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1.1
Atomic Structure

Early in the twentieth century, Rutherford realized that Thomson’s late nine-
teenth century plain cake model for the atom, describing the atom as consisting
of electrons floating around in a positive sphere, had to be replaced by a
“Saturnian” model, describing the atom as consisting of a small central nucleus
surrounded by electrons, rotating on rings [1]. This view was supported by a study
of the behavior of a beam of o particles (see below, particles resembling the
nucleus of an He atom, thus consisting of two protons and two neutrons)
directed on to a very thin Au metal foil, known as the Geiger—Marsden experi-
ment [2]. Since only a minor fraction of the a-particles were recoiled or deflected,
and for the majority the path was not affected, it had to be concluded that for the
largest part, an atom consists of empty space. According to Bohr’s later model [3],
the atom contains a nucleus composed of positively charged protons and neutral
neutrons, having approximately the same mass. This nucleus is a factor of ~10*
smaller than the size of the atom (although the concept of size itself is not self-
evident in this context) and holds practically all of its mass. As they both reside in
the nucleus, protons and neutrons are also referred to by the common term
nucleon. The negatively charged electrons are substantially lighter (almost 2000
times) and rotate around the central nucleus in different orbits (also termed
shells), corresponding to different energy levels. Subsequently, insight into the
atomic structure has evolved tremendously and a multitude of other particles
have been discovered, but for many chemical considerations — including a dis-
cussion of isotopes — the Bohr model still largely suffices.

As all protons carry the positive unit charge (1.602 x 10~ C), they mutually
repel one another. This electrostatic repulsion is overcome by the so-called nuclear
force [4]. This is a very strong force, but effective only within a very short range. In
fact, the very short range over which this force is effective even causes the largest
nuclei (e.g., those of U) to be unstable (see below). Further clarification of the
nature of this nuclear force requires a more thorough discussion of the atomic
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structure, including a discussion on quarks, but this is beyond the scope of this
chapter. Electrostatic attraction between the positive nucleus and the orbiting
negative electrons provides the centripetal force required to keep the electrons
from drifting away from the nucleus.

1.2
Isotopes

The chemical behavior of an atom is governed by its valence electrons (electron
cloud) and, therefore, atoms that differ from one another only in their number of
neutrons in the nucleus display the same chemical behavior (although this
statement will be refined later). Such atoms are called isotopes and are denoted by
the same chemical symbol. The term isotopes refers to the fact that different
nuclides occupy the same position in the periodic table of the elements and was
introduced by Todd and Soddy in the early twentieth century [5].

To distinguish between the isotopes of an element, the mass number A —
corresponding to the sum of the number of protons and the number of neutrons
(the number of nucleons) in the nucleus — is noted as a superscript preceding the
element symbol: “X. The atomic number Z, corresponding to the number of
protons in the nucleus, may be added as a subscript preceding the element
symbol —4X — but is often omitted as this information is already inherent in
the element symbol.

As a result of their difference in mass, isotopes of an element can be separated
from one another using mass spectrometry (MS), provided that they are converted
into ions. In fact, this is exactly how isotopes were discovered: Thomson separated
the ion beams of two Ne isotopes using a magnetic field, while their detection was
accomplished with a photographic plate [6]. With a similar setup, typically referred
to as a mass spectrograph, Aston was subsequently able to demonstrate the
existence of isotopes for a suite of elements [7].

Although several techniques provide a different response for the isotopes of an
element, for example, infrared (IR) spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy and neutron activation analysis (NAA), MS is the technique of
choice for the majority of isotope ratio applications. The isotopic composition
of the light elements H, C, N, O, and S is typically studied via gas source MS,
and for '*C dating, accelerator mass spectrometry (AMS) is replacing radiometric
techniques to an increasing extent. For isotopic analysis of metals and metalloids,
thermal ionization mass spectrometry (TIMS) and inductively coupled plasma
mass spectrometry (ICP-MS) are the methods of choice. This book is devoted to
the use of (single-collector and multi-collector) ICP-MS in this context and its
basic operating principles, capabilities, and limitations are discussed in Chapters 2
and 3.

