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Abstract

The stable isotope geochemistry of Fe has attracted intense interest in the past five years. This interest was
originally motivated by the possible use of Fe isotopes in biosignature applications, particularly in sediments from the
ancient Earth or Mars. This application is still being developed, with particular attention to fractionation
mechanisms. Understanding such mechanisms should also provide new insights into the environmental
biogeochemistry of Fe. At the same time, the Fe isotope system holds promise for other exciting frontiers, including
applications in oceanography, solid Earth geochemistry and biomedicine. Such applications will be increasingly
attractive as Fe isotope analysis becomes routine.
+ 2003 Published by Elsevier B.V.
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1. Introduction

Recent analytical advances have accelerated the
development of new research areas in the isotope
geosciences. Few have drawn as much interest,
from as many subdisciplines, as the stable isotope
geochemistry of transition elements and other
‘heavy’ elements.

Mass-dependent variations in isotopic composi-
tion are being seriously investigated for a dozen
elements from the middle part of the periodic ta-
ble (Fig. 1). The isotope geochemistry of Fe has
drawn the most attention. This is not surprising in
an era of increasing interest in the interface be-

tween geosciences and life sciences ^ both ¢elds in
which Fe is an element of central importance.

In the geosciences, the chemistry and physics of
Fe are ubiquitous: Fe is the ¢nal product of nu-
clear fusion in stars because of its high binding
energy per nucleon, and hence is the most abun-
dant transition element in the cosmos; the struc-
ture and composition of the silicate Earth is
grossly in£uenced by the ‘siderophile’ tendencies
of the elements because the high density of metal-
lic Fe makes it the dominant constituent of the
Earth’s core; the magnetic properties of Fe-bear-
ing minerals dominate rock magnetism in the
crust, where Fe is the 4th-most abundant element;
and the mobility of Fe at the Earth’s surface is
strongly a¡ected by the redox potentials of aque-
ous systems, causing the environmental abun-
dance of Fe to vary markedly with location and
through time.
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Biologically, Fe mediates electron transfer in a
host of enzymes, such as the nitrogenase enzyme
which catalyzes N2 ¢xation, and hence is an es-
sential element for almost all organisms. Com-
bined with the low solubility of Fe3þ^oxides in
oxygenated seawater, this biological role makes
Fe a limiting nutrient in large parts of the ocean
[1,2]. Fe can also act as an electron donor or
receptor in microbial metabolism. And, in magne-
tite (Fe3O4), Fe is a constituent of a sometimes
biogenic mineral that may serve as a biosignature
in rocks from ancient Earth or Mars (recently
reviewed in [3]).

The possibility that Fe isotope variations could

be used to di¡erentiate biological from non-bio-
logical processing of Fe, particularly in the for-
mation of magnetite or other minerals, motivated
much of the initial research in Fe isotope geo-
chemistry (e.g., [4^6]). This potential continues
to tantalize, but the reality has proven challeng-
ing. At the same time, the range of Fe isotope
fractionation processes that have been revealed
hold much promise for future research.

Below we consider some of this potential, high-
lighting critical issues and giving some historical
perspective. The intent is not to provide a com-
prehensive review of Fe isotope research, but a
broad overview showing how much has been
achieved in a few short years, and directing atten-
tion to some particularly promising frontiers.

2. Precise pursuits

Iron has four naturally occurring stable iso-
topes (54Fe, 56Fe, 57Fe and 58Fe; Fig. 2). Natural
mass-dependent variations in the isotopic compo-
sition of Fe are small : N56=54Fe (Box 1) covers a

Fig. 1. ‘Heavy’ stable isotope systems under active investiga-
tion (highlighted): Ti [71]; Cr [72]; Fe (see text); Cu, Zn
[18]; Ge [73,74]; Se [75,84]; Mo [76^78]; Cd [79,80]; Sb [85];
Tl [85]; Hg [82,83].

Fig. 2. The isotopes of Fe. Relative abundances are recom-
mended average values from IUPAC [12]. Box 1.
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range of only V3.5x. Therefore, advances in
mass spectrometric methods have been essential
to the emergence of Fe stable isotope geochemis-
try, and will continue to drive progress.

