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ABSTRACT: The biogeochemical cycling of metals in natural
systems is often accompanied by stable isotope fractionation which
can now be measured due to recent analytical advances. In
consequence, a new research field has emerged over the last two
decades, complementing the traditional stable isotope systems (H, C,
O, N, S) with many more elements across the periodic table (Li, B,
Mg, Si, Cl, Ca, Ti, V, Cr, Fe, Ni, Cu, Zn, Ge, Se, Br, Sr, Mo, Ag, Cd,
Sn, Sb, Te, Ba, W, Pt, Hg, Tl, U) which are being explored and
potentially applicable as novel geochemical tracers. This review
presents the application of metal stable isotopes as source and process
tracers in environmental studies, in particular by using mixing and
Rayleigh model approaches. The most important concepts of mass-
dependent and mass-independent metal stable isotope fractionation
are introduced, and the extent of natural isotopic variations for different elements is compared. A particular focus lies on a
discussion of processes (redox transformations, complexation, sorption, precipitation, dissolution, evaporation, diffusion,
biological cycling) which are able to induce metal stable isotope fractionation in environmental systems. Additionally, the
usefulness and limitations of metal stable isotope signatures as tracers in environmental geochemistry are discussed and future
perspectives presented.

■ INTRODUCTION

Stable isotope ratios of chemical elements in environmental
samples contain valuable information on sources and processes
which have influenced the history of the samples. Stable isotope
analysis of light elements (H, C, O, N, S) has been successfully
applied for many decades to study their environmental cycling
in many different settings and to address a variety of basic and
applied problems in environmental geochemistry.1−3 These so-
called “traditional” stable isotope systems encompass only
elements which can be conveniently converted into a gaseous
form and analyzed by gas-source mass spectrometers.4 A lack of
suitable techniques to resolve natural variations in the stable
isotope composition of heavier elements, especially metals,
prevented further progress for a long time. Analytical
developments and methodological improvements over the last
two decades have now expanded the feasibility of high-precision
stable isotope analyses to almost the entire periodic table and
thereby triggered the development of a new scientific field. This
review provides an overview of the rapidly growing research
area of metal stable isotope geochemistry, with a particular
focus on applications in environmental geochemistry. This
includes primarily the present-day cycling of metals and
metalloids in the environment related to their important roles
(1) as integral components of earth surface processes (e.g.,
weathering, pedogenesis), (2) as nutrients for organisms (e.g.,
plants, microorganisms), and (3) as pollutants affecting natural

ecosystems as a result of anthropogenic activities (e.g.,
emissions from industrial or mining sources). In consequence,
other applications of metal stable isotopes such as in high-
temperature geochemistry5 or low-temperature geochemical
studies focusing on the evolution of the Earth on geological
time scales6 are not targeted here.
A first comprehensive review was provided in 2004 with the

volume Geochemistry of Non-Traditional Stable Isotopes, edited
by Johnson, Beard, and Albared̀e,7 containing an excellent
introduction into the relevant fundamental concepts, analytical
aspects, and theoretical predictions, as well as pioneering review
chapters on ten elements (Li, Mg, Cl, Ca, Se, Cr, Fe, Cu, Zn,
Mo). The potential application of metal stable isotope ratios to
study sources and fate of metals in the environment was
presented in a feature article in 2008 by Weiss et al.8 The topic
was further introduced in the Elements focus issue “Metal Stable
Isotopes − Signals in the Environment” edited by Bullen and
Eisenhauer9 in 2009. Another milestone was the publication of
the Handbook of Environmental Isotope Geochemistry edited by
Baskaran10 in 2012, containing chapters focusing on novel
stable isotope systems (Li, Si, Ca, Cd, Cr, Se, Hg, Tl) and an
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overview chapter by Bullen11 summarizing the state of research
and outlining potential applications for transition and post-
transition metal isotopes in environmental studies. Additional
recent reviews present applications of metal stable isotopes in
weathering and hydrology12 and other environmental sys-
tems.13−16

Building upon the material presented in those previous
reviews and incorporating the findings of more recent studies,
this contribution aims to provide an overview on the current
state of research on environmental applications of metal stable
isotope geochemistry. In the first section, fundamental concepts
of stable isotope geochemistry and the nomenclature used for
data reporting are presented. The second section introduces
different types of stable isotope fractionation, including mass-
independent effects which had not been covered in previous
reviews. It also gives an overview of natural stable isotope
variations of elements across the periodic table, revealing their
close link to the geochemical properties and environmental
behavior of an element. In the third section, the application of
metal stable isotope signatures as tracer for sources and
processes in environmental geochemistry and the most
important model approaches are presented. Afterward,
processes causing metal isotope fractionation (redox trans-
formations, complexation, sorption, precipitation, dissolution,
evaporation, diffusion, biological cycling) are discussed in
individual subsections. Finally, the applicability of metal stable
isotopes as tracers in environmental geochemistry is discussed,
and future perspectives are presented. Additionally, a short
description of analytical techniques for metal stable isotopes

and an overview of the current state of research on individual
elements is provided as Supporting Information (SI).

Stable Isotope Basics. Isotopes are atoms of an element
with different numbers of neutrons and thus different masses.
They behave very similarly in most chemical reactions, which
are governed by the nuclear charge, defined by the number of
protons, and the configuration of the outer electron shells.
However, the different masses cause slight differences in
reactivity and physicochemical properties between isotopes of
an element (see section “Fractionation of Stable Isotopes”).
Most elements in the periodic table (Figure 1) consist of
mixtures of multiple stable isotopes, with their weighted
average determining the atomic mass. For instance, copper
consists of two stable isotopes (63Cu, 65Cu) with relative
abundances of 69.2% and 30.8%, resulting in an atomic mass of
63.546 g mol−1. Only 21 elements consist of only one stable
isotope. The environmental cycling of these monoisotopic
elements cannot be investigated by stable isotope fractionation
studies, which is unfortunate because some of them play
important roles in biogeochemical cycles (e.g., Na, Al, P, Mn,
As). However, all other elements consist of mixtures of two or
more stable isotopes (up to 10) which potentially allows
deducing information about their environmental cycling from
stable isotope variations. The fundamental reasons why certain
elements possess multiple stable isotopes and in which
abundance are related to nucleosynthetic constraints. The
initial formation of elements and their isotopes occurred at the
beginning of the universe and during subsequent stellar nuclear
fusion and decay processes.17 This topic lies outside the scope

Figure 1. Periodic table with selected elemental properties relevant for stable isotope research. Indicated are the number of stable isotopes of an
element (upper right corner), the mass of the isotope commonly used in the delta value or alternatively the most abundant isotope (upper left
corner), and the potential influence of radiogenic (RAD) and cosmogenic processes (COS) as well as mass-independent fractionation (MIF) on the
stable isotope system (below the element symbol). In most cases, MIF due to nuclear volume41 or magnetic isotope effects63 (see section “Mass-
Independent Fractionation (MIF)”) has only been observed in laboratory-scale studies and has not yet been detected in natural samples (except for
O, S, and Hg, marked in bold). The “traditional” stable isotope systems are marked with a red border. Elements for which high-precision stable
isotope methods have been developed are marked with a bold symbol. The actinides possessing no stable isotopes are not included (except for U
with two long-lived radionuclides exhibiting stable isotope fractionation). Please see SI Table S1 for details on individual elements.
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of this review, but a useful rule of thumb related to fundamental
symmetry principles in nucleosynthesis predicts that elements
with even atomic numbers tend to have more stable isotopes
than elements with odd atomic numbers, and within stable
isotopes of an element, isotopes with even masses tend to be
more abundant than those with odd masses.1

