which relates the β-factor to the
force constants (the equivalent of a spring constant for
a mechanical spring) acting on the element of interest:

βAX = 1 +
m−m
mm

ℏ2F

8 kT 2 (14.8)

with ℏ = h/2π. The mean force constant F is related to the
second moment of the phonon density of states through
Lipkin’s sum rule (Lipkin, 1995, 1999), such that Equa-
tion 14.8 is equivalent to truncating Equation 14.7 to
the first order (Dauphas et al., 2012). F is the sum of force
constants in three orthogonal directions opposing dis-
placement of the atom X from its equilibrium position.
This expression is a valid approximation of Equation 14.4
when hν/kT < 2; in other words at high-temperature or for
a system with relatively low relevant vibrations. For iron,
Equation 14.7 is well approximated by Dauphas et al.
(2012, 2017),

ln βAX ≈ 2 9
F

T2 − 38
F2

T4 (14.9)

Accordingly, truncating the expansion to the first term
in the expansion, which is known as the high temperature
approximation, gives rise to a relative error on lnβAX of
~13F/T2, meaning that it will be larger for solids that have
iron in stiff bonds and it will be smaller at high tempera-
ture (see Figure 14.2; Dauphas et al., 2012).
In conclusion of this theoretical section, one has to

remember that the equilibrium fractionation factor α
can be predicted by combining the relevant β-factors,
which in turn are obtained from the vibrational proper-
ties. In practice, the variation of vibrational frequencies
associated with the isotopic substitution, the vibrational
density of states or the force constants of the element of
interest can be determined either from first-principles
calculations or by NRIXS spectroscopy, as we will see
in the next section. Alternatively, although less accu-
rate, it is possible to estimate the force constants using
an ionic model based on Pauling’s rules, mainly from
the valences and ionic radii of the targeted element
and its first neighbors. A derivation of this approach
and an application to iron isotopes can be found in
Young et al. (2015), Macris et al. (2015), and in Sossi
and O’Neill (2017).

14.3. CALCULATION OF VIBRATIONAL
PROPERTIES

14.3.1. First-Principles Calculations

The vibrational properties (vibrational frequencies,
vibrational densities of states) can be calculated from
atomistic modeling, which describes the behavior of a
physicochemical system from its components at the
atomic level. One can consider the ions and treat their
interactions using classical mechanics using empirical
force fields but most studies investigating non-traditional
stable isotopes, and in particular iron isotopes, employ
first-principles calculations. This means that the laws of
quantum mechanics are used for describing the interac-
tions between nuclei and electrons. In that case, the elec-
tronic structure is obtained by solving the Schrödinger
equation requiring some approximations but no empirical
parameters. A widespread class of first-principles calcula-
tions is based on the density functional theory (DFT),
which considers that the ground state energy is a func-
tional of the electronic density (Hohenberg & Kohn,
1964). More details about the computational techniques
can be found in many books like for instance in the review
by Cygan and Kubicki (2001).
There are typically three steps in first-principles calcu-

lations for obtaining the vibrational properties needed
for the determination of equilibrium isotope fractionation
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Figure 14.2 Relative departure (numbers on the curves) from
Equation 14.8 introduced by the addition of the higher order
term, for the 56Fe/54Fe ratio. For high-temperatures and
relatively low force constants, equation (22.8) is a good
approximation (Source: Dauphas et al., 2012. Reproduced
with permission of Elsevier).

286 MAGMA REDOX GEOCHEMISTRY

0005111846.3D 286 12/7/2021 12:39:02 AM



factors using either Equation 14.4, 14.5, or 14.8. In the
first step, the minimum-energy structure is determined
via geometric relaxation. From an initial guess geometry,
often the experimentally determined structure, the forces
on each atom, and the stress over the cell are calculated,
and a refined guess structure is determined. This proce-
dure continues iteratively until the residual forces and
stress are sufficiently small. This relaxation is needed as
otherwise the structure is unstable and calculation of
vibrational frequencies yields spurious results. Once the
minimum-energy configuration has been calculated, the
second step is the determination of interatomic force con-
stants for displacements of the atomic nuclei from their
equilibrium positions. Finally, the vibrational frequencies
or densities of states are determined from force constants
and appropriate isotopic masses (Baroni et al., 2001).
Uncertainties in calculated frequencies are typically the
main factor limiting the accuracy of calculated fractiona-
tion factors.Méheut et al. (2009) showed that a systematic
correction of n% on the frequencies induces a relative sys-
tematic correction on the logarithmic β-factors (lnβ)
between n% (at low temperatures) to 2n% (at high tem-
peratures). The commonly used generalized gradient
approximation is for instance associated with a systematic
underestimation of ~5% of the harmonic vibrational fre-
quencies. This would lead to a relative uncertainty of
~0.25‰ on a β-factor of 5‰. A virtue of the theoretical
approach is that it enables to go beyond the average iso-
topic properties of one phase by providing the contribu-
tion of each crystallographic site. These data allow to
identify the crystal chemical factors governing the isotope
fractionations.

14.3.2. NRIXS Spectroscopy

Iron-57 being a Mössbauer-active isotope with a low-
lying nuclear excited state at 14.4125 keV, one can use
the synchrotron radiation technique of nuclear resonant
inelastic X-ray scattering (NRIXS) to probe the vibra-
tional properties of iron contained in a solid. The energy
of the incoming X-ray photon beam is changed in small
steps within a typical interval of –120 to +150 meV (the
exact energy range depends on the temperature of the
measurements and the nature of the material analyzed)
around the nominal resonance energy (i.e., 14.4125
keV). At each energy, the scattered X-rays induced by
the nuclear transition are analyzed. When the pulse hits
the sample, X-rays are scattered by electrons. This elec-
tronic contribution, almost instantaneous, can be dis-
carded by imposing some time discrimination, while the
targeted nuclear scattering is delayed due to the finite life-
time (141 ns) of the excited 57Fe nucleus.
When the incoming X-ray’s energy is lower than the