The relative abundance of one nuclide of the element M (M) is calculated as the
amount (number of atoms N or number of moles n) of nuclide "M divided by
the total amount (number of atoms or number of moles) of the element M:
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1.3 Relation Between Atomic Structure and Natural Abundance of Elements and Isotopes
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13
Relation Between Atomic Structure and Natural Abundance of
Elements and Isotopes

Except for the lightest atoms, the binding energy per nucleon is remarkably
stable (varying only from 7.6 to 8.8 MeV) for the naturally occurring elements
(Figure 1.1). On the basis of this curve, it is understood that fission of a heavy nucleus
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Figure 1.1 (a) Average binding energy per nucleon as a function of mass number for
nuclides with a mass number from 20 to 238. (b) Average binding energy per nucleon as a
function of mass number for nuclides with a mass number from 1 to 20.

Reproduced with permission of John Wiley & Sons, Ltd., from [8].
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Figure 1.2 Natural relative abundance of the elements as a function of their atomic number.
Reproduced with permission of John Wiley & Sons, Ltd., from [9]. The graph is based on the
data published by Lodders [10].

into lighter nuclei (e.g., in a nuclear reactor) or fusion of two H atoms into He
(the basis of solar energy) are exo-energetic because the process results in nuclei/
a nucleus characterized by a substantially higher binding energy per nucleon.

With the lighter atoms (see Figure 1.1b), nuclei with an even number of protons
and an even number of protons show a higher binding energy per nucleon and
thus higher stability (compare, e.g., the binding energies for “He and *He, "*C
and *C, and '°0 and 70). In addition, elements with an even number of protons,
reflected by an even atomic number Z, are more abundant in Nature than those
with an uneven number (Figure 1.2).

This variation in binding energy per nucleon also exerts a pronounced effect on
the isotopic composition of the elements, especially for the light elements. “Even—
even isotopes” for elements such as C and O (**C and '°0) are much more
abundant than their counterparts with an uneven number of neutrons (**C and
70). Despite the overall limited variation in binding energy per nucleon as a
function of the mass number for the heavier elements, its variation among iso-
topes of an element may vary substantially, leading to a preferred occurrence of
even—even isotopes, as illustrated by the corresponding relative isotopic abun-
dances for elements such as Cd and Sn (Table 1.1). In both the lower (*°°Cd
through ''°Cd) and the higher (***Cd through ''°Cd) mass ranges, only Cd iso-
topes with an even mass number occur. In addition, the natural relative isotopic
abundances for '*Cd and, to a lesser extent, '''Cd are low in comparison with
those of the neighboring Cd isotopes with an even mass number. Similarly, Sn, for
which 7 out of its 10 isotopes are characterized by an even mass number, the
isotopes with an odd mass number have a lower natural relative abundance than
their neighbors.
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Table 1.1 Isotopic composition of Cd and Sn according to
Bohlke et al. [11].

Element Atomic Isotopes and natural
number Z relative abundances (mol%)

cd 48 106¢cq 1.25
108¢cq 0.89
10cq 12.49
Meg 12.80
2cq 24.13
3cd 12.22
4cd 28.73
16cq 7.49

Sn 50 H2gp 0.97
14gn 0.66
15gp 0.34
1165 14.54
17gn 7.68
118gp 24.22
1199 8.59
1209 32.58
12291 4.63
1249p 5.79

1.4
Natural Isotopic Composition of the Elements

As a first approximation, it can be stated that all elements have an isotopic compo-
sition that is invariant in Nature. This is the result of thorough mixing of most
nuclides prior to the formation of the solar system some 4.6 billion years ago [12].
Addition of a stable isotopic tracer to a natural system induces a change in the iso-
topic composition of a target element. The use of isotope dilution for elemental assay
(Chapter 8) and tracer experiments for monitoring a physical or a (bio)chemical
process (Chapter 16) are based on measuring the induced changes in the isotopic
composition of a target element thus obtained, as discussed in later chapters.

There are, however, various reasons why elements may show variations in their
natural isotopic composition:

* Radiogenic nuclides: Some elements have one or several radiogenic nuclides,
meaning that over time, such a nuclide is being produced as a result of the
decay of a naturally occurring and long-lived radionuclide. The additional
production of such a radiogenic nuclide has a pronounced effect on the
temporal isotopic composition of the element with (the) radiogenic nuclide(s)

c01 30 March 2012; 17:50:16

5



6

1 The Isotopic Composition of the Elements

and - as a result of the way in which isotopic abundances are defined — also
affects the relative isotopic abundances of the other isotopes.