Different Origins of Metal Isotope Variations. This
review discusses variations in stable isotope compositions of
metals and metalloids caused by fractionating processes.
However, metal stable isotope variations of some elements
can also be caused by radiogenic processes, that is, the
radioactive decay of unstable to stable isotopes. The most
important examples for environmental studies are strontium
(Sr) and lead (Pb),18 both possessing four stable isotopes. For
Sr, one isotope is influenced by radiogenic processes
(87Rb−87Sr decay) whereas the other three are only influenced
by stable isotope fractionation (e.g., 88Sr/86Sr), enabling the use
of Sr isotope signatures as two-dimensional tracer by
investigating radiogenic processes and stable isotope fractiona-
tion in parallel.12 While radiogenic Sr isotope variations have
been studied for many decades and applied in many fields such
as ecosystem research,19 the study of natural waters,20 and
archeology,21 the study of stable Sr isotope fractionation is still
in its infancy. For Pb, three of the four stable isotopes are end
products of radioactive U−Th decay chains. Therefore, stable
Pb isotope fractionation cannot be detected in natural samples,
because there is no ratio between two isotopes which is not
influenced by radiogenic processes. Depending on geochemical
composition and age of source materials, relatively large Pb
isotope variations can be observed between environmental
samples and these are generally believed to overwhelm
potentially occurring mass-dependent and nuclear-volume
(see section “Nuclear Volume Effect (NVE)”) effects of Pb
isotopes by a factor of up to 200.22 Radiogenic Pb isotope
variations have been studied extensively, for instance for
environmental source tracing.23 Elements influenced by
radiogenic processes (both as parent or daughter) are marked
in Figure 1 (“RAD”). Cosmogenic processes in the atmosphere
produce short-lived nuclides of some elements (“COS” in
Figure 1) which may be used to study earth surface processes24

(e.g., 10Be, 26Al) and for dating purposes (e.g., 14C). Some
radioactive metal isotopes are produced by natural (e.g.,
210Pb25) and anthropogenic nuclear processes (e.g., 137Cs).
Finally, metal stable isotopes used as enriched tracers (“spikes”)
offer many applications in environmental studies,26−29 but
these are also not a topic of this review focusing on metal
isotope variations caused by fractionating processes.
Stable Isotope Nomenclature. Stable isotope variations

are reported as relative values compared with reference
materials. This has analytical reasons because absolute isotope
ratios are more difficult to measure with high precision and
accuracy. Additionally, it is essential that results of different
laboratories can be related to each other, which requires
defining common reference materials as “zero baseline” for
isotopic analyses of elements. Therefore, stable isotope data are
expressed as delta values (δ) by normalizing isotope ratios in
samples to the ratio of a standard material (eq 1),

δ = −E
E E

E E

( / )

( / )
1x

x y

x y
sample

standard (1)

where x and y represent isotopes of the element E. Because the
resulting values are usually small, delta values are expressed in

parts per thousand by multiplying with 1000 and adding the
permil sign (‰). However, this factor should not be part of the
delta value definition according to recent IUPAC recommen-
dations.30 Only the heavier isotope is commonly included in
delta values (e.g., δ65Cu to describe the 65Cu/63Cu ratio) except
when it is unclear which ratio is referred to (e.g., δ44Ca), in
which case both isotopes can be included in the delta value
(e.g., δ44/40Ca or δ44/42Ca). Importantly, stable isotope ratios
are expressed with heavy isotopes in the numerator and light
isotopes in the denominator (“heavy over light”). Thus, positive
values indicate relative enrichments of heavy isotopes and
negative values relative enrichments of light isotopes compared
with the reference material possessing a value of 0‰. Samples
are often denoted as “isotopically heavy” or “isotopically light”,
but it must always be clarified which baseline is used for
comparison (e.g., another sample or standard material).
The fractionation between two compounds is often ex-

pressed with the fractionation factor alpha (α) (eq 2), defined
as the ratio of the isotope ratios in the compounds,

α =−
R
RA B

x y

x y

/
A

/
B (2)

where R is the ratio of the isotopes x and y in compounds A
and B. Since alpha values are usually numbers close to unity, it
is convenient to express the extent of fractionation between two
samples with the enrichment factor epsilon (ε) (eq 3),

ε α= −− − 1A B A B (3)

which is multiplied with the factor 1000 and reported in permil
(‰), similar to delta values. A convenient approximation (eq
4), valid for delta values <10‰,1 relates the parameters ε, δ,
and α (for ε and δ expressed in permil):

ε δ δ α≈ − ≈− −1000lnA B A B A B (4)

The symbol epsilon has also been used in some studies to
describe isotopic differences in parts per ten thousand, but this
is not in accordance with IUPAC recommendations.30

For elements with more than two stable isotopes, the relative
extent of fractionation between isotopes can usually be
predicted by simple mass-dependent relationships. For
instance, the fractionation of 48Ca relative to 40Ca is a factor
of about 8 larger than fractionation between 43Ca and 42Ca.
Approximate scaling factors inferred from the mass difference
are sufficient in most cases. Otherwise, precise scaling factors
beta (β) describing the relationship between fractionation
factors (eq 5),

α α= β( )2/1 3/1 (5)

where 1, 2, and 3 represent different isotopes of an element, can
be derived from mass-dependent kinetic and equilibrium
fractionation laws31 (eqs 6 and 7),

β =−

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

m
m

m
m

ln / lnMDF kin
1

2

1

3 (6)

β = − −−

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟m m m m

1 1
/

1 1
MDF equil

1 2 1 3 (7)

where mx describes the isotopic masses. The difference between
the two equations is usually not resolvable in isotope ratios of
natural samples, at least with the current analytical precision. A
special case are scaling factors related to nuclear volume (eq 8),
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where rx describes the nuclear charge radii of different isotopes,
relevant for very heavy elements (e.g., Hg, Tl, U) exhibiting
nuclear volume effects (see section “Nuclear Volume Effect
(NVE)”). For most elements, it is sufficient to analyze one
isotope ratio (preferably the one which can be measured with
highest precision) and other ratios can be inferred using mass-
dependent scaling factors. However, this approach is not
applicable in the case of mass-independent isotope effects
observed for some elements (see section “Mass-Independent
Fractionation (MIF)”) where the analysis of different isotope
ratios yields additional information about samples. Mass-
independent isotope effects are expressed as “capital delta”
values (Δ) describing deviations of isotope ratios from the
mass-dependent trend (often visualized as a line in a three-
isotope plot32 in which two isotope ratios of the same element
are plotted against each other) using mass-dependent scaling
factors and a reference isotope ratio (eq 9),

δ δ βΔ = − ×E E E( )y y z x z/ /
MDF (9)

where y is the isotope examined for mass-independent
fractionation, and x and z are the isotopes describing the
mass-dependent trend. This simplified version of the capital
delta equation is only valid for δ values smaller than 10‰,
otherwise an extended form is required.33 The same symbol
(Δ) is also used in another context as “big delta” describing the
difference between two “small delta” values.32