nominal resonance energy, some nuclear transitions can

still occur because lattice vibrations provide the small
energy deficit (a phenomenon known as phonon annihila-
tion). When the incoming energy is higher than the nom-
inal resonance energy, the excess energy can be absorbed
by lattice vibrations (phonon creation) and the nuclear
transitions can still take place. By measuring the flux of
the scattered X-rays for various values of the incident
X-ray energy, one can thus probe the vibrational proper-
ties of the sample, which in turn are used to determine
equilibrium fractionation factors. In practice, two
approaches exist to retrieve β-factors from NRIXS spec-
tra. Polyakov et al. (2007) used the kinetic energy and first
order perturbation theory to calculate the β-factor from
the vibrational density of state of the iron sublattice g(e)
(Equations 14.5 and 14.6). The vibrational density of
states is calculated using a Fourier-Log transformation
of the raw spectrum S(e). Dauphas et al. (2012) used a dif-
ferent approach based on the determination of the force
constant of iron bonds and other higher order moments
of the raw spectrum S(e). The two approaches are math-
ematically equivalent (Dauphas et al., 2012). A virtue of
the second approach is that the error bars are easy to cal-
culate and one knows how data processing affects the
results. The following uncertainties are propagated and
details on the error propagation calculation are provided
in Dauphas et al. (2014) and Hu (2016): counting statis-
tics, uncertainties in the baseline definition, offset in
energy scaling, overall energy scaling, and a bin-to-bin
energy jitter. In order to retrieve reliable β-factors, special
attention must be paid to the energy range that must be
extended enough (as mentioned) and to the baseline def-
inition (Blanchard et al., 2015). The reason is that the
mean force constant of the iron bonds, which is the main
driver for the isotopic fractionation, is calculated from the
third moment of the raw spectrum S(e) or the second
moment of the phonon density of states [integrals of
S(e) e3 and g(e) e2] such that small errors at the energy tails
of the spectra, where is signal is lowest, have a dispropor-
tionate influence on the calculated force constant
(Dauphas et al., 2012; Blanchard et al., 2015).

14.4. IRON ISOTOPE STUDIES BASED ON
NRIXS OR DFT

Twomain factors can influence the force constant of the
iron bonding environment in condensed phases or fluids:
(i) the oxidation state of the metal center; and (ii) the coor-
dination environment, including number and identity of
the coordinating ligands. Several DFT studies focused
on the magnitude of ligand effect relative to redox effect
on Fe isotope fractionation by considering various Fe spe-
cies relevant of aqueous solutions, such as aquo com-
plexes (Anbar et al., 2005; Ottonello & Zuccolini, 2009)

THEORETICAL IRON ISOTOPE FRACTIONATION FACTORS 287

0005111846.3D 287 12/7/2021 12:39:03 AM



as well as inorganic and organic complexes (Domagal-
Goldman & Kubicki, 2008; Hill & Schauble, 2008; Otto-
nello & Zuccolini, 2008; Hill et al., 2010; Fujii et al.,
2014). Other DFT studies focused on iron-bearing miner-
als such as hematite, goethite, pyrite, and siderite
(Blanchard et al., 2009, 2010, 2015). In particular, Blan-
chard et al. (2010) tackled the question of the effect of
the chemical composition by evaluating the Fe β-factor
of hematite (Fe2O3) as a function of the Al content. Rustad
and collaborators (Rustad & Dixon, 2009; Rustad et al.,
2010) studied specifically the mineral-solution isotopic
fractionation between aqueous iron and hematite, siderite,
or goethite (mainly combining their well-tested β-factors
for aqueous iron with previous mineral β-factors). In this
case, determining accurate values requires special care
because of the fundamentally different nature of the iron-
bearing species considered, i.e., a periodic crystal versus
a disordered solvated species. Rustad andYin (2009) inves-
tigated the isotopic properties of ferropericlase and ferro-
perovskite (bridgmanite) in lower-mantle conditions to
discuss Earth’s accretion and differentiation.
Ab initio studies can most directly be compared with

NRIXS studies. Indeed, this synchrotron radiation tech-
nique can measure the phonon density of states, which
can be compared with theoretical estimates to assess what
vibration modes control the isotopic fractionation. Poly-
akov et al. (2007) and Polyakov and Soultanov (2011)
estimated the Fe β-factors of oxide and sulfide minerals
from the vibrational densities of states collected in earlier
studies whose aims were to derive seismic velocities. Dau-
phas et al. (2012) also used previously published data in
order to document the equilibrium fractionation factors
of various compounds among which mainly silicate,
oxide, sulfide minerals, and the different phases of metal-
lic iron. They also introduced a new approach to derive
equilibrium fractionation factors for iron that involves
using the moments of phonon excitation probability den-
sity function (as well as the phonon density of states) to
calculate the coefficients in the 1/T2 polynomial expan-
sion of 1000 lnβ. Dauphas et al. (2012) reported the first
NRIXS measurements of goethite and jarosite, which
were subsequently reevaluated in Blanchard et al.
(2015). This study highlighted the need to collect data over
a wide energy range and implemented new data reduction
approaches to retrieve accurate β-factors from the
NRIXS measurements. Significant improvements have
been made to the acquisition and reduction of NRIXS
data that have been implemented in a data reduction soft-
ware called SciPhon (Dauphas et al., 2018).
Roskosz et al. (2015) analyzed by NRIXS a series of

spinels with varying compositions and redox states. These
Fe β-factors combined with NRIXS data on olivine
(Dauphas et al., 2014) and pyroxenes (Jackson et al.,
2009) allowed the authors to shed new light on the isotopic