Extraterrestrial materials: In some extraterrestrial material such as meteorites,
elements may show isotopic compositions that are distinct from all terrestrial
material investigated. This is related to decay of radionuclides that may already
be extinct, due to half-lives which are very short compared with the age of the
solar system of 4.6 x 10° years. Such variations are rare for terrestrial materials,
in large part due to preferential sampling of the crust, whereas some
extraterrestrial material, such as iron meteorites, resemble the Earth’s core,
in which parent to daughter element ratios may be much higher than in
the crust.

Interaction between cosmic rays and terrestrial matter: The Earth’s atmosphere
and, to a lesser extent, its surface are constantly bombarded with cosmic
radiation which interacts with terrestrial material, resulting in isotopic varia-
tions in some elements. The best known example is the production of **C from
N by (n,p) reaction in the atmosphere, with the neutron involved created by
cosmic ray-induced spallation. **C, a radionuclide with a half-life of 5730 years,
is oxidized to CO, and enters the food chain via photosynthesis, thus affecting
the isotopic composition of C in all living organisms.

Mass-dependent isotope fractionation: The original theory that isotopes of an
element are chemically identical has to be refined. As a result of their slight
difference in mass, the isotopes of an element tend to participate in physical
processes and (bio)chemical reactions with slightly different efficiencies. These
differences in efficiency are related to a slight difference in equilibrium for each
different isotopic molecule (thermodynamic effect) or in the rate with which
the isotopes participate in a process or reaction (kinetic effect). This phenom-
enon is referred to as isotope fractionation and is well characterized for the
lighter elements H, C, N, O, and S, the isotopic composition of which is
typically studied via gas source isotope ratio MS. Especially the light elements
that are redox sensitive show substantial variations in their isotopic composi-
tion, because different oxidation states correspond to substantially different
bonding environments. In general, the extent of isotope fractionation is
governed by the extent to which an element takes part in physical processes,
such as diffusion, or chemical reactions wherein there is a change in bonding
environment, and the relative difference in mass between the isotopes. Among
the metals and metalloids, Li and B show significant natural isotopic variations
as a result of isotope fractionation because of the large relative difference in
mass of their isotopes. For the heavier elements — for which the isotopes show a
much smaller relative mass difference — conventional wisdom held that there
was minimal isotope fractionation, but the enhanced capabilities offered by
state-of-art MS have demonstrated that all elements are prone to isotope
fractionation, even an element as heavy as U [13].

Mass-independent fractionation: Most cases of isotope fractionation are
characterized by a linear relationship between the magnitude of the effect
established and the difference in mass between the isotopes considered. For an
increasing number of elements, however, an apparently aberrant behavior is
established for some of their isotopes. This is currently a hot topic of research
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1.4 Natural Isotopic Composition of the Elements

and is attributed to a subtle difference in the interaction between the nucleus of
those isotopes and the surrounding electron cloud, which affects the bonding
environment for certain isotopes and results in mass-independent fractionation
of these nuclides in chemical reactions. The interaction between the nucleus
and the electron cloud in such instances is hypothesized to be influenced by
variation in the volume of the nucleus or in its magnetic properties (see below).
Mass-independent fractionation provides the elements with a distinct isotopic
pattern that differs from that predicted by mass-dependent fractionation
processes.

* Anthropogenic effects: Via a variety of processes, human-made changes in
the isotopic composition of an element can be accomplished by enhancing the
fractionation beyond those in normal reactions, or by producing specific
isotopes. Production of enriched U for fueling nuclear reactors and production
of enriched isotopic tracers for tracer experiments or for isotope dilution MS
are examples of the effects of human intervention on isotopic compositions.

Various processes that result in isotopic variations will be discussed in more
detail in the following sections. The way in which the quantification of such var-
iations can be used in the context of various real-life applications will be demon-
strated in later chapters.

1.4.1
Elements with Radiogenic Nuclides

1.4.1.1 Radioactive Decay
When considering all nuclides that occur in Nature, a distinction can be made
between stable and radioactive nuclides (radionuclides). The nucleus of a radio-
nuclide undergoes spontaneous radioactive decay, whereby it is converted into
another nucleus.