■ FRACTIONATION OF STABLE ISOTOPES
Stable isotope fractionation causes a shift in the isotope ratio
between reactant and product of a reaction. It is important to
realize however that this change is mostly very small, and the
isotopic mass balance of the overall system remains unchanged.
An isotope enrichment in a certain reservoir must always be

balanced by a corresponding depletion in another reservoir.
However, it is much easier to induce a significant isotopic
change in a small reservoir, whereas the impact of the same
process might not be detectable in much larger reservoirs in
which the isotope effect is “diluted”. Figure 2 presents a
schematic example of the magnitude of metal isotope
fractionation visualizing an isotope effect of −1‰ in the
reaction product and highlighting the importance of reservoir
sizes.
Stable isotope fractionation in natural samples can be divided

into kinetic and equilibrium effects. Kinetic isotope effects
(Figure 3a) are caused by different reaction rates of light and
heavy isotopes and are only preserved in incomplete processes.
Such processes include, for example, evaporation, diffusion, or
biological processes in which the enzymatically mediated
breaking of bonds favors those bonds involving light isotopes
due to their higher zero-point energies.34,35 The influence of
kinetic effects on the sample isotopic composition depends
strongly on the relative extent of reaction progress. The largest
effects are observed in remaining reactants which can be
strongly enriched in heavy isotopes due to the continuous
preferential removal of light isotopes, especially when reactions
have proceeded far toward completion. Obviously, if reactants
are completely transformed into products, the imprint of
kinetic isotope effects during the process is erased and isotope
ratios of products are identical to initial reactants. A Rayleigh
fractionation model (Figure 4), named after Lord Rayleigh who
studied the fractional distillation of mixed liquid, is often used
to describe the evolution of isotope ratios during incomplete
unidirectional reactions within closed systems. This concept
does not only apply to kinetically controlled systems with
negligible backward reaction rates, but to all systems in which
the product is physically removed or otherwise prevented from
isotopically interacting with the reactant. Rayleigh models are
very useful to determine fractionation factors for specific
processes or to quantify the extent of transformation processes
based on isotope data. However, Rayleigh fractionation models

Figure 2. Schematic illustration of metal stable isotope fractionation during mineral dissolution and delta values of the involved metal pools (adapted
from Wiederhold297). In the presented example, a small fraction (2%) of an iron mineral with 1 million Fe atoms is dissolved (simplified boundary
conditions: 95% 56Fe + 5% 54Fe; the surface layer corresponds to 4% of the total mineral). Without isotope fractionation, the dissolved pool would
contain 1000 54Fe atoms. However, metal isotope fractionation manifests itself by the preferential release of one light 54Fe atom resulting in a δ56Fe
value of −1 ‰ in solution. The influence on the isotopic signature of the bulk mineral is negligible (+0.02 ‰) due to its larger reservoir size.
However, a relative enrichment of heavy isotopes is created at the mineral surface. The general magnitude of metal stable isotope fractionation
illustrated in this example is similar to the extent of fractionation observed in nature. However, in order to compare the dimensions, one has to keep
in mind that one gram of soil usually contains about 1020 Fe atoms.
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are only applicable in cases where reactant pools are
homogeneous and constantly mixed to allow a continuous
preferential removal of light isotopes from the reactant pool.
Equilibrium isotope effects (Figure 3b) occur when two

phases react with forward and backward reactions proceeding at
equal rates. In this case, the relative isotopic abundance is
controlled by energy differences in bonding environments of
reaction partners which have reached isotopic equilibrium.
However, the time scales required to reach isotopic equilibrium
can differ from those required to obtain concentration
equilibrium.7 At isotopic equilibrium heavy isotopes are
enriched in “stronger bonding environments”, thermodynami-
cally explained by lower zero-point energies of bonds in
molecules with heavy isotopes compared to bonds with light
isotopes of the same element.34 Equilibrium isotope effects
decrease with increasing temperature (in most cases35 propor-
tional to 1/T2) allowing the application of some isotopic
systems as paleothermometer (e.g., oxygen in foraminifera1).
Molecular modeling can be used to calculate equilibrium
isotope effects between elemental species (e.g., complexes and
oxidation states).36 Such computational methods are useful to
understand metal isotope fractionation from a theoretical point

of view and to predict direction and magnitude of equilibrium
isotope effects in specific systems under investigation. Some
useful qualitative rules of thumb allow first order predictions as
to which of two reaction partners will represent a “stronger
bonding environment”.35 First, redox reactions tend to enrich
heavy isotopes in oxidized species, causing a corresponding
enrichment of light isotopes in reduced species. An example is
the equilibrium isotope fractionation between aqueous Fe(III)
and Fe(II) with an enrichment of about 3‰ in δ56Fe.36

Second, metal species with a lower coordination number (e.g.,
tetrahedral instead of octahedral complexes) and shorter bond
length tend to be enriched in heavier isotopes due to their
“stronger bonding environment”. However, these qualitative
rules need to be applied with caution. It is not the strength of
the bond per se, but rather its “stiffness” (or more precisely the
difference in vibrational frequencies) which determines
equilibrium isotope effects.35 For instance, compounds with
thermodynamically very strong Hg−S bonds are enriched in
light Hg isotopes (due to pronounced “soft-acid soft-base”
interactions and lower vibrational frequencies) relative to
compounds with weaker, but tighter Hg−O bonds.37 In
contrast to equilibrium isotope effects which can often be
estimated to some extent from theory, kinetic isotope effects
depend on many factors (e.g., rates, mechanisms, conditions)35

and are generally not readily estimated from theoretical
calculations.

Mass-Independent Fractionation (MIF). Almost all
processes influencing stable isotope ratios in natural samples

Figure 3. Schematic illustration of kinetic (a) and equilibrium (b)
stable isotope fractionation. Natural samples can be affected by both
types of fractionation and it is often challenging to elucidate their
relative controls on the observed metal stable isotope signatures.
Please note that the equations in panel a explaining the “driving force”
of kinetic isotope fractionation can usually not be applied directly
using m1 and m2 as the masses of the studied metal isotopes, because
metals are in most cases part of a larger complex or molecule which is
reacting in the kinetic process. Furthermore, the indicated trends for
equilibrium fractionation in panel b should only be regarded as
qualitative rules of thumb (see text for details).