signatures of natural peridotites. Several studies
addressed the question of metal-silicate fractionation in
order to improve our understanding of the conditions of
Earth’s core formation. Polyakov (2009) calculated the
Fe β-factors for metallic iron, ferropericlase, perovskite,
and post-perovskite in high-pressure conditions. Some
of these NRIXS spectra were acquired for the determina-
tion of seismic velocities, which are derived by fitting the
PDOS by a Debye model at low energy. The signal-to-
noise ratio at those low energies is high and little attention
was paid in those studies to the high energy end of the
spectra where the signal-to-noise is low. The experiments
are done in Diamond Anvil Cells (DACs) with small sam-
ple sizes, resulting in long acquisition times. To cut acqui-
sition times, many spectra were truncated in energy before
the counts reached background level. As mentioned ear-
lier, this can lead to erroneous estimates of Fe β-factors.
More recently, Shahar et al. (2016) investigated the
pressure effect (from 2 to 40 GPa) on the iron isotopic
properties of iron alloys with hydrogen, carbon, or
oxygen. Liu et al. (2017) focused on the fractionation
between basaltic glasses, metallic iron and ion-rich alloys
of Fe-Ni-Si, Fe-Si, and Fe-S up to 206 GPa. Yang et al.
(2018) studied Fe isotopic fractionation in lower mantle
minerals bridgmanite and ferropericlase to evaluate
whether terrestrial magma ocean crystallization could
have imparted some iron isotopic fractionation to Earth’s
upper mantle. Finally, Dauphas et al. (2014) was inter-
ested in the fractional crystallization of magmas and the
trend toward heavy iron isotopic compositions of silicic
magmas. To do so, these authors determined the Fe
β-factors in basaltic, andesitic, dacitic and rhyolitic glasses
(taken as proxies for silicate melts) at magmatic tempera-
tures, as well as in olivine. Williams et al. (2016) studied of
the iron isotopic properties of silicate glasses but this time
with compositions relevant to lunar petrology, which
includes mare basalts that are richer in titanium than their
terrestrial equivalents.

14.5. COMPARISON OF EQUILIBRIUM
FRACTIONATION FACTORS DERIVED FROM

VARIOUS TECHNIQUES

Table 14.1 displays a comparison of the iron β-factors
obtained from NRIXS, Mössbauer measurements, and
first-principles calculations (DFT) for various iron-
bearing minerals, i.e., sulfides, oxides, and one carbonate.
With the exception of goethite, the β-factors derived from
the various techniques are in good agreement. With a
maximum difference of 0.5‰ at 298 K, the values are
the same within the error bars. In the case of pyrite, the
apparent discrepancy between DFT and Mössbauer
results that were reported in Blanchard et al. (2009) and
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in Polyakov and Soultanov (2011) could be resolved by
using a better constrained temperature dependence of
the Mössbauer spectra (Blanchard et al., 2012). Unlike
other minerals, a significant discrepancy remains for goe-
thite, where the DFT result is loosely bracketed by Möss-
bauer and NRIXS data. Calculations would suggest a
possible overestimation of the NRIXS value possibly
related to the baseline definition between the lattice modes
and OH bending modes, which might be enough to obtain
this 0.8‰ difference. The intrinsic features of the samples
studied by NRIXS andMössbauer spectroscopy may also
contribute to the discrepancy (Blanchard et al., 2015). The
comparison of results from these independent techniques
provides ameans of assessing the reliability of equilibrium
isotope fractionation factors. A virtue of NRIXS and
ab initio studies is that they provide β-factors for individ-
ual minerals as opposed to α-factors between minerals
that equilibration experiments can measure. The former
are more widely applicable than the later as the equilib-
rium fractionation between any two pair of minerals
can be calculated provided that their β-factors are known,
while equilibration experiments are only relevant to the
mineral pair that has been equilibrated. Nevertheless,
equilibration experiments and measurements of minerals
in natural samples that are thought to have achieved equi-
librium provide some ground-truthing of ab initio or
NRIXS determinations and these more empirical
approaches can tackle problems that are presently not eas-
ily handled by the vibrational approaches, notably with
regard to isotopic fractionation involving liquids.
Inter-mineral equilibrium iron isotopic fractionation

factors have been thoroughly discussed in the literature.

We report here only a few examples of comparison
between theoretical fractionation factors and experimen-
tal data. Many experiments are designed to allow meas-
urement of the isotopic fractionation between iron
aqueous species and a coexisting mineral. DFT β-factors
of Fe aqueous species are quite variable in the literature,
depending on the computational methods and parameters
used. For instance, values for Fe(III)aq range from 8.3 to
10.1‰ at 295 K (Anbar et al., 2005; Hill & Schauble,
2008; Ottonello & Zuccolini, 2009; Rustad & Dixon,
2009; Rustad et al., 2010; Fujji et al., 2014). Details about
the complications related to the modeling of aqueous spe-
cies can be found in Blanchard et al. (2017). Among these
studies, Rustad et al. (2010) performed a meticulous
investigation of the effect of the solvation and basis set size
on the isotopic properties of aqueous species. By doing so,
these authors could reconcile some of the theoretical and
experimental fractionation results. The experimental
value of Wiesli et al. (2004) for Fe(II)aq-siderite
(+0.48±0.22‰ at 293 K) is in excellent agreement with
the DFT value (+0.54‰) that one obtains by combining
the β-factors of Rustad et al. (2010) and Blanchard et al.
(2009) for Fe(II)aq and siderite, respectively. DFT also
predicts that pyrite should be enriched in Fe heavy iso-
topes relative to Fe(II)aq (+1.1‰ at 623 K), which is con-
firmed by the experimental value of Syverson et al. (2013),
i.e. +0.99±0.29‰. For hematite, the agreement is less
remarkable. The experimental fractionation of −0.10
±0.20‰ at 370 K between Fe(III)aq and hematite
(Skulan et al., 2002) is consistent within the error bars
with the fractionation of +0.22‰ found by considering
the NRIXS value of hematite β-factor (Dauphas et al.,

Table 14.1 Iron β-factors (56/54Fe) derived from first-principles calculations (DFT), NRIXS, and Mössbauer measurements for some
minerals. Error bars due to uncertainties on calculated frequencies or on the data processing for NRIXS and Mössbauer
measurements are of the order of ±0.2–0.4‰ at 298 K and ±0.01–0.02‰ at 1573 K.