Fe isotope analytical e¡orts extend back more
than half a century [7]. Thermal ionization mass
spectrometry (TIMS) was applied to this problem
in the 1980s and 1990s by a number of research
groups [8^14]. While TIMS data are exquisitely
precise in isotopic studies of radiogenic isotope
systems, stable isotope analyses are more chal-
lenging because of the need to correct for mass
discrimination by the mass spectrometer (‘mass
bias’) without masking pre-existing natural frac-
tionation. In principle this e¡ect can be accurately
characterized by analyzing standards, to generate
a correction function that can be applied to sam-
ples measured under identical instrument operat-
ing conditions. However, in practice N

56=54Fe de-
termined by such methods yielded data with a
reproducibility of only 1^3x/amu (atomic mass
unit) [11], insu⁄cient to reliably detect natural
mass fractionation. TIMS analyses of Fe are
also hampered by low ionization e⁄ciency.

The application of the isotopic double spike
technique [13^15], yielding precision ofVQ0.6x
(2c), solved this problem. This precision was suf-
¢cient to provide the ¢rst convincing evidence of
Fe isotope fractionation in nature [13]. These and
subsequent ¢ndings are discussed more fully be-
low.

Multiple collector inductively coupled plasma
mass spectrometry (MC-ICP-MS) o¡ers a number
of advantages applicable to stable isotope studies
[16]. Despite the large mass bias in ICP systems
(1^2%/amu), methods have been developed that
avoid the use of a double spike for Fe and other
systems [4,17^20]. These methods simplify analyt-
ical procedures, and hence have dominated the
initial wave of Fe isotope research.

Fe isotope analysis by MC-ICP-MS is not with-
out challenges, however. Most signi¢cant is the
problem of isobaric interferences at masses 54,
56 and 57 from ArNþ, ArOþ and ArOHþ. There
are now several solutions to this problem includ-
ing sample desolvation [4,17], collision cells
[20,21] and most recently high-resolution multi-
collection (Fig. 3) [22,23].

The accuracy of Fe isotope data is not easily
tested. In particular, at high precision the e¡ects
of sample matrix on mass bias in MC-ICP-MS
remain unclear. Even in nominally puri¢ed sam-
ples, emerging reports indicate that residual ma-
trix can cause isotopic shifts between samples and
standards of 0.1^0.5x in the case of Fe [23] and
perhaps other elements (e.g., [24]). Such e¡ects
can be monitored and corrected (at least in part)
using an ‘element spike’ [18,23]. High-purity
chemical separation can also minimize this prob-
lem [20]. A combination of isotopic double spike
and MC^ICP^MS may be the best solution.

Using such approaches with second-generation
MC-ICP-MS instruments, N

56=54Fe is now rou-
tinely measured to a reported external precision
of Q 0.1x (2c) in samples 6 1 Wg [20,23,25].
Such data are more than adequate to examine
Fe isotope fractionation in nature, and so Fe iso-
tope analyses are increasingly routine.

3. Biosignature beginnings

Iron’s prominence at the crossroads between
geology and biology, combined with analytical
advances, motivated rapid progress in Fe isotope
research in the last ¢ve years (summarized in Figs.
4 and 5).

In their seminal study, Beard et al. reported
that dissolved Fe2þ produced by the dissimilatory

Fig. 3. Peakshape scans in the vicinity of masses 54, 56, 57
and 58 on the ThermoFinnigan Neptune, a high-resolution
MC-ICP-MS [22]. The ¢gure shows ‘plateaus’ corresponding
to pure analyte isotopes (left plateau), analyte+interference
(central plateau) and interferences (right plateau). Such novel
analytical techniques promise to make Fe isotope analysis
routine. Figure modi¢ed after [22].
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Fe-reducing bacterium S. alga was fractionated
V31.3x from ferrihydrite substrate [5], consis-
tent with contemporaneous work by Bullen and
McMahon [14]. Variations of similar magnitude
were reported in a handful of analyses of sedi-
mentary Fe: N

56=54Fe of marine ferromanganese
nodules and Precambrian BIF ranged from 31.6
to 0.9x, respectively, relative to the mean of
V30 terrestrial and lunar basalts. In contrast, a
uniform isotope composition was observed among
these basalts to the limits of analytical precision at
that time ( Q 0.6x at 95% con¢dence) [13,15].

Based on the hypothesis that Fe isotope frac-
tionation by enzyme-catalyzed kinetic processes
would produce much larger e¡ects than would
inorganic fractionation, particularly at equilibri-
um, it was proposed that N

56=54Fe variations in
ferromanganese nodules and BIF were of biogenic
origin [5,13]. It was further suggested that, as a
result, Fe isotopes might be used to study micro-
bial activity in the geologic record [5].

The initial observations have held up remark-
ably well. In particular, subsequent studies tight-
ened the uniformity of the igneous rock database
to within Q 0.1x [20]. Meteorites exhibit more

variability, but are con¢ned to Q 0.6x [26,27]. In
contrast, in sediments, Zhu et al. reported a range
of variation of V1x in a high-resolution study
of an Atlantic ferromanganese crust [26].