Figure 4. Rayleigh fractionation describing the evolution of isotope
ratios in different pools of a unidirectional process, displayed here for
the example of Cr isotope ratios (δ53Cr) during the reduction of
aqueous Cr(VI) to Cr(III) precipitates, with a starting composition of
0‰ and an enrichment factor ε of −1.3‰. The largest fractionations
are found in the reactant (dotted line) at advanced stages of the
reaction (low fraction remaining). The difference between the reactant
and the instantaneous product (dashed line) corresponds to the
enrichment factor ε at all stages of the reaction. In contrast, the
difference between the reactant and the cumulative product (solid
line) is increasing with progressing reaction and the δ value of the
cumulative product of a completed reaction (fraction remaining equals
zero) is identical to the starting composition of the reactant. Please see
section ”Process Tracing” for equations used for calculations of lines.
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are mass-dependent, but there are a few notable exceptions
where mass-independent fractionation (MIF) has been
observed. MIF is defined here as a measured deviation from
the mass-dependent fractionation (MDF) trend (eq 9). In
contrast to MIF of light elements (e.g., O, S) which often
occurs in the gaseous phase due for instance to molecular
symmetry or self-shielding processes,38,39 MIF of heavy
elements40 is usually explained by either nuclear volume
effects41 (in more general terms also referred to as nuclear field
shift effects42,43 encompassing both nuclear size and shape
effects) or magnetic isotope effects.44 Both mechanisms mostly
affect odd-mass isotopes and thus MIF of metal isotopes often
causes anomalies of odd-mass relative to even-mass isotopes.
Nuclear Volume Effect (NVE). The nuclear volume effect

is relevant for very heavy elements (e.g., Hg, Tl, U) and occurs
during kinetic and equilibrium reactions. Importantly, only a
small part of the NVE is mass-independent in the sense that it
creates a deviation from MDF. This is because the nuclear
volumes of different isotopes also expand as a nearly linear
function of isotopic mass, albeit exhibiting small negative
anomalies for some odd-mass isotopes. Due to the similarity of
the scaling factors for the NVE (eq 8) vs kinetic or equilibrium
MDF (eqs 6 and 7) and the way MIF is quantified (eq 9), only
small capital delta values are generated by the NVE, which
exhibit an opposite sign to the MDF and increase in magnitude
as MDF increases. Compilations of nuclear charge radii for
different isotopes are available,45,46 allowing to assess the
potential to cause MIF by the NVE for different stable isotope
systems. It is possible to calculate isotope fractionations due to
the NVE by relativistic computational methods.41,37,47−50 For
very heavy elements, fractionation by the NVE is generally
larger than the “common” fractionation caused by the mass
difference. The two effects can go in the same direction
(increasing the overall fractionation) or in opposite directions
(decreasing the overall fractionation) depending on the
elemental species and thus the electron orbitals involved in
the chemical reaction. The data available so far suggest that the
two effects are of the same sign during the redox transition
Tl(I)−Tl(III)41,49 and of opposite sign during the redox
transition U(IV)−U(VI).42 For Hg, the effects are additive for
the redox transition Hg(0)−Hg(II),41,37 but opposite effects
between Hg(II) species have been described as well.51

The potential of the NVE to affect natural isotope signatures
of other elements is still unclear. Small isotopic anomalies
attributed to the NVE were reported from laboratory-scale
chemical exchange experiments for many elements (Ti, Cr, Zn,
Sr, Mo, Ru, Pd, Cd, Sn, Te, Ba, Nd, Sm, Gd, Yb, Tl, Pb,
U).43,49,52,53 Calculations predict that the influence of the NVE
on the overall fractionation is negligible for lighter elements
such as S41 and minor for the transition metals Ni,54 Cu,55 and
Zn.56 A somewhat larger influence of the NVE has been
calculated for Ru,41 Cd and Sn,48 and it may be significant for
Pt.48 In any case, the generated MIF due to the NVE is rather
small for all elements (in most cases probably <0.1‰, although
somewhat larger effects have been observed in kinetic
experiments57) and difficult to detect unambiguously in natural
environments.58 However, looking from another angle, the
absence of detectable MIF does not exclude an influence of the
NVE on the overall extent of isotope fractionation in a sample.
Magnetic Isotope Effect (MIE). The magnetic isotope

effect is completely independent of isotopic mass and only
affects odd-mass isotopes possessing nuclear spin and magnetic
moment. It occurs during kinetically controlled processes

linked to radical-pair reactions in which singlet−triplet
conversions take place59 and where reactions rates of isotopes
can vary strongly based on presence or absence of nuclear spin
and magnetic moment. Depending on the fate of specific
radical-pairs in the reaction network, in which some pathways
are allowed for certain electron spin states and forbidden for
others,60,61 the reaction products can be strongly enriched or
depleted in odd-mass relative to even-mass isotopes. The MIE
has been reported in laboratory experiments for many different
elements (C, O, Mg, Si, S, Ca, Zn, Ge, Br, Sn, Hg, U) mainly by
Buchachenko.62,63 Since very specific reaction conditions are
required for the MIE to be expressed and preserved in the
reaction products, its relevance for natural isotope signatures
affected by element cycling under environmental conditions is
unclear. For instance, the postulated general occurrence of the
MIE for Mg during enzymatic phosphorylation, a key process in
ATP synthesis, has recently been questioned.64 So far, an
imprint of the MIE in natural samples has only been
demonstrated for Hg,65 where large MIF effects during
photochemical processes have been demonstrated experimen-
tally and corresponding signatures detected in environmental
samples (e.g., fish, precipitation).66 Interestingly, photo-
chemical reduction can result in both enrichments (+MIF) or
depletions (−MIF) of odd Hg isotopes in the reactants
depending on the type of organic ligands present.67 It remains
to be elucidated whether the MIE can influence isotopic
distributions of other elements in natural samples too.

MIF Signatures as Additional Tracer. The applicability of
MIF signatures as environmental tracer depends on the
element studied. Elements with multiple even- and odd-mass
isotopes (e.g., Hg, Cd, Sn) permit an independent determi-
nation of MDF and MIF signatures by analyzing different
isotope ratios in parallel. This enables the use as two-
dimensional tracer, as already extensively applied for Hg.66

On the other hand, MIF of Br, Tl, and U cannot be
distinguished from MDF, because only two isotopes are
present and no additional information is generated. Figure 5
illustrates the influence of different fractionation mechanisms
on Hg isotopes. Here, MIF by the NVE and the MIE can be
differentiated by the relative extent of MIF on 199Hg and 201Hg,
i.e. the slope in a plot of Δ199Hg vs Δ201Hg (∼1.6 for NVE and
between 1.0 and 1.36 for MIE).37,16,66 Not yet considered here
is the recent discovery of MIF of even-mass Hg isotopes
(Δ200Hg, Δ204Hg) in atmospheric samples68−70 and in
fluorescence lamps,71 for which the underlying mechanism is
still unclear. Elements for which MIF has been detected in
natural samples (only O, S, Hg) or observed in laboratory
studies are marked in Figure 1.