DFT NRIXS Mössbauer

Mineral 298 K 1573 K 298 K 1573 K 298 K 1573 K

Pyrite, FeS2 9.0a 0.33a – – 9.3b 0.35b

Chalcopyrite, CuFeS2 5.5c 0.20c 5.4c 0.20c – –

Siderite, FeCO3 4.1a 0.15a – – 4.1d 0.15d

Hematite, Fe2O3 7.1a 0.27a 7.4e 0.28e 7.6f 0.28f

Goethite, FeOOH 7.3g 0.28g 8.1g 0.31g 5.7d 0.21d

Ferropericlase, (Mg0.75Fe0.25)O 4.7h – 5.2i – – –

a Blanchard et al. (2009).
b Blanchard et al. (2012).
c Polyakov and Soultanov (2011).
d Polyakov and Mineev (2000).
eDauphas et al. (2012).
f Polyakov et al. (2001).
g Blanchard et al. (2015).
h Rustad and Yin (2009).
i Polyakov (2009).
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2012), while the DFT value (Blanchard et al., 2009) is
slightly larger, i.e. +0.43‰ at 370 K. For goethite, there
is a disagreement between DFT, NRIXS, and equilibra-
tion experiments (Dauphas et al., 2017), as DFT and
NRIXS are off by 2‰ from experimental measurements.
The reason for the discrepancy is unclear but we note that
the experimentally measured equilibrium isotopic frac-
tionation between Fe(II)aq and ferrihydrite is in line with
model predictions for goethite. More comparisons, for
low- and high-temperature systems, are reviewed in Dau-
phas et al. (2017).

14.6. PARAMETERS CONTROLLING
EQUILIBRIUM FRACTIONATION FACTORS

Provided that the harmonic approximation is valid, the-
ory predicts that isotopic fractionation should scale with
the stiffness of the bonds. The stiffness of the interatomic
bonds is quantified by the interatomic force constants F.
The β-factors increase proportionally with interatomic
force constant (Figure 14.3). In other words, understand-
ing fractionation means understanding the parameters
that control the force constants of the bonds involving
the element of interest, here iron. Among the available
data, the iron sulfide troilite displays the lowest Fe force
constant while the highest force constant is found in the
ferric end-member of a rhyolitic glass. Some studies
(e.g., Young et al., 2015; Macris et al., 2015; Sossi &
O’Neill, 2017) employed an ionic model for estimating
interatomic force constants and from those, equilibrium
fractionation factors. This approach has the advantage
of helping identify the crystal chemical parameters

governing isotopic fractionation. These analytical expres-
sions of F show that the bond strength is mainly con-
trolled by the charge of the two atoms involved in the
bonding and the distance between them.
Figure 14.4a shows the temperature dependence of Fe

β-factors of minerals where iron is bonded to oxygen
atoms. These minerals belong to various mineral families:
oxides, carbonates, silicates, and sulfates. In this figure,
the three colors allow to separate the minerals with respect
to the oxidation state of iron, i.e., presence of only Fe2+,
only Fe3+, or a mixed oxidation state with both Fe2+ and
Fe3+. Minerals with divalent or trivalent iron form two
domains that do not overlap. Minerals where iron is diva-
lent display the smallest β-factors, bracketed by siderite at
the bottom and olivine, enstatite at the top. Minerals with
trivalent iron show larger β-factors, ranging from hema-
tite to jarosite. In this context, the β-factors of minerals
with mixed oxidation states (magnetite and spinels) fall
in the lower part of the Fe3+ domain. Consistently,Macris
et al. (2015) measured inter-mineral iron isotopic fraction-
ation from five distinct mantle xenolith lithologies from
San Carlos (Arizona) and found that, in all cases where
spinel and olivine coexist, the isotopic composition of
spinel is heavier than that of the corresponding olivine.
The overall picture is that iron oxidation state plays a
great role, even if, as we will see, the interatomic
force constant is governed by an interplay of several
parameters defining the coordination environment
(charge, coordination number, bond lengths).
Expectedly, the correlation “β-factor versus force con-

stant” (Figure 14.3) holds for all minerals andmelts where
iron is bonded to oxygen as well as sulfur. However, the
iron sulfides do not follow the trend “β-factor versus
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Figure 14.3 Iron β-factors (56/54Fe) at 298 K as a function of the iron force constant in various minerals and melts.
Data are from the following NRIXS studies: a = Dauphas et al. (2012); b = Blanchard et al. (2015); c = Dauphas et al.
(2014); d= Roskosz et al. (2015). Error bars are of the order of ±10 N/m and ±0.2–0.4‰ at that temperature.

290 MAGMA REDOX GEOCHEMISTRY

0005111846.3D 290 12/7/2021 12:39:04 AM



redox state of iron” highlighted for minerals with Fe-O
bonds (Figure 14.4) and are also out of the trend “β-factor
versus bond length” shown in Figure 14.5. For instance,
the two polymorphs pyrite and marcasite with divalent
iron ions display β-factors higher than those of all Fe3+-rich
oxides and sulfates. This is explained by differing chem-
ical properties of Fe-S bond with respect to Fe-O bond.
Fe-S bonds are more covalent than Fe-O bonds as shown

by the smaller electronegativy difference (Pauling elec-
tronegativies: Fe = 1.83, O = 3.44, S = 2.58). This exam-
ple shows that at a given redox state, the value of Fe
β-factors increase with the degree of covalence of inter-
atomic bonds. We also observe in Figure 14.4 that
β-factors of iron sulfides vary over a range of values
exceeding that of minerals with Fe-O bonds. Troilite
possesses iron as Fe