Fig. 4. Fe isotope variations in di¡erent natural materials.
Bars represent range of isotopic compositions in indicated
categories. All values renormalized to the IRMM-014 stan-
dard. See text for references.

Fig. 5. Fe isotope fractionation e¡ects.
v
56=54Fea3b = N

56=54Fea3N
56=54Feb. Fractionation factors are

reported where possible. Uncertainties, represented by width
of bars, Q 2c. All values in x. From top to bottom, non-
biological experiments: FeCl34 ^FeClx(H2O)ð33xÞþ63x , 30.1 to
31 [4,33]; Fe2þ^Fe(bipy)2þ3 , 310 [43] ; Fe3þ(aq)^hematite
(dissolution), 30.10Q 0.40 [42]; hematite^Fe3þ(aq) (precipita-
tion), 31.32Q 0.24 [42]; Fe3þ^oxalate^hornblende (dissolu-
tion), 30.2 Q 0.3 [32]; Fe3þ^DFAM^hornblende (DFAM=
desferrioxamine B mesylate; dissolution), 930.6Q 0.3 [32];
Fe2þ(aq)^ferrihydrite (oxidative precipitation), 30.9Q 0.3
[34] ; Fe(H2O)2þ6 ^Fe(H2O)3þ6 , 3.00Q 0.14 (22‡C) [35]. Biologi-
cal experiments: Fe2þ(aq)^hornblende (dissolution),
30.6Q 0.3 [32]; Fe2þ(aq)^ferrihydrite (anoxygenic photosyn-
thesis, precipitation), 31.1 to 31.7 [30,31]; Fe3O4^Fe2þ(aq)
(intracellular, magnetotactic Fe3O4), Fe3þ(aq), 630.3 [6];
Fe2þ(aq)^ferrihydrite (extracellular, reductive dissolution),
31.3Q 0.6 [5,20]; Fe2þ(aq)^hematite (extracellular, reductive
dissolution), 31.27Q 0.28 [20].
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Although these particular data have recently been
questioned [28], variations of up to V0.7x are
seen in a separate study of three Paci¢c crusts
[29]. A detailed examination of a Late Archean^
Early Proterozoic BIF from the Transvaal Super-
group (S. Africa) reveals the greatest variations:
32.5 to 1.0x across a range of mineral phases
[30].

Biological results have been extended to di¡er-
ent growth conditions, substrates and other Fe-
metabolizing bacteria (including anoxygenic pho-
tosynthesizing Fe oxidizers) [20,30,31]. Fractiona-
tions of V1.3^1.5x between substrates and
products are typical, in all cases favoring heavy
isotopes in Fe3þ phases. Fractionations of x
magnitude have also been reported between dis-
solved Fe2þ and Fe3O4, FeCO3 and (Fe,Ca)CO3

produced by Fe-reducing bacteria grown on ferri-
hydrite [30]. Dissolved Fe is fractionated by 30.5
to 30.6x after mobilization from hornblende in
the presence of Bacillus sp. and Streptomyces sp.
(interestingly, neither of these soil bacteria uses Fe
as an electron donor or receptor in respiration)
[32]. In contrast, the only study to date of Fe
isotope e¡ects in magnetite produced by magneto-
tactic bacteria revealed no fractionation [6] ^ an
ironic ¢nding in view of the prominence of mag-
netite in biosignature debates.

Hence, after several years of research, it contin-
ues to be the case that the variations of N56=54Fe in
sediments dwarf those among igneous rocks, and
that variations comparable to those in sediments
are observed in most microbial experiments (Figs.
4, 5).

However, the biosignature hypothesis has prov-
en less robust because non-biological chemical
fractionation of Fe isotopes has been found ubiq-
uitous and of comparable magnitude to biological
fractionation (Fig. 5). The ¢rst such evidence
came in the form of V7x variations observed
during anion exchange chromatography of Fe in
HCl media [4]. These variations were attributed to
chromatographic ampli¢cation of 0.1^1x equi-
librium fractionation (Box 1) between coexisting
Fe3þ chloro^aquo complexes. Although this inter-
pretation has been challenged [20], it still seems
most likely [33]. Extrapolating from these data,
Anbar et al. hypothesized that isotope e¡ects

were likely to occur generically during equilibra-
tion of dissolved Fe species with signi¢cant di¡er-
ences in bonding energetics such as arise from
di¡erences in coordination geometry, ligand iden-
tity or Fe redox state.