Several types of radioactive decay can occur [4, 8, 14].

In the case of a-decay, an a-particle, containing two protons and two neutrons, is
emitted from the nucleus, resulting in a reduction in its mass number by four
units and in its atomic number by two mass units:

A A4 4
7X —=75Y +50

a-Decay predominantly occurs for very heavy nuclides with an atomic mass
number > 200.

The term B-decay is used for those decay processes in which the mass number of
the decaying nuclide remains the same, but the atomic number changes. This
situation occurs in case of conversion of:

* a neutron into a proton, accompanied by emission of a B~ particle (i.e., an
electron emitted by the nucleus, also called a negatron)

e a proton into a neutron, caused by the capture of an electron, usually coming
from the K shell, or accompanied by emission of a B* particle (also called a
positron).
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Nuclides with a relative excess of neutrons are prone to ™ -decay, nuclides with
a relative excess of protons (or shortage of neutrons) to B"-decay.

Whereas o-particles are characterized by specific energies, the energies of
emitted B-particles show a continuous distribution. This puzzled scientists for a
long time, but was understood when it was realized that B-decay is accompanied by
the emission of a neutrino or anti-neutrino and the energy that is released is
distributed over the B-particle and the (anti)neutrino. Hence the various forms of
B-decay can be described as follows:

p~ decay : éX — ZﬁY + _?ﬁf +v
B decay : X =AY+ 4+

electron capture: 4X+ Je” — ,4Y +v

In addition, when a nucleus is in an excited state, it can emit y-radiation. In this
case, the difference in energy between the higher and the lower energy states is
emitted in the form of a y-photon upon relaxation. Emission of this radiation does
not affect either the atomic number or the mass number.

A nuclide can undergo spontaneous radioactive decay when the process is
energetically favorable, which necessitates the sum of the masses of the resulting
particles being smaller than the sum of the masses of the starting particles in all
instances, except electron capture.

The radioactive decay process is normally a first-order reaction with a char-
acteristic halflife Ty, — this is the time interval in which half of the nuclide
population decays — and corresponding decay constant A:

_In2
=5

2

A

As a result of this first-order behavior, radioactive decay is a process that can be
described mathematically by an exponential decrease in the number of parent
nuclides N as a function of time (Figure 1.3):

N, = Noe ™

where N, is the number of parent nuclides at time t and N is the original number
of nuclides at time =0.

Therefore, this phenomenon can be exploited for dating processes. Among the
most widespread dating methods is radiocarbon dating, relying on the B~ decay of
14C, which allows for age determination of the remains of living organisms (time
passed since time of death), such as human remains or wood [15]. Because
radiocarbon dating involves either radiometry or AMS, it will not be covered in this
book. Other dating methods, such as U, Th-Pb, Pb-Pb, and Rb-Sr dating, how-
ever, can be carried out, relying on isotope ratio measurements via ICP-MS, and
are discussed in detail in Chapter 9.
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Figure 1.3 Decrease in the number of parent nuclides as a function of time ¢ as a result of
radioactive decay.
Reproduced with permission of Ellis Horwood from [14].

1.41.2 Elements with Radiogenic Nuclides

Some elements show natural variations in their isotopic composition because one
or more of their isotopes are radiogenic [9, 16]. A radiogenic nuclide is con-
tinuously produced by decay of a naturally occurring radionuclide, thus leading to
a steadily increasing relative abundance of this isotope, at least as long as the
parent radionuclide and daughter radiogenic nuclide reside together. Because of
the way in which relative isotopic abundances are calculated, the presence of one
radiogenic nuclide affects the relative abundance of all isotopes of the daughter
element.

The natural variation observed for elements with radiogenic isotopes is fairly
pronounced and their isotopic analysis can serve various purposes. Once the half-
life of the parent nuclide is known, then is its decay rate and thus the generation
rate of the daughter (or progeny) nuclide and isotopic analysis can be used for
dating (age determination) purposes, as described in Chapter 9. In addition to the
geochronological application, isotopic analysis of these elements can also be used
for provenance determination, that is, determination of the (geographic) origin of
a material, object, or living species, as is discussed in detail in later chapters.

Examples of elements showing radiogenic isotope accessible via ICP-MS are
provided below.