2+

in octahedral site like pyrite and
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Figure 14.4 Temperature dependence of iron β-factors (56/54Fe) for minerals where iron is bonded to oxygen atoms
(a) or to sulfur atoms (b). Black curves are for minerals with only Fe2+, red curves for minerals with only Fe3+, and
dotted blue curves for minerals with both Fe2+ and Fe3+. Data are derived from either first-principles calculations or
NRIXS measurements, and are taken from the following references: a = Blanchard et al. (2015); b= Roskosz et al.
(2015); c = Dauphas et al. (2012); d = Blanchard et al. (2009); e = Polyakov et al. (2007); f = Dauphas et al. (2014); g
= Polyakov (2009); h = Williams et al. (2016); i = Polyakov and Soultanov (2011).
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marcasite but in troilite, FeS6 octahedra are much more
distorted and with longer Fe-S bonds, which explains the
very low Fe β-factor of troilite. In chalcopyrite, iron is in
tetrahedral site but with Fe-S bonds of similar lengths as
in marcasite. Chalcopyrite mainly differs by its complex
charge distribution between Fe, Cu, and S atoms, where
iron would be in high-spin Fe3+ state compared to low-
spin Fe2+ of pyrite and marcasite (Kobayashi et al.,
2004). Finally, Fe3S is the most iron-rich iron sulfide
known to date in the iron-sulfur system (Lin et al.,
2004). Iron sits in three nonequivalent crystallographic
sites with both S and Fe atoms in the first coordination
sphere.
Figure 14.5 gives the dependence of Fe β-factors over

the average Fe-O bond lengths in minerals. We observe
a general decrease of fractionation factors when the aver-
age bond length increases, which is in agreement with the
general rule of short bonds concentrating heavy isotopes.
Bond lengths increase with the coordination number. In
this series of minerals, only magnetite and spinels have
iron in tetrahedral sites in addition to octahedral sites.
The presence of these tetrahedral sites leads to a shorten-
ing of the average Fe-O bond length to values lower than
2 Å. Bond lengths are also affected by iron oxidation
state. In Figure 14.5, data with an average Fe-O bond
length longer than 2.04 Å correspond to minerals con-
taining only divalent iron. Ionic radii are negatively cor-
related with charge. This plot has been drawn from
the crystallographic data usually derived from X-ray
diffraction. When Fe presents a partial occupancy of

its crystallographic site, like for instance in olivine where
Fe shares the metal site with Mg, X-ray diffraction data
give an average bond length for this site and without
distinguishing Fe from Mg. Therefore, the Fe-O bond
lengths are not known accurately. This uncertainty adds
to the intrinsic scatter of this relationship. Note that in
Figure 14.5, the two enstatite samples differing by their
iron content have distinct β-factors. The sample with 7
mol% of Fe displays at 298 K a Fe β-factor 0.9‰ larger
than the sample with 20 mol% of Fe. This difference
exceeds the error bars of these NRIXS data (Dauphas
et al., 2012). Although additional data are required, this
effect of the composition may be real. The actual Fe-O
bond lengths and thus the force constant and equilibrium
isotope fractionation may vary with the Fe content.
Similarly, Wang et al. (2017) found using DFT that
equilibrium Ca isotope fractionation between pyroxenes
depends on the Ca content.
The conclusions regarding the parameters controlling

isotopic fractionation, discussed here mainly from min-
eral data, also hold for magmas. By combining NRIXS
and X-ray absorption spectroscopy (XANES) on a series
of magmatic glasses, Dauphas et al. (2014) could demon-
strate the controls exerted by redox and structural (e.g.,
polymerization) conditions in magmas. In particular, a
structural change of Fe2+ in the most silicic magma
explains the shift towards higher force constant for
Fe2+ of the trend defined by rhyolite glasses relative to
the single trend defined for basalt, andesite, and dacite
glasses.
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14.7. SELECTED APPLICATIONS TO THE
INTERPRETATION OF IRON ISOTOPIC
VARIATIONS IN IGNEOUS ROCKS

Equilibrium fractionation factors have found many
applications in low-temperature geochemistry, but kinetic
effects are often confounding factors in trying to interpret
iron isotopic variations in aqueous systems, products of
alteration, or chemical sediments. In that respect, igneous
rocks are potentially simpler to interpret. The reason is
that in those settings, equilibrium isotopic fractionation
between coexisting phases is more easily achieved because
diffusion between phases is rapid at high temperature.
Kinetic effects are also present but these are mostly due
to diffusion, which can be identified by correlating the iso-
topic variations of one element with another. For exam-
ple, during diffusion in olivine, Mg and Fe diffuse in
opposite directions, resulting in a negative correlation
between Mg and Fe isotopic variations (Teng et al.,
2011). In situ isotopic analyses can also reveal whether
kinetic effects are present as the presence of isotopic var-
iations within minerals indicates that the rock is not in iso-
topic equilibrium (Sio et al., 2013; Oeser et al., 2015). For
all these reasons, igneous isotopic geochemistry is a field
where determination of iron β-factors is of broad rele-
vance. This is a rapidly expanding field (see Young
et al., 2015; Sossi et al., 2016; Dauphas et al., 2017; Bour-
don et al., 2018, for some recent reviews on the topic) and
we focus on three geological settings where iron isotope
geochemistry and redox behavior may play some roles.

14.7.1. Mineral-Melt Fractionation and the Heavy Fe
Isotopic Composition of the Crust

The isotopic reference material used for reporting Fe
isotopic analyses is IRMM-014. Measurements of chon-
dritic (undifferentiated) meteorites showed that they have
similar Fe isotopic composition in bulk and that this com-
position is indistinguishable from the IRMM-014 value
(Craddock & Dauphas, 2011). Mid-ocean ridge basalts
have approximately uniform Fe isotopic composition
(average δ56Fe = +0.105±0.006‰; Teng et al., 2013),
which is markedly heavier than chondrites. MORBs are
the most abundant constituent of the oceanic crust, mean-
ing that the bulk oceanic crust as a whole must have a
heavy Fe isotopic composition. Continental crust also
has heavy Fe isotopic composition (Telus et al., 2012).
The question of the Fe isotopic composition of theman-

tle is more difficult to tackle. Two categories of samples
are best suited for that purpose. One is products of high
degree partial melting such as komatiites (Dauphas
et al., 2010; Hibbert et al., 2012). The reason is that any
melt-solid fractionation would be mitigated if a large frac-
tion of the rock melts (in the limit that the mantle is fully