Bullen et al. subsequently reported fractiona-
tion of V0.9^1.8x favoring heavy Fe in the
oxidized precipitate during non-biological oxida-
tion and precipitation of ferrihydrite from dis-
solved Fe2þ at near-neutral pH, as well as varia-
tions of V2x in probable abiotic ferric
precipitates from an Fe-rich groundwater spring
[34]. The precise mechanism of this fractionation
is disputed. Equilibrium fractionation between
Fe(H2O)2þ6 and rapidly oxidizing FeOH(H2O)þ5
was proposed [34]. However, an equilibrium frac-
tionation of V3x was subsequently determined
between Fe(H2O)2þ6 and Fe(H2O)3þ6 , favoring
heavy isotopes in the oxidized species [35,36].
Equilibrium fractionation experiments and their
interpretations are not trivial, as witnessed by re-
cent debate [37,38], but isotope e¡ects between
Fe(H2O)2þ6 and Fe(H2O)3þ6 are likely to be impor-
tant in natural systems. This matter is discussed
more fully in the next section.

A theoretical examination of equilibrium iso-
tope fractionation between inorganic Fe com-
plexes, calibrated against spectroscopic data, indi-
cates that variations of V1^5x are expected
[39], generally consistent with experiments. Even
larger e¡ects were predicted between coexisting
Fe-bearing minerals in a novel study based on
Mossbauer data [40,41]. The uncertainties on
these theoretical estimates, of order 1x, are rel-
atively large. Reconciling theoretical predictions
with observations remains a challenge (e.g., [30]).

Kinetic isotope e¡ects (Box 1) are also signi¢-
cant. A fractionation of V1x is seen during
rapid precipitation of hematite from dissolved
Fe3þ [42], favoring light isotopes in the precipi-
tate. This is presumed due to a kinetic isotope
e¡ect during precipitation. A kinetic e¡ect as
large as V10x has been inferred to occur
when the Fe^N bond is broken when Fe2þ^bipyr-
idine complexes are converted to Fe3þ^chloro
complexes [43]. A kinetic isotope e¡ect is also
given as the explanation for fractionation of
V0.6x during abiotic leaching of Fe from horn-
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blende in the presence of strong chelating ligands
[32].

Collectively these studies indicate that, despite
important ambiguities, non-biological chemistry
in nature can produce N

56=54Fe variations compa-
rable to those seen in sediments. Redox reactions
should be particularly important; the equilibrium
fractionation between Fe(H2O)2þ6 and Fe(H2O)3þ6
encompasses the entire range of observed natural
variation.

It must be emphasized that these ¢ndings do
not invalidate the potential utility of Fe isotopes
in biosignature applications, even as they obvi-
ously present complications for the interpretation
of sedimentary N

56=54Fe. In many ways, the early
evolution of the Fe isotope system parallels that
of the C isotope system, for which there were
similar debates about the importance of biogenic
vs. non-biological e¡ects in the fractionation be-
tween organic and inorganic compounds [44].
Even today, organic carbon with N

13C=320 to
330x is not by itself indisputable evidence of
biogenicity [45,46]. Yet the C isotope system is
unquestionably useful in such research! The
same can be said for the S isotope system,
although interpretation of N

34S in nature is sub-
stantially more complicated than N

13C.
As with S isotopes, the most productive re-

search path for Fe isotopes as biosignatures lies
in controlled laboratory studies to determine the
processes that fractionate Fe isotopes and their
sensitivities to variables such as T, pH, reaction
mechanism and reaction rate. Such studies can be
coupled to contextual information in natural ma-
terials, such as mineralogy or other geochemical
tracers, to provide insights into ancient processes.
An early example of this strategy is the recent
study of N

56=54Fe in Transvaal BIF, which
matches mineralogical context with analogous
laboratory experiments to infer a role for photo-
synthetic microbial Fe oxidation in Late Archean
and Early Proterozoic oceans [30]. While not con-
clusive, N56=54Fe data provide new constraints that
must be met by models of Fe chemistry in these
systems. In future e¡orts, coupling of N

56=54Fe
data to other geochemical (and especially iso-
topic) tracers is likely to be especially powerful.

The following sections provide an initial frame-

work for mechanistic understanding of Fe isotope
systematics with an eye toward biosignature ap-
plications, along with a consideration of research
frontiers beyond biosignatures.

4. Mechanisms and metabolism

Fe isotope studies are likely to be especially
useful in unraveling mechanistic details of Fe en-
vironmental chemistry and biochemistry. This po-
tential emerges from e¡orts to explain the relative
magnitudes of Fe isotope fractionation in di¡er-
ent experimental systems.