Extent of Stable Isotope Variation for Chemical
Elements. The relative mass difference between stable
isotopes, representing the driving force in most fractionating
processes, decreases with atomic mass. For instance, while 7Li is
about 17% heavier than 6Li, the relative mass difference
between 26Mg and 24Mg is 8.3%, between 65Cu and 63Cu 3.2%,
and between 205Tl and 203Tl less than 1%. Figure 6a shows the
extent of natural stable isotope variation for different elements
based on a IUPAC compilation from 200272 and a survey of the
recent literature. More details are provided in the SI (Table S1)
containing descriptions and references for individual elements.
The presented values are supposed to illustrate qualitative
trends (note logarithmic scale) and the observed ranges for
some elements will probably increase in the future. Clearly, the
statement found in older textbooks that MDF for elements
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heavier than sulfur can be neglected is no longer valid. All
elements for which high-precision stable isotope methods have
been developed exhibit variations between natural samples of
more than 0.1‰, representing the current analytical precision
for most elements. There is a generally decreasing trend with
increasing atomic mass, but for very heavy elements the NVE
(see section ”Nuclear Volume Effect (NVE)”) becomes
important in addition to the fractionation related to mass
difference.
In a similar mass range, the extent of natural isotopic

variations is linked to the geochemical behavior of the
respective elements. This trend is visualized in Figure 6b
where isotopic ranges are plotted on a linear scale and
corrected for the mass difference effect (inspired by previous
figures73,74). Elements with multiple oxidation states, variable
bonding partners, and presence in different aggregation states
exhibit larger isotopic variations than elements always occurring
in one oxidation state and bound to the same bonding partners.
For instance, silicon is not redox active in nature and always
bound to oxygen in tetrahedral coordination. In contrast, sulfur
has an active redox chemistry ranging from sulfide (−2) to
sulfate (+6), is bound to variable bonding partners (e.g., C, O,
metals), and occurs in solid, liquid, and gaseous forms in
environmental samples. Therefore, S isotope variations are
much larger than those of Si. For transition metals, the redox-
active Cu and the redox-inactive Zn (except for anthropogenic
samples which may contain elemental Zn) exhibit very different
extents of isotopic variation in natural samples. Very large Cu
isotope variations were found in porphyry deposits linked to

the formation of secondary minerals.75 The large variations of
Cr and Se isotopes can also be explained by redox processes,76

for Cr partly influenced by anthropogenic pollution.77 The
surprisingly large isotopic range of Hg can be explained by its
versatile chemical behavior, active involvement in natural and
anthropogenic cycling, and the influence of the NVE. The most
extreme Hg isotope variations were found in anthropogenically
influenced samples related to ore roasting processes78 and
photochemical processes within fluorescent lamps.71 Consider-
ing the extent to which anthropogenic activities have infiltrated
natural element cycles, such anthropogenic metal isotope
signatures are probably already affecting the signatures of
samples collected in natural ecosystems. In contrast to Hg, the
neighboring Pt appears to display much smaller isotopic
variations, corresponding to its less diverse geochemical cycle,
but maybe also because Pt isotope variations have been barely
studied so far.79 The relatively large variations for Tl and U are
again probably related to the influence of the NVE as well as
redox processes.
Although it is of course interesting to study elements with

large isotopic variations, their application in environmental
geochemistry is not necessarily more promising than for those
with smaller variations. As discussed in the following sections,
the overlapping signals of different fractionating processes
represent a major challenge in the deciphering of natural

Figure 5. Schematic illustration of fractionation mechanisms for the
Hg isotope system (adapted from Wiederhold et al.37). The arrows
indicate qualitatively the influence of the mass difference effect
(MDE), the nuclear volume effect (NVE), and the magnetic isotope
effect (MIE) on the seven stable Hg isotopes. Mass-independent
fractionation (MIF), which is defined as a measured anomaly
compared with the trend of the MDE, is observed mainly for the
two odd-mass isotopes 199Hg and 201Hg and can be caused either by
the NVE due to their nonlinear increase in nuclear charge radii or the
MIE due to their nuclear spin and magnetic moment. The relative
extent of the nuclear charge radius anomalies (x/y = 1.6) causes the
characteristic slope in a Δ199Hg/Δ201Hg plot for the NVE in
comparison to slopes observed for Hg(II) photoreduction (1.0) and
methyl-Hg photodemethylation (∼1.36) due to the MIE.66 The
magnitude of MIF due to the NVE is generally much smaller than MIF
by the MIE. The MIE occurs only during kinetically controlled
processes (in natural systems probably always related to photo-
chemical reactions) whereas the NVE and the MDE occur during both
kinetic and equilibrium processes. The relative importance of MDE
and NVE on the overall fractionation can vary depending on the
reacting species.37

Figure 6. Extent of stable isotope variations of chemical elements
plotted against atomic number. Panel a displays the range of δ values
observed so far in natural samples on a logarithmic scale. The δ values
in panel b were corrected for the relative %-mass difference (divided
by [(massheavy/masslight) − 1] × 100).74 “Traditional” stable isotopes
are marked with a red border and elements usually occurring only in
one oxidation state in natural systems are marked with a yellow symbol
filling.

Environmental Science & Technology Critical Review

DOI: 10.1021/es504683e
Environ. Sci. Technol. 2015, 49, 2606−2624

2612

http://dx.doi.org/10.1021/es504683e
http://pubs.acs.org/action/showImage?doi=10.1021/es504683e&iName=master.img-006.jpg&w=239&h=145
http://pubs.acs.org/action/showImage?doi=10.1021/es504683e&iName=master.img-007.jpg&w=239&h=313


isotope signatures, and therefore elements which are fraction-
ated by a smaller number of processes may ultimately represent
more promising tracer systems.

■ APPLICATION OF METAL STABLE ISOTOPES IN
ENVIRONMENTAL GEOCHEMISTRY

Metal isotope signatures can be used in different ways to
deduce information about composition and history of environ-
mental samples. The most important applications are source
and process tracing.
Source Tracing. Source tracing is based on the mixing of

reservoirs with different isotope signatures. If the isotopic
compositions of the involved endmembers are known and
sufficiently distinct, contributions of different source materials
in a sample can be quantified by mixing calculations.
Importantly, dilution processes, which can complicate mass
balances based on concentration data, do not change stable
isotope ratios. The delta value of a sample can be explained by
the sum of the delta values of the mixing endmembers
multiplied by their relative fractions of the total amount present
(eq 10),

δ δ δ= × + ×_ _ _ _f fsample pool A pool A pool B pool B (10)

where f describes the relative fraction of the involved pools A
and B ( f pool_A + f pool_B = 1). Rearranging the equation allows
determining the fraction of one endmember (eq 11):

δ δ
δ δ

=
−
−_

_

_ _
fpool A

sample pool B

pool A pool B (11)

The principle of mixing two pools is illustrated in Figure 7a−c,
visualizing the influence of pool sizes and isotope signatures on
the resulting mixture. For example, if the geogenic background
in a soil has an isotopic composition of +0.5‰ relative to the
reference standard and the soil has been polluted by an
anthropogenic source with a delta value of −1.5‰, a delta
value of −1.0‰ would indicate an anthropogenic contribution
of 75%. Another example for source tracing is the analysis of
river water influenced by natural (e.g., rock weathering) and
anthropogenic sources (e.g., industrial or urban emissions). A
schematic picture of such a system is shown in Figure 7d,
inspired by Chen et al.80 investigating Zn isotopes in the Seine
River, France. Source tracing has been applied for several metal
stable isotopes and can also include MIF signatures.81 However,
source tracing in natural systems is often complicated because
(1) isotopic compositions of mixing endmembers are not
known with sufficient precision or not distinct enough, (2)
multiple sources contribute to a sample, and (3) the isotope
signature of the sample has been additionally affected by
fractionating processes. Thus, source tracing works best in
systems with well-defined, distinct sources which are not
overprinted by fractionating processes.
Process Tracing. Process tracing is based on the concept

that a sample has been affected by a transformation process,
causing a shift in the isotope signature. An example is the partial
transformation of soluble to insoluble elemental species
involving a separation of aqueous and solid phases (e.g.,
reduction of soluble Cr(VI) in groundwater to Cr(III) which
precipitates82). If the isotopic enrichment factor (ε) for the
transformation process is known, the extent of reaction can be
quantified from the heavy isotope enrichment in the remaining
reactant using a Rayleigh model (Figure 4). Rayleigh model
equations can be expressed in different ways, for instance the

reactant delta value (eq 12) is described to a very close
approximation by

δ δ ε= + flnreactant 0 (12)

where δ0 is the initial reactant composition, ε the isotopic
enrichment factor in permil, and f the fraction remaining. The
isotopic evolution of the instantaneous product (eq 13) can be
calculated as