molten, then the magma composition must be equal to
that of the source rock). A potential issue with komatiites
is that they have been weathered and serpentinized but
Craddock et al. (2013) showed that serpentinization had
little effect on the Fe isotopic composition of abyssal peri-
dotites. Even well-preserved komatiite samples show Fe
isotopic variations resulting from partial melting and frac-
tional crystallization (Hibbert et al., 2012), which compli-
cates estimation of the mantle δ56Fe value. With these
caveats in mind, Dauphas et al. (2010) used Alexo koma-
tiites to estimate that the Fe isotopic composition of the
mantle must be +0.044±0.030‰. Magnesium isotopes
show little variations in the komatiites measured so far,
defining a mantle δ26Mg value of -0.275±0.042‰, which
is in line with measurements of peridotites (Handler et al.,
2009; Teng et al., 2010). Another category of samples is
mantle peridotites (Weyer & Ionov, 2007; Poitrasson
et al., 2013; Craddock et al., 2013). The problem with
these samples is that many samples have been affected
by various forms of metasomatism, which fractionates
iron isotopes, possibly due to kinetic effects such as diffu-
sive processes in reactions involving melts and minerals
(Weyer & Ionov, 2007; Poitrasson et al., 2013). Neverthe-
less, the distribution of δ56Fe values of peridotites seems
to peak at the chondritic value (Craddock et al., 2013; Poi-
trasson et al., 2013). In particular, abyssal peridotites,
which may sample the mantle source of MORBs have
Fe isotopic compositions that are close to chondritic
(Craddock et al., 2013). Those data suggest that Earth’s
mantle has a chondritic Fe isotopic composition of
+0.025±0.025‰ (however, see Poitrasson et al., 2013,
for a different viewpoint).Why then does the oceanic crust
have heavy Fe isotopic composition?
Three studies have been performed recently to measure

the force constant of iron at high pressure by NRIXS
(Shahar et al., 2016; Liu et al., 2017, Yang et al., 2018).
These studies focused on iron alloys and they found that
given the high equilibration temperature involved, parti-
tioning between mantle and core (with O, Si, or Ni as
the most likely alloying elements), or terrestrial magma
ocean crystallization did not fractionate iron isotopes
bymore than ~0.02‰. This is consistent with the view that
Earth’s mantle has a chondritic or slightly elevated
δ56Fe value.
Available evidence suggests that melting the mantle to

make the oceanic crust can fractionate iron isotopes. The
effect is subtle (~0.07‰) but given that iron is amajor con-
stituent of the Earth, understanding what causes this frac-
tionation may shed some light on the processes governing
Earth’s magmatic evolution. Two approaches have been
used to address this question. One is to use estimated equi-
librium fractionation between minerals and melts based
on measured isotopic variations in peridotites (Williams
et al., 2005). This is a proper first-order approach but
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to gain a more mechanistic understanding of iron isotopic
fractionation during mantle melting, one needs to inde-
pendently determine the equilibrium fractionation factors
between the phases involved.
The main mineral phases relevant to mantle melting to

form MORBs are olivine, orthopyroxene, clinopyroxene
spinel, and of course basaltic melt. MORBs form by
approximately 10% partial melting. Iron in the upper
mantle is mostly present as Fe2+ (only ~3.5% of iron is
in its most oxidized form, Fe3+). The effective melt/solid
partition coefficient of iron during melting is ~1, meaning
that when 10% of the mantle melts, 10% of iron is parti-
tioned into the melt. This means that to explain the
+0.07‰ difference in Fe isotopic composition between
mantle and MORBs, a fractionation of approximately
+0.07‰ between melt and residue is needed. To our
knowledge, no ab initio calculations have been performed
for iron-bearing minerals relevant to the upper-mantle.
There is a more extensive data set available from NRIXS
studies (Dauphas et al., 2014; Roskosz et al., 2015; Jack-
son et al., 2009). Jackson et al. (2009) examined the force
constant of iron in orthoenstatite (an orthopyroxene). No
data is available for clinopyroxene. Roskosz et al. (2015)
studied Fe-bearing spinels characterized by a range of
iron contents and oxidation states. Dauphas et al.
(2014) measured the force constants of olivine as well as
several glasses of basalt, andesite, dacite, and rhyolite
containing variable amounts of Fe3+. Prissel et al.
(2018) measured the force constant of iron bonds in
Fe2+-bearing basaltic glasses doped with various amounts
of Ti. The precision of these NRIXS measurements is lim-
ited to ~±15 N/m, which translates into an error on the

β-factor of ~±0.017‰ at 1300 C. As discussed in
Section 14.6, what emerges from those studies and other
experimental studies is that there is a very strong influence
of the redox state of iron and a subtler effect of the coor-
dination environment (Figure 14.6). Most phases rele-
vant to mantle are silicates (pyroxenes, olivine, and
melt). All Fe2+-bearing phases (minerals and glasses)
have Fe force constants that are similar, meaning that
taken at face value, little isotopic fractionation is
expected between Fe2+ in olivine or pyroxene, and Fe2
+ in melt but higher precision measurements would be
needed to tell exactly if any effect is present at the ~
±0.03‰ level. Prissel et al. (2018) recently determined
experimentally the equilibrium Fe isotopic fraction
between silicate melts and olivine and found no measur-
able fractionation between the two.
A significant effect can be driven by redox conditions as

Fe3+ tends to be enriched in the heavy Fe isotopes relative
to Fe2+ and during melting Fe3+ behaves as a mildly
incompatible element, meaning that the melt will have a
higher Fe3+/Fe2+ than the solid residue. Dauphas et al.
(2009, 2014) assessed the degree of iron isotopic associ-
ated with this phenomenon. The result of this analysis is
that the NRIXS measurements can only explain approx-
imately half of the isotopic fractionation between melt
and mantle (assuming that the mantle has near chondritic
Fe isotopic composition). It is not clear at the present time
what the cause for the discrepancy is. It could be that clin-
opyroxenes are enriched in the heavy isotopes of iron, that
the harmonic approximation breaks down near or above
the solidus, or that kinetic isotope effects are present.
Clearly, more work is needed.
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14.7.2. Isotopic Fractionation During Magmatic
Differentiation