4.1. Kinetic or equilibrium isotope e¡ects?

Among the more striking observations from
Fig. 5 is that Fe isotope fractionation during bio-
logically mediated Fe redox transformations is
substantially smaller than the equilibrium frac-
tionation between Fe(H2O)2þ6 and Fe(H2O)3þ6 .
Microbially mediated reduction of ferrihydrite or
goethite discriminates between 54Fe and 56Fe by
1.3x, corresponding to a fractionation factor,
KFeðIIIÞ3FeðIIÞ, of V1.0013 (Box 1) [20]. A similar
e¡ect has recently been reported to occur during
microbially mediated oxidation of dissolved Fe2þ

[31]. By comparison, KFeðIIIÞ3FeðIIÞV1.0030 for
non-biological redox equilibrium [35,36]. These
relative magnitudes are contrary to the expecta-
tions of earlier studies which anticipated that bio-
genic e¡ects would dominate over abiotic [13], but
may nevertheless constitute a ‘vital e¡ect’ useful
in biosignature applications [20,30].

Expectations of large biogenic e¡ects were not
entirely unreasonable. Microbial reduction of Fe
is presumably enzymatically catalyzed, which
could result in expression of kinetic isotope ef-
fects. Iron biochemistry involves dissociation of
Fe^O or Fe^N bonds that coordinate Fe in solu-
tion in order to bind Fe to enzyme active sites,
and similar dissociation when Fe is released back
to solution (O coordination is typical of inorganic
Fe coordination in aqueous solution; biogenic
chelating ligands may bind through O or N coor-
dination). The magnitude of isotope fractionation
associated with bond dissociation can be esti-
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mated using transition state theory (TST) [47].
When the structures of the reactant and acti-
vated complex are similar, TST predicts K=
54k/56kV(56W/54W)1=2, where k is a dissociation
rate constant and W is the reduced mass of the
diatomic bond being dissociated. For dissociation
of Fe^O or Fe^N bonds, KV1.0040 (Fig. 6).
Larger e¡ects are possible if the structure of the
activated complex is similar to the dissociation
product [43].

Why, then, are biological Fe isotope e¡ects
comparatively small? Possibly, Fe isotope frac-
tionation in biological systems is not the result
of a simple kinetic isotope e¡ect, at least not re-
lated to bond dissociation. This supposition is
strengthened by the observation that biogenic re-
action products are lighter than reactants in the
case of Fe3þ reduction [20], but heavier in the case
of Fe2þ oxidation [31,48] ; kinetic isotope e¡ects
generally favor reaction of lighter isotopes.

It is tempting to conclude that biogenic e¡ects
are controlled by ferrous^ferric equilibrium, based
on the similar fractionation seen in biogenic Fe
reduction and oxidation experiments [20,31].
However, if so, biogenic Fe isotope e¡ects are
too small to be consistent with simple control
by the redox equilibrium between Fe(H2O)2þ6
and Fe(H2O)3þ6 .

4.2. Kinetics, equilibrium and speciation: toward
an integrated approach

It is probable that Fe isotope fractionation dur-
ing microbially mediated Fe redox reactions is the
result of a series of equilibrium and/or kinetic
e¡ects which combine to produce less overall frac-
tionation than would be expected from a simple,
single-step process. This concept is broadly anal-
ogous to multi-step models of biological fraction-
ation of C and N isotopes [49^51].

Fe complexation in solution is also likely to be
critical, as suggested by several workers
[4,20,32,34]. Aqueous speciation of Fe is dominat-
ed by Fe(H2O)2þ6 and Fe(H2O)3þ6 at strongly
acidic pH in the absence of other ligands, but
this is not typical of natural systems where pH
is commonly higher and Fe speciation more com-
plicated. Although chloro complexation has little
e¡ect on the ferric^ferrous isotope equilibrium in
laboratory studies [35], there is evidence of at least
some fractionation between coexisting mixed
chloro^aquo Fe3þ species [4,33], and many other
Fe-coordinating ligands are present in biological
systems, and in nature, including organic ligands
with high a⁄nity for Fe.

A rigorous model of these factors is still di⁄-
cult to develop for biological Fe redox systems
because of their complexities [20,21,31]. However,
the same concepts should apply to non-biological
systems which are more amenable to analysis,
such as oxidation and precipitation of ferrihydrite
under steady-state conditions [34]. As with bio-
genic Fe isotope e¡ects, fractionation in this reac-
tion is smaller than the equilibrium between
Fe(H2O)2þ6 and Fe(H2O)3þ6 (Fig. 5). Additionally,
fractionation varies by V2U as a function of the
relative importance of FeHCOþ

3 over the pH
range 5.4^6.2 [34]. Can these observations be ex-
plained?