δ δ ε ε= + +flninst.product 0 (13)

and the cumulative product (eq 14) is described by

δ δ ε
ε

= + −
−

f
f
f

ln
ln

1cum.product 0
(14)

Again, the power of stable isotope methods for process
tracing lies in its independence of dilution effects. For example,
decreasing Cr(VI) concentrations in groundwater can be
explained by dilution with uncontaminated water or reduction
followed by precipitation of Cr(III) phases. Only by analyzing
isotope ratios is it possible to demonstrate the occurrence and
potentially quantify the extent of reduction.83 For instance,

Figure 7. Schematic illustration of the principles of mixing models
used for source tracing with metal stable isotope signatures. Panel a
depicts the mass balance between two metal pools of opposite isotope
signatures and equal size. The effect of different pool sizes (pool A = 4
× pool B) is shown in panel b, and the combined effect of different
pool sizes and isotope signatures is illustrated in panel c. Panel d
illustrates a schematic example of a natural river system for which the
relative fractions of natural and anthropogenic metal sources can be
quantified by metal isotope signatures.80
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assuming an enrichment factor of −1.3‰, a water sample
which is 2‰ heavier than the source material can be related to
a removal of about 80% (Figure 4). Another example for
process tracing with metal isotopes is Hg(II) photoreduction in
environmental samples84 resulting in MDF and MIF signatures
which can be described with Rayleigh models. A challenge for
the quantitative application of process tracing in environmental
systems is the variability of isotopic enrichment factors
depending on reaction conditions and transport processes.
Enrichment factors are often smaller under natural conditions
compared with well-mixed laboratory systems.85 Additionally,
several processes with variable isotope effects may occur
simultaneously, and mixing with isotopically distinct pools from
other sources or partial re-equilibration of product and reactant
can complicate the interpretation of natural isotope signatures
and the application of simple Rayleigh model approaches.86 In
any case, laboratory studies determining fractionation factors
for specific processes are required before signatures of
environmental samples can be interpreted for the purpose of
process tracing. Despite the progress achieved during the last
years, there are still many important fractionation factors
unknown. Thus, more experimental work is needed for many
elements, before metal isotope signatures can be applied to
identify and quantify processes in complex field systems.

■ METAL STABLE ISOTOPE FRACTIONATION
DURING INDIVIDUAL PROCESSES

In the following subsections, the current state of knowledge on
metal stable isotope fractionation during individual processes is
summarized, based on laboratory and theoretical studies or
observations from field systems.
Redox Processes. Stable isotope fractionation between

different oxidation states of metals represents one of the most
important sources of isotopic variability in natural samples.
Redox transitions have been used to explain fractionation in
various metal isotope systems, but only relatively few studies
have determined fractionation factors for specific redox
transformations. The equilibrium isotope effect between
aqueous Fe(II) and Fe(III) is one of the best studied systems,
both from experimental87 and theoretical88,36 point of view,
exhibiting a large fractionation of about 3‰ in δ56Fe. There are
many laboratory or field studies with metals or metalloids in
which fractionation during redox processes was observed or
inferred, encompassing kinetic and equilibrium effects (e.g.,
Cr,89 Cu,90 Se,91 Sb,92 Te,93 Hg,94 Tl,95 U96). Theoretical
studies provide a fundamental basis for equilibrium isotope
fractionation between oxidation states of metals (e.g., Cr,97

Cu,98,55 Zn,99 Se,100 Hg,41 Tl49), generally predicting an
enrichment of heavy isotopes in the oxidized species, except for
U,42 where an inverse redox effect is observed due to the
dominance of the NVE (see section ”Nuclear Volume Effect
(NVE)”). Anthropogenic processing can induce redox changes
for metals which usually occur only in one oxidation state in the
environment. For example, ore smelting and roasting, the
production of elemental metals or engineered nanoparticles for
industrial purposes, and combustion processes can cause
isotope fractionation due to redox effects (e.g., Zn,101−104

Cd,105,106 Hg107,108,78) which may be preserved if the process is
incomplete and isotopically fractionated metal pools with
different oxidation states are released into the environment
(e.g., as waste products). Furthermore, electroplating can cause
large isotope effects due to redox processes, as experimentally
studied for, e.g., Li,109 Fe,110 and Zn.111 Electroplated materials

may constitute isotopically distinct metal sources released to
the environment as metal wastes and mobilized via corrosion
processes. Tracing the imprint of such anthropogenically
induced metal isotope signatures in natural environments
represents a promising area for future research on heavy metal
pollution.11

Complexation and Organic Matter Binding. The
formation of aqueous solution complexes and the binding of
metals to functional groups of organic matter represent another
possibility for metal isotope fractionation induced by
thermodynamic differences in the respective bonding environ-
ments. Even without redox changes, the coordination of ligand
complexes can be distinct enough to cause significant metal
isotope fractionation. Isotope effects associated with metal
binding to organic matter are of special interest in environ-
mental studies and have been examined for several elements,
despite the experimental difficulty of separating free and
complexed species without inducing fractionation artifacts
during the separation procedure. Different experimental designs
have been used, such as rapid precipitation of free Fe(III),112

Donnan-membrane reactors,113,114 insolubilized humic acid,115

membrane dialysis bags,116 and resin beads with functional thiol
groups.37 In most cases, heavy isotope enrichments were
observed in organically complexed species compared with free
aqueous species and explained by their stronger bonding
environments (e.g., Fe,112,116 Zn,113 Cu114,115). In contrast,
organic thiol complexes have been shown to be enriched in
light Hg isotopes,37 consistent with theoretical calculations
predicting light Hg isotope enrichments in coordination with
reduced sulfur, compared with hydroxyl or chloride ligands in
solution. Similarly, organic complexes enriched in light Mg
isotopes were explained by a longer bond length compared with
corresponding inorganic complexes.117 Good agreement
between experiments and theory was also achieved in studies
on Fe(III)−chloro-complexes separated by a liquid extraction
method,118 and B species separated by a reverse osmosis
membrane,119 demonstrating that inorganic complexes can
cause significant metal isotope fractionation too. Theoretical
studies on the effect of solution speciation and complexation on
equilibrium isotope fractionation are available for, e.g., B,120

Cr,97 Fe,121−125 Ni,54,125 Cu,55,98,125,126 Zn,56,99,125,127,128 Ge,129

Mo,130 Cd.131 Clearly, more experimental studies are required
to understand the effect of complexation for many metal
isotopes. Importantly, if different solution species exhibit
different reactivities with respect to other processes (e.g.,
sorption, precipitation, biological uptake), then fractionation
due to solution speciation and complexation can indirectly
control isotope effects observed during these processes as well.