Several studies have shown that rocks related by trends
of magmatic differentiation can have fractionated iron
isotopic compositions (Teng et al., 2008; Schuessler
et al., 2009). In some instances, those trends are not due
to equilibrium isotopic fractionation but rather to kinetic
isotopic fractionation associated with diffusion in olivine
(Dauphas et al., 2010; Teng et al., 2011; Sio et al., 2013,
2018; Sio & Dauphas, 2017; Oeser et al., 2015, 2018; Col-
linet et al., 2017). As olivine crystallizes, the Mg/Fe of the
magma decreases (olivine is relatively Mg-rich). The core
of the olivine crystals are therefore out of thermodynamic
equilibrium andFe diffuses in whileMg diffuses out of oli-
vine to correct the existing chemical imbalance between
olivine rim and core. Because light Mg and Fe isotopes
tend to diffuse faster than heavy isotopes, and Mg and
Fe diffuse in opposite directions (Richter et al., 2009), oli-
vine acquires light Fe and heavy Mg isotopic composi-
tions. Removal of such olivine drives the residual
magma towards heavy Fe isotopic composition. Diffusive
fractionation will only play a role when the timescale for
intra-mineral diffusive equilibration is commensurate
with the timescale of cooling/crystallization. If the diffu-
sive timescale is much shorter than the cooling/crystalliza-
tion timescale, then bulk crystals will be in bulk chemical
and isotopic equilibriumwith the host lava. If the diffusive
timescale is much longer than the cooling/crystallization
timescale, then the crystal rim will be in equilibrium with
the host lava and the crystal interior will be unaffected by
diffusive re-equilibration. In the latter case, the bulk of the
crystals will not be in equilibrium with the host lava but
the relevant isotopic fractionation factors will still be
the equilibrium ones, the difference being that the process
will be modelled as a distillation.
Equilibrium isotopic fractionation factors are relevant

to intra-crustal differentiation of mafic and felsic rocks.
One aspect that has a dramatic effect on iron isotopic frac-
tionation is that iron tends to form stronger bonds in more
silicic and alkali-rich magmas such as rhyolite than in less
silicic and alkali-rich magmas such as basalt (Dauphas
et al., 2014). Changes in the coordination environment
of iron in these silicic magmas is also seen in XANES
(Figure 14.6). During fractional crystallization, the
melt-mineral equilibrium isotopic fractionation for iron
will thus increase as the crystallization proceeds. This
process can produce silica-rich melts that have very heavy
Fe isotopic compositions (Dauphas et al., 2014), which
are found in natural systems (Poitrasson & Freydier,
2005; Telus et al., 2012). Redox conditions could also
influence indirectly how iron isotopes are fractionated
during differentiation of mafic and felsic rocks. The rea-
son is that the redox state and whether or not the system

is buffered influences the Fe3+/Fe2+ ratio in the melt and
the onset of magnetite crystallization (Sossi et al., 2012;
Foden et al., 2015) and sulfide saturation (Williams
et al., 2018; Peters et al., 2018).

14.7.3. Isotopic Fractionation in Arc Lavas

The systematics of iron isotope variations in subduc-
tion-related rocks has been the focus of significant work
(Dauphas et al., 2009; Foden et al., 2018; Nebel et al.,
2013, 2015; Williams et al., 2004, 2005, 2018; Debret
et al., 2016). One reason is that these variations are pre-
sumably related to the mantle redox conditions and prior
history of melting in the source of arc lavas. Oceanic arc
lavas are produced by melting of the mantle wedge
bounded above by the crust above and below by the sub-
ducting slab. This process of flux melting involves the
transfer of fluids from the cold subducting plate into the
hotter mantle wedge above, where melting takes place pri-
marily due to lowering of the solidus temperature by fluid
addition. Arc lavas are more oxidized than MORBs and
an outstanding question is whether this is a feature of the
source or whether it is an artifact from shallow level
degassing and crystallization (Kelley & Cottrell, 2009;
Lee et al., 2005).
Williams et al. (2004, 2005) first showed that redox con-

ditions could influence iron isotopic fractionation in arc
systems. They measured the Fe isotopic of bulk rocks
and mineral separates of sub-arc peridotites and found
that the Fe isotopic composition was correlated with
the redox state. Specifically, spinels with higher Fe3+/Fetot
ratios had more negative δ

56

Fe values than the samples
with lower Fe3+/Fetot. This result is counter intuitive
because as discussed in Section 14.6, ferric iron tends to
concentrate heavy iron isotopes in spinels and melts
(Dauphas et al., 2014; Roskosz et al., 2015). A possible
explanation for the trend seen by Williams et al. (2004)
is that the peridotites record a prior episode of melt extrac-
tion under higher oxygen fugacity. Because Fe3+ is incom-
patible, the Fe3+/Fe2+ ratio is higher in the melt than in
the solid. Elevated oxygen fugacity is associated with a
greater difference in Fe3+/Fe2+ between melt and solid,
and a larger net equilibrium isotopic fractionation
between melt and solid. Melt extraction under high oxy-
gen fugacity can lead to a negative shift in the δ56Fe value
of the residue because the melt is enriched in the heavy iso-
topes of iron. Negative δ56Fe values could thus be associ-
ated with high Fe3+/Fetot ratios.
Significant work has also been done on arc lavas