Consider a two-stage model:

Fe2þ � LnH
k1

k31

Fe3 � Ln ð1Þ

Fe3þ � Ln�!
k2 Fe3þ � oxide ð2Þ

where L is the ligand binding Fe in solution (or
ligands, if ns 1), and k1, k31 and k2 are rate
constants (concentrations of other reactants are

Fig. 6. Fractionation factor (K) resulting from kinetic isotope
e¡ect (54k/56k) associated with dissociation of the bond
Fe^X, where X is any element having mass mX =0^100
amu. The e¡ects from Fe^N (mX =14) and Fe^O (mX =16)
dissociation are indicated. Following TST, K= 54k/56kV
(56W/54W)1=2, where m

W= (mUmX )/(m+mX ) (see text).
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assumed constant, so rate constants are pseudo-
¢rst-order). This model includes a number of sim-
pli¢cations. The rate constant for dissolution of
Fe3þ^oxide is neglected because it is likely to be
trivially small compared to k2, and an unlikely
source of isotope discrimination [42]. More signif-
icantly, Fe speciation is assumed to be dominated
by only one type of ligand complex for each redox
state. Speciation in natural systems is more com-
plicated. Nevertheless, this model illustrates some
important points.

In the kinetic analysis of such a system, the rate
of product formation, and hence the overall reac-
tion rate (v), is equal to k2[Fe3þ^Ln]. It is com-
monly assumed that intermediates like [Fe3þ^Ln]
rapidly attain ‘microscopic steady state’ or ‘pseu-
doequilibrium’ even as concentrations of reactant
and ¢nal product are evolving, and this seems
reasonable for the steady-state reactor system of
[34]. Therefore:

d½Fe3þ � Ln�=dt ¼

k1½Fe2þ � Ln�3ðk31 þ k2ÞWv=k2 ¼ 0 ð3Þ

Isotopically, variants of Eq. 3 can be written for
56Fe and 54Fe. These equations can be related and
simpli¢ed to obtain the ratio of rates for the over-
all reaction, 56v/54v [52] :

56v
54v

¼
56k2½56Fe3þ � Ln�
54k2½54Fe3þ � Ln�

¼

56k1 56k2
ð56k31 þ 56k2Þ

½56Fe2þ � Ln�
54k1 54k2

ð54k31 þ 54k2Þ
½54Fe2þ � Ln�

¼

56keff ½56Fe2þ � Ln�
54keff ½54Fe2þ � Ln�

¼ K eff
½56Fe2þ � Ln�
½54Fe2þ � Ln�

ð4Þ

where Keff is the e¡ective fractionation factor for
the overall reaction [52].

It follows from these relations that a simple
kinetic isotope e¡ect is expressed if k2Ek31, in
which case KeffV

56k1/54k1. At the other extreme,
when k2Ik31, KeffV

56k2/54k2U56k1/
56k31U54k31/54k1 = 56k2/54k2UKeq where Keq is
the equilibrium fractionation factor between
Fe2þ^Ln and Fe3þ^Ln (Box 1). In this case, the

magnitude of overall fractionation depends on the
relative magnitudes and directions of 56k2/54k2
and Keq. Apparently, Keq cannot be cleanly ob-
served, unless 56k2 = 54k2. Inferring from the frac-
tionation seen during precipitation of hematite
from dissolved Fe3þ, 56k2/54k2V1/1.0013= 0.9987
[42]. Hence, as previously suggested, based on this
model it should come as no surprise that Keff ob-
served in the experiments of Bullen et al. [34] does
not match Keq observed by Johnson et al. [36].

Quantitatively, the relative magnitudes of k2
and k31 are in some dispute. It has been argued
that electron transfer between Fe complexes is
rapid relative to the rate of precipitation so that
k2Ik31 [35^37]. Others suggest this condition
only applies at low pH, and reverses at near-neu-
tral pH because of rapid hydrolysis of Fe3þ

[34,38]. Intriguingly, if it is assumed that k2Ik31

and that Fe is present only in hexaquo complexes
for which Keq = 1.0030, the model predicts
KeffV1.0030U0.9987= 1.0017 [35]. This result is
similar to observations of 1.0009^1.0018 at pH
5.4^6.2 [34], suggesting that this limiting case rea-
sonably approximates an environmentally rele-
vant range of conditions and explains why
Keff 6Keq.