Sorption. Sorption refers here to the transfer of dissolved
metal species from aqueous to solid phases such as mineral or
bacterial surfaces. The environmental fate of metals is often
strongly controlled by sorption and determining corresponding
fractionation factors is therefore crucial for the interpretation of
natural metal isotope signatures. Most experiments have
focused on equilibrium isotope effects during sorption by
mixing dissolved metal species with a suitable sorbent material
and separating supernatant and solid after a certain
equilibration time. Analyzing metal isotope ratios in solution
and sorbed phase allows determining the fractionation factor
associated with sorption. In principle, fractionation factors can
be inferred by analyzing only one phase (dissolved or sorbed)
and calculating the composition of the other by mass balance.
However, this approach can be vulnerable to experimental
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artifacts, and controlling the concentration and isotopic mass
balance of the system by analyzing both components represents
the more robust experimental design. Often several batches
with a range of fractions sorbed are prepared by changing
metal/sorbent ratio or solution pH. In most cases, the
magnitude of fractionation is smaller than for redox effects of
the same element. For most metals, isotopic enrichment factors
of <1‰ were determined for sorption, but larger values were
found in some cases (e.g., Mo132). Fractionation during
sorption is mostly governed by differences in bonding
environment between dissolved and sorbed phases133 or
solution species sorbing to a different extent.51 It is often
difficult to verify that equilibrium conditions have been
established, and desorption rates are often much slower than
adsorption rates, delaying the attainment of isotopic equili-
brium. Many studies were conducted with metal oxides (mainly
Fe and Mn (oxyhydr)oxides), but other sorbents (e.g., clay
minerals, bacteria) were also used. A first summary of metal
isotopic enrichment factors during sorption to metal oxides134

suggested that sorption of cationic species (e.g., Fe, Cu, Zn)
causes heavy isotope enrichments in the sorbed phases and
sorption of anionic metal species (e.g., Ge,135 Se,136 Mo,132

U137) results in light isotope enrichments in the sorbed phases.
However, newer studies also reported light isotope enrichments
in the sorbed phase for cationic metal species (e.g., Ca,138

Cu,139 Cd,140 Hg51). Moreover, depending on experimental
conditions and sorbent material, the fractionation was observed
to vary in magnitude (e.g., Mo141) or even in direction (e.g.,
B,142 Zn143). For instance, isotope fractionation during metal
oxide sorption was recently reported for rare earth elements,144

with Ce (isotopically light sorbed phase) exhibiting an opposite
trend to Nd and Sm (isotopically heavy sorbed phase). In some
cases, redox effects can be involved when metal species react
with redox-active sorbent surfaces, potentially overprinting the
isotope signature of the sorption effect (e.g., Fe,145,146 Se,136

Ce,147 Tl95,148). Sorption to bacterial surfaces can be
additionally influenced by cell assimilation and organic ligand
exudates (e.g., Cu,149,150 Zn151,152). Some studies combine
metal isotope analysis with synchrotron-based X-ray absorption
data to elucidate the molecular structure of sorbed species (e.g.,
Cu,153 Zn,154,153 Mo,155,133 Ce,147 Nd and Sm,144 Tl,95 U137)
helping to identify differences in bonding environments
involved in the isotope effect. Theoretical studies predicting
equilibrium isotope fractionation between dissolved and sorbed
species are available for some elements (e.g., Ge,156 Mo133).
Negligible isotope effects were reported for Cr(VI) sorption157

and U(VI) desorption,158 relevant for process tracing in
polluted aquifers. Importantly, kinetic isotope effects during
adsorption159 and desorption of metals have been studied to a
limited extent and require further investigation. For instance, a
recent study using enriched Hg isotope tracers revealed slow
kinetics and incomplete exchange of Hg(II) with organic
complexes and mineral surfaces, suggesting that kinetic isotope
effects during the initial sorption step may be partially
preserved in the presence of non-exchangeable pools.160

Precipitation. The formation of mineral phases can be
associated with metal isotope fractionation, but it is often
challenging to disentangle kinetic and equilibrium effects.161

Both light and heavy isotope enrichments in precipitates have
been described, depending on system and experimental
conditions. Isotope fractionation during precipitation can be
described by a Rayleigh model (Figure 4) if the process is
unidirectional and no significant re-equilibration of the formed

precipitate with the solution phase occurs. In contrast, some
studies do not target the fractionation during the precipitation
step, but aim to determine the equilibrium fractionation factor
between the respective solid phases and dissolved species.
Adding an enriched isotope spike allows extrapolating the
system evolution in a three-isotope plot toward equilibrium
conditions (“three-isotope method”162), but is only applicable
to elements with at least three isotopes. Kinetic and equilibrium
isotope fractionation can also act in opposite directions, that is,
isotopically light early precipitates due to kinetic effects, but
equilibrium fractionation producing heavy isotope enrichments
in solid phases (e.g., FeS163−165). A large body of literature
exists on carbonate precipitation studying isotope fractionation
of e.g., Li,166,167 Mg,168−172 Ca,173−176 Sr,177 Ba,178,179 and
Fe.180 Isotope fractionation during precipitation of sulfate
minerals has been studied for Ca,181,182 Mg,183 Sr,184 and Ba.178

Further studies investigated isotope effects during the
precipitation of metal (hydr)oxides (e.g., Mg,117 Fe185−188),
sulfides (e.g., Fe,163,164,189,190 Cu,90 Hg191), chlorides (e.g.,
Ag192), amorphous silica,193,194 and incorporation into silicate
structures (e.g., Li,195 Mg196). Theoretical studies on
equilibrium metal isotope fractionation for various mineral
phases are available for, e.g., Mg,197,198 Si,199,200 Ca,181,198,201

Fe,202−204,198 Sr,184 and Hg.48 However, equilibrium between
solid phases is often not attained in low-temperature environ-
ments (e.g., sediments, soils) and thus kinetic effects, for
instance related to ion desolvation rates205 prior to
precipitation, may be preserved.

Dissolution of Minerals. Dissolution of metals from
minerals is important for chemical weathering and nutrient
release. Faster dissolution rates of light isotopes at mineral
surfaces can cause significant isotope fractionation (Figure 2).
Importantly, such a system cannot be described by a Rayleigh
model, because in contrast to mineral precipitation from a well-
mixed solution pool, only the mineral surface is involved in the
dissolution process. Thus, preferential light isotope removal will
rapidly form an isotopically heavy surface layer. This layer must
first dissolve for the mineral dissolution to continue, limiting
the extent of kinetic fractionation. Dissolution proceeds along a
moving reaction front and isotope effects are confined to the
spatial extent of this layer. However, this reactive surface layer
may be large enough to cause measurable isotope effects in
solution206 or even to be preserved over longer time scales in
natural systems.207 In other cases, initial kinetic isotope effects
during dissolution have been inferred to be transient and
negligible. Isotope effects during the dissolution of polyminer-
alic rocks can also be explained by isotopic heterogeneity
between minerals exhibiting different stabilities and therefore
involved to a different extent in the dissolution process.
Dissolution experiments investigating metal isotope fractiona-
tion have been conducted on silicates (e.g., Li,167 B,208