(Dauphas et al., 2009; Foden et al., 2018; Nebel et al.,
2015; Williams et al., 2018). As discussed, measurements
of island arc lavas show that they are more oxidized than
MORBs. To first order, one would therefore expect those
arc lavas to be enriched in the heavy isotopes of iron,
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which is opposite to what is found. Arc lavas tend to have
lower δ56Fe values than MORBs. In the New-Britain
island arc, the lavas formed by the largest amount of fluid
fluxing and highest degree of partial melting are the ones
that have δ56Fe values closer to chondritic, while the ones
with the lowest degree of partial melting have δ56Fe values
closer to MORB (Dauphas et al., 2009). The δ56Fe mea-
surements of island arc basalts fromDauphas et al. (2009)
could be interpreted in two ways. One is that island arc
basalts actually form under rather low oxygen fugacity
so that the isotopic fractionation during melting is small
and their oxygen fugacity increases by shallow processes
such as degassing and fractional crystallization. The other
is that the source of island arc basalts experienced previ-
ous episodes of melting, which drove the residue towards
lower δ56Fe values (Nebel et al., 2015; Foden et al., 2018).
Those low δ56Femantle regions could be re-melted to pro-
duce island arc basalts. An observation that speaks
against the second scenario is that boninites, which are
thought to form by high degree flux melting of depleted
sources, have remarkably uniform Fe isotopic composi-
tion (Dauphas et al., 2009). Furthermore, their δ56Fe
value is close to that inferred for the mantle from perido-
tite measurements (Dauphas et al., 2009). It would take a
remarkable coincidence for boninites to originate from a
low δ56Fe mantle region and to have then their Fe isotopic
compositions shifted by partial melting by just the right
amount to end up with such homogeneous and chon-
dritic-like Fe isotopic composition. This is a circumstan-
tial argument, and the second scenario is still viable
(Nebel et al., 2015; Foden et al., 2018). Foden et al.
(2018) measured the Fe isotopic compositions of mafic
lavas from 15 arcs. Like Dauphas et al. (2009), they found
that contrary to expectations given their oxidized nature,
arc lavas have light Fe isotopic composition relative to
MORBs. They also found that across various arcs, the
Fe isotopic composition tends to correlate inversely with
indirect proxies for the slab transport of oxidants. Cold
and wetter subduction systems tend to have the lightest
Fe isotopic composition and vice versa. This is more con-
sistent with a scenario that involves large extents of prior
melt depletion under buffered oxygen fugacity conditions.
Williams et al. (2018) studied extensively the Fe isotopic
composition of lavas from the Marianas, focusing in par-
ticular on the effect of magmatic differentiation on iron
isotopic fractionation in arc settings. In more evolved
samples (MgO<~4 wt%), they found significant Fe iso-
topic fractionation that could be explained by sequestra-
tion of magnetite crystals and sulfidic melts. To
summarize, redox conditions in the mantle wedge seem
to influence the isotopic composition of arc-related lavas
but the relationship may be more complex than equating
oxidizing conditions in the source to heavier Fe isotopic
composition in the lava.

14.8. CONCLUSIONS AND PERSPECTIVES

Iron has received a great deal of attention due to its
abundance and importance in all terrestrial reservoirs.
Among non-traditional stable isotopes, iron is the most
extensively studied element. First-principles calculations
and NRIXS measurements are contributing significantly
to that field, and fully complement laboratory exchange
experiments. Inter-comparisons between all available
techniques demonstrate that calculated equilibrium iso-
topic fractionation factors are reliable enough for inter-
preting iron isotope variations measured on natural
samples. First-principles calculations and NRIXS mea-
surements on well-characterized samples represent effi-
cient tools to understand how crystal chemical
parameters control iron isotopic fractionations. Alterna-
tively, an ionic model based on Pauling’s rules can be used
to get a first-order estimate of the iron β-factor. This
approach is satisfactory (at least qualitatively) when the
interatomic bonds of interest are ionic but must be taken
with care in other cases.
The central parameter controlling the equilibrium frac-

tionation is the interatomic force constant, which reflects
the strength of the bonds involving iron. For compounds
(minerals, glasses) with relatively ionic Fe-O bonds, the
iron oxidation state as well as the Fe-O bond length (in
relation with the iron coordination number) will strongly
affect the force constant. Whereas the higher degree of
covalency of Fe-S bonds explains the singularity of iron
sulfides with respect to the trend defined for other com-
pounds involving Fe-O bonds.
Given the richness and complexity of iron chemistry, an

extensive set of highly precise and accurate equilibrium
fractionation factors is needed to properly interpret natural
iron isotopic variations. Special efforts should be made to
investigate the effect on isotopic fractionation of the chem-
ical composition (e.g., solid-solutions, chemical impurities)
and pressure. To our knowledge, no first-principles calcu-
lations have been done to calculate the β-factor of iron in
silicate melts. This would be an important direction of
investigation even if the quite complex relevant chemistry
and redox state of silicate melts, and their high viscosity
compared to aqueous solutions represent tremendous chal-
lenges for molecular dynamics simulations.
Studies of igneous rocks show that the redox state of

iron influences the isotopic composition of iron. This is
most clearly seen in arc-related lavas, where recycling of
oxidants at subduction zones imparts a specific Fe iso-
topic signature to the erupted lavas. However, the rela-
tionship between redox state in the source and iron
isotopic composition of the lavas is complex, reflecting
long-term redox conditions in the mantle wedge during
prior episodes of melt extraction. The bulk of Earth’s
oceanic crust has heavy Fe isotopic composition relative

296 MAGMA REDOX GEOCHEMISTRY

0005111846.3D 296 12/7/2021 12:39:08 AM



to the inferred mantle composition. While significant
progress has been made on that front, the underlying
mechanism for this enrichment is still uncertain. Silicic
rocks can show heavy Fe isotope enrichments reflecting
the fact that iron tends to form stiffer bonds in more silicic
and alkali rich magmas. In those systems, redox condi-
tions can also influence the pattern of iron isotopic frac-
tionation by controlling the timing of magnetite
crystallization. To summarize, there are many lines of evi-
dence showing that iron isotopes are influenced by redox
conditions in igneous rock and significant progress has
already been made towards understanding these controls
through ab initio and NRIXS studies of equilibrium frac-
tionation factors.
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