This model also helps illustrate how Fe specia-
tion may ‘modulate’ Keff . Several possibilities
arise. First, the identity of L may a¡ect Keq

[4,20,34]. Second, because di¡erent species react
at di¡erent rates, and via di¡erent reaction path-
ways, the relative sizes of k2 and k31 and the
value of 56k2/54k2 may be speciation-dependent.
Third, in the presence of more than one type of
ligand, it is possible to have multiple ferrous re-
actants with di¡erent equilibrium isotopic compo-
sitions. In this case, speciation may have an im-
portant e¡ect on Keff even if k2Ik31. Such
considerations may explain why Keff during oxi-
dative precipitation varies systematically with Fe
speciation [34].

4.3. Implications for applications and future
research

The preceding analysis has several implications.
First, despite the complexities of Fe aqueous geo-
chemistry, such models seem capable of reconcil-
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ing some early experimental datasets and of ex-
plaining some experimental phenomenology, of-
fering a template for future research.

Second, it reinforces caution in the interpreta-
tion of ‘vital e¡ects’. Fractionation of V1.0^
1.5x may be typical of systems in which Fe
undergoes oxidative precipitation because equilib-
rium and kinetic isotope e¡ects are intertwined. If
so, the deviation from KFeðIIIÞ3FeðIIÞV1.0030 is not
strictly a biological phenomenon.

Third, as noted previously [30,31], it is striking
that the fractionation discussed above is similar to
that in biologically mediated Fe oxidation and
reduction experiments (Fig. 5). This suggests ^
but does not prove ^ similar mechanisms. It is
possible that a combination of reactions like
Eqs. 1 and 2 occur in biological systems as well.
Enzymatic activity may serve not so much to gen-
erate kinetic isotope e¡ects as to catalyze ferric^
ferrous equilibration. Uniquely biological e¡ects,
if they exist, may lie in the modulation of Keff by
Fe speciation [20]. Quantitative analysis requires
consideration of a number of other processes as
well, such as uptake of Fe3þ^Ln by microorgan-
isms and adsorption of Fe2þ to ferrihydrite surfa-
ces [31,53,54].

Clearly, unraveling such complications will re-
quire careful, reductionist laboratory experiments
focused on Fe speciation and reaction kinetics.
Such experiments should be a high priority.

At the same time, it must be recognized that
rigorous Fe isotope laboratory experiments ap-
proximating natural conditions can be very chal-
lenging (e.g., [21]). Therefore, the development of
accurate and precise theoretical models to predict
isotope e¡ects is also important. Initial theoretical
e¡orts utilizing vibrational spectra and the classi-
cal computational approach of Urey [55] and Bi-
geleisen [56] predicted KFeðIIIÞ3FeðIIÞV5.4x [39],
nearly twice experimental observations [21,35].
This has been a source of some concern
[30,35,36]. However, recent theoretical work using
density functional theory (DFT) predicts fraction-
ation consistent with experiments (Fig. 7) [57].
DFT is a well-established computational ap-
proach in modern theoretical chemistry that re-
quires no a priori vibrational spectra and more
realistically simulates molecular vibrations than

do classical methods. Theory therefore seems to
be converging with experiments, and is poised to
begin making useful predictions of equilibrium Fe
isotope e¡ects between aqueous Fe species, pre-
dictions that can guide experiments, inform their
interpretations, and perhaps substitute for experi-
ments too challenging to conduct in a cost-e¡ec-
tive manner.

As experimental and theoretical results accumu-
late, Fe isotopes should prove especially useful in
examining Fe coordination in complex biological
and environmental systems, particularly by li-
gands with high a⁄nity for Fe [25]. The presence
or absence and identities of Fe-coordinating li-
gands are central questions in Fe biochemistry
and environmental biogeochemistry, with poten-
tially global implications (e.g., [58]). The magni-
tude of Fe isotope e¡ects should be sensitive to
ligand identities.

In geological settings, a ligand e¡ect is reported
during Fe leaching from hornblende [32,59]. The
underlying fractionation mechanism in this system
remains unclear, but may help explain N

56=54Fe in
soil systems [32,60,63]. Such data further suggest
that N

56=54Fe of weathering products could carry
information about the presence or absence of bio-
genic Fe chelating ligands in ancient environ-
ments. In this way, detailed mechanistic under-
standing may ultimately provide a solid footing
for biosignature applications.

Fig. 7. Comparison of equilibrium fractionation factors for
Fe(H2O)2þ6 ^Fe(H2O)3þ6 obtained experimentally [35,36] with
those predicted by MUBFF [39] and DFT [57] models. Fig-
ure modi¢ed after [57].
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5. Beyond biology

Interest in Fe isotopes in biogeoscience applica-
tions should not blind us to the utility of this
isotope system in more traditional areas of geo-
science.