Mg,172,209 Ca,209 Fe,210−213 Zn214), oxides (e.g., Fe,186,206,211

Si215,216), and other minerals (e.g., Mg,172 Ca217). Isotope
effects during metal sulfide dissolution218−223 were also studied,
but for Fe and Cu at least partially overprinted by redox
processes. Although simple Rayleigh models are not able to
describe metal isotope fractionation during mineral dissolution,
other model approaches based on the formation of reactive
surface site pools have been developed to describe the
evolution of metal isotope ratios in solution with ongoing
dissolution.206,211,213

Evaporation, Condensation, and Diffusion. Metal
isotope fractionation can also be induced by evaporation,
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condensation, and diffusion.224 Mercury isotope fractionation
during evaporation was described already in 1921.225,226 Recent
experiments227,228 confirmed that elemental Hg is strongly
fractionated isotopically during evaporation and condensation,
with large kinetic effects in dynamic systems and smaller effects
in equilibrium systems. Except for Hg, evaporation of metals is
usually not relevant in the context of environmental geo-
chemistry. However, some metals are volatilized during
anthropogenic processing (e.g., combustion, smelting), albeit
often combined with redox changes. Experimental data for
isotope fractionation during vacuum evaporation are available,
for example, for Mg and Si,229 Ca and Ti,230 and Cd.231

Diffusion can induce large kinetic isotope effects and may
influence metal isotope signatures of natural samples. Several
studies investigated diffusion effects at high temperatures in
silicate melts.232,224 More relevant here are diffusion experi-
ments in water and air reporting isotope fractionation for the
metals Fe and Zn,233 Mo,234 Hg,235 and for Cl and Br,236 and
Ar and Ne.237 Diffusion may also be important for biologically
controlled processes.
Biological Cycling. Many metals are involved in biological

cycling. In fact, identifying the isotopic imprints of biological
activity in environmental samples (“biosignatures”) has been a
major motivation of metal isotope research from the
beginning.238 However, biological processes are governed by
the same physical and chemical principles as abiotic processes.
Although many biologically controlled processes can induce
significant metal isotope fractionation, the effect is usually
linked to one of the processes discussed above (e.g., redox
change, complexation, sorption, diffusion). Many biological
processes are kinetically controlled (e.g., bond-breaking in
enzymatic reactions) and may thus induce kinetic isotope
effects. Whether such effects are preserved in signatures of
natural samples depends, similarly as for abiotic processes,
strongly on pool sizes and the fraction reacted during a
transformation process. Equilibrium isotope effects can also be
important during biological metal cycling. Many studies have
addressed metal isotope fractionation during biologically
mediated reduction (e.g., Cl,239 Fe,238,240 Cr,241−243 Se,244

Te,93 Hg,94 U245), oxidation (e.g., Fe246,247), methylation and
demethylation (e.g., Se,248 Hg249−251), and assimilation (e.g.,
Fe and Mo,252 Ni,253 Zn,254,151 Cu,149 Cd255). Isotope
fractionation during uptake and translocation in plants256,257

has been investigated extensively (e.g., B,258 Mg,259,260 Si,261,262

Cl,263 Ca,264,265 Sr,266 Fe,267,268 Ni,269 Cu,270,271 Zn272,273),
mostly reporting enrichments of light isotopes in the plant,
except for Mg exhibiting isotopically heavy plant biomass.
Moreover, metal isotopes in other higher organisms have been
studied too (e.g., Ca,274 Mg,275 Fe,276−278 Cu and Zn279−282).
An extended review of metal isotope fractionation in biological
systems is not feasible here, but biological processes clearly play
an important role for environmental metal cycling and are also
partly responsible for the associated metal isotope fractionation.
To decipher complex fractionation patterns of metal isotopes
during biological cycling, considering the previous work on
traditional stable isotope systems283,284,3 will certainly be
helpful.

■ APPLICATIONS, LIMITATIONS, AND FUTURE
PERSPECTIVES

Although the application of metal isotope signatures as tracers
in environmental systems is still hampered by missing
fractionation factors for many processes, the scientific field

has made impressive progress over the last years. Important
parameters and governing principles controlling metal isotope
fractionation have been elucidated for many elements by a
combination of experimental, theoretical, and field-based
studies, complementing each other toward a comprehensive
picture of metal isotope geochemistry. Integrating the results of
all three approaches will enable the environmental geo-
chemistry community to further develop the novel tool of
metal isotope analysis to address important scientific questions.
Nonetheless, the application of metal isotope signatures as
tracers will remain challenging, especially in complex systems
influenced by multiple processes and metal sources. In many
cases, metal isotope approaches will be most powerful in
systems which have already been characterized using other
methods (e.g., concentration, speciation) and where the
analysis of metal isotope ratios on selected samples allows
testing previously defined hypotheses. As general advice,
especially for newcomers interested in entering the field of
metal isotope research, I suggest bearing in mind the following
principles:

(1) Spend enough time on method development to verify
the accuracy and precision of your analytical method, not
only for standard materials but also the sample matrix
you are interested in.

(2) Consider the mass balance of your system to understand
how metal isotope fractionation can potentially affect
different pools, and plan the sampling approach
accordingly.

(3) Collect as many analytical parameters as possible in
addition to metal isotope ratios which will greatly help in
the interpretation of your isotope data.

(4) Pay close attention to the relative importance of kinetic
and equilibrium conditions in your investigated system
because they may exert an important influence on your
observed signatures.

(5) Combine metal isotope signatures with additional tools
(e.g., spectroscopic techniques, extractions, modeling) to
understand the speciation and fate of the studied metal in
your samples.

Considering the difficulty of interpreting isotope signatures
of individual elements in complex environments, the
combination of isotopic systems may prove useful in the
characterization of field samples. For instance, source tracing in
a two-dimensional space potentially allows distinguishing
samples which have overlapping isotope signatures in one
element. Multidimensional isotope tracing possibilities are
already embedded in those isotope systems exhibiting MDF
and MIF expressed in different ratios (Hg) and those affected
by radiogenic processes and stable isotope fractionation in
parallel (e.g., Sr,266 Ca285). In other cases, combining metal
isotope signatures of different elements may yield similar
multidimensional results. Another promising approach for the
study of soils and sediments represents the combination of
sequential extraction and size fractionation methods with metal
isotope analysis to gain insight into isotopic differences
between various metal pools present in natural samples. Such
methods have already been successfully applied for several
elements (e.g., Ca,286 Fe,287,207 Cu,288,289 Zn,288 Se,290

Hg291,292), but a careful method selection is required and
standard procedures may need to be adapted to avoid
fractionation artifacts.293 For some elements, the determination
of species-specific isotope signatures represents another
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promising research area by coupling a chromatograph system to
MC-ICP-MS.294 Analytical advances will further increase the
sensitivity of existing metal isotope methods, facilitating the
study of natural systems with low metal concentrations
currently requiring extensive pre-enrichment steps prior to
analysis (e.g., dilute waters, atmospheric samples). Additionally,
new model approaches are being developed to describe metal
isotope fractionation in complex natural systems.295,296

Research on metal stable isotopes is clearly moving at a fast
pace and developing on many fronts in parallel. Future work
will identify the most useful tracer systems for specific
applications in environmental geochemistry. Our understanding
is still incomplete and a multitude of questions remain open,
but one should keep in mind that compared to the traditional
stable isotope systems which have evolved over more than half
a century, research on metal stable isotope signatures is still in
its beginning.
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