For example, equilibrium fractionation between
dissolved Fe2þ and Fe3þ complexes encompasses
the range of most natural variations observed to
date [36] (Figs. 4, 5). Thus fractionations of
2^3x in nature at least suggest aqueous, Fe re-
dox chemistry. This may be useful in understand-
ing Fe chemical history in speci¢c systems, partic-
ularly paleoenvironmental systems. N

56=54Fe in
ancient metamorphic rocks of uncertain origin
could be used to di¡erentiate between sedimenta-
ry and igneous histories ; an o¡set of 1^3x from
average crustal Fe would be consistent with a
sedimentary origin. Similarly, a 1^3x o¡set be-
tween Fe in Martian dust and basalts could pro-
vide evidence of pervasive aqueous alteration.

Independent of mechanistic understanding of
Fe isotope fractionation, N56=54Fe contrasts could
prove useful in tracing Fe sources to di¡erent re-
gions of the ocean, a topic of considerable paleo-
oceanographic interest because of the importance
of Fe for marine biota. For example, Fe in deep
sea hydrothermal £uids is fractionated V0.5x
relative to Fe in igneous rocks [61,62]. After in-
jection into the oxygenated water column, prefer-
ential loss of heavy isotopes during Fe oxidation
and precipitation should result in an even lighter
source of dissolved Fe to the deep sea [62]. In
contrast, Fe reaching the oceans in the form of
detrital particles may be relatively unfractionated
[61], while dissolved Fe entering via rivers may
exhibit isotopic variability related to weathering
[63,64]. N56=54Fe in ocean sediments could there-
fore provide information about the relative im-
portance and/or source(s) of detrital, riverine
and hydrothermal inputs. Such information is
likely to be local and variable with time because
of the short ocean residence time of Fe (6 300
years), an expectation consistent with geographic
and temporal variability reported in recent high-
resolution sediment data [29]. Such variability
may be advantageous given interest in correlating

changes in Fe supply with temporal and geo-
graphic changes in primary production.

Perhaps most intriguing are recent reports of
small (typically 6 0.5x) variations in N

56=54Fe
between igneous minerals [25,65^67]. These in-
clude N

56=54Fe variations of V0.2x between Fe
metal and olivine in pallasite meteorites, V0.4x
between amphibole and olivine in terrestrial man-
tle xenoliths, and V0.2x between igneous rocks
from the Moon and Mars. These observations are
challenging because they approach current analyt-
ical limits, particularly with respect to matrix ef-
fects. However, such variations may open the
door to the use of Fe isotopes to study processes
in solid Earth geochemistry and planetary forma-
tion, such as the e¡ects of giant impacts (e.g., [67])
or mantle redox state, as well as to using Fe iso-
topes to di¡erentiate among Fe sources. Careful,
systematic studies of such variations are needed.
The potential rewards are well worth the e¡ort.

6. Future frontiers

While the Fe stable isotope community obvi-
ously does not su¡er from a lack of research
topics, it is not too early to peer beyond current
horizons to more distant frontiers. A glance at the
trajectory of light stable isotope research is
thought-provoking. There, ‘compound-speci¢c’
analyses are proving extremely useful, particularly
in the case of C isotopes. Analogous measure-
ments of Fe-bearing biomolecules are possible,
and could prove useful both for elucidating metal
metabolism and as a means of looking for evi-
dence of particular metabolisms in nature.

On another frontier, the light stable isotope
community is just beginning to come to grips
with the fact that mass fractionation in multi-iso-
tope systems follows di¡erent rules when kinetics,
rather than chemical equilibrium, governs mass
fractionation; the slope on a plot of N

18O vs.
N
17O is not invariant as often assumed, but de-
pends on reaction mechanism [68]. The same is
surely true of Fe isotopes. Such measurements
would be a powerful tool in Fe biogeochemical
studies, but require a substantial improvement in
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analytical precision ^ a worthy goal for the
emerging generation of instruments.

Finally, although the primary motivation for
Fe stable isotope research has come from the geo-
sciences, important applications may await in oth-
er areas. Variations of N

56=54Fe have been re-
ported up the food chain, and between male and
female blood plasma [25,69], suggesting applica-
tions in ecology and biomedical research. Fe spe-
ciation and redox chemistry are as important in
human biology as in the environment. Indeed,
pathogenic bacteria and the human immune sys-
tem routinely struggle for control of Fe in vivo
[70] ; manipulation of Fe speciation to reduce free
Fe availability is one of the body’s basic defenses
against infection. Hence, it would be surprising if
research into Fe isotope fractionation did not ul-
timately prove useful in biomedicine.
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