Strontium  Strontium has four stable isotopes (84Sr, 865y, 87Sr, and SSSr), one of
which, #Sr, is radiogenic, as it is produced via the B~ decay of ®Rb:

YRb — 881+ +V

where B~ represents the particle emitted from the ®Rb nucleus and Vv an anti-
neutrino. The corresponding half-life is 48.8 x 10° years, which is more than 10
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times the age of the solar system, such that only a limited fraction of ®Rb has
decayed so far.

Although the isotopic composition of Rb, which has two isotopes, **Rb and *Rb,
varies slowly as a function of time, no fractionation of Rb isotopes is known to
occur so that the isotopic composition of Rb currently is the same for all terrestrial
material. In contrast, the isotopic composition of Sr does show natural variation as
a result of the decay of ®Rb and between rocks or minerals the isotopic compo-
sition of Sr will vary, depending on their Rb/Sr ratio and the time during which
these elements have spent together. As the Rb/Sr elemental ratio and the Sr
isotopic composition or, more specifically, the ratio of the radiogenic nuclide to a
reference isotope, typically ®’Sr/®°Sr, are measurable, this decay can be used for
geochronological purposes (see Chapter 9). In addition, Sr isotopic analysis is also
deployed in the context of the determination of the provenance of, among other
things, agricultural products and human remains (in an archaeological or forensic
context) and for providing insight into human and animal migration behavior [17]
(see Chapters 13 and 14).

Lead Lead has four stable isotopes, three of which are radiogenic. The decay
chains of **U (T, =4.468 x 10° years), ***U (T;,,=0.407 x 10’ years), and
#?Th (T;,=14.010 x 10° years) finally result in *°°Pb, **’Pb, and ***Pb as
daughters, respectively (Figure 1.4), and only ***Pb is not radiogenic.

For all three decay chains, the first step is much slower than the subsequent
steps and, for many practical purposes, the entire chain can be described as a one-
step process. As a result of these processes, the isotopic composition of Pb is
governed by the U/Pb and Th/Pb elemental ratios and the times during which
these elements have resided together. There is a substantial difference between the
isotopic composition of crustal Pb and that in ores, because upon ore formation Pb
was separated from U and Th and its isotopic composition was therefore “frozen”
at that moment, while in the Earth’s crust the decay of the parents continued to
affect the isotopic composition of Pb. As a result, Pb isotopic analysis provides an
excellent tool to distinguish between local (crustal) Pb and Pb pollution resulting
from ore-derived Pb (e.g., used in anti-knock compounds previously added to
petrol or used for other industrial purposes) [19-25]. Pb ores also show different
isotopic signatures among them and therefore, Pb isotopic analysis is also widely
deployed as a means of provenance determination of objects of art [17] or of tracing
transport of dust [22, 23, 26).

For environmental samples, such as atmospheric aerosols, sediments, and
snow, Pb from several sources may contribute to the total Pb concentration
and therefore the isotopic signature will be a mixture of those of the various
contributions. When there is mixing between Pb from two sources, the Pb isotope
ratio results plotted on a three-isotope plot, that is, one isotope ratio of Pb, plotted
as a function of another with a common denominator (Figure 1.5), will fall on a
straight mixing line between the two end-member compositions, and the extent
to which each of the two sources contributes to the sample’s signature can
be calculated [27]. If one Pb isotope ratio is plotted as a function of the Pb
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Figure 1.5 Three-isotope plot (**®Pb/?**Pb versus 2°°Pb/?°*Pb) for Antarctic sediments from
the Pb-polluted Brown Bay (filled circles) and proxies for potential Pb sources — Broken Hill
Pb ore and battery samples for anthropogenic Pb, on the one hand, and unpolluted sediments
for local crustal Pb, on the other (O'Brien Bay and Sparkes Bay). (b) 2°®Pb/2°*Pb versus Pb
concentration. (c) 2°Pb/?**Pb versus 1/Pb concentration.

Reproduced with permission of the Royal Society of Chemistry from [28].
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1.4 Natural Isotopic Composition of the Elements

concentration, the samples will plot on a hyperbolic line between the two end-
members. This hyperbolic curve can be linearized for easier handling by plotting
the isotope ratio as a function of the reciprocal Pb concentration (1/[Pb]).

If not two, but three end-members contribute to the final isotope ratios of the
samples, the sample data will plot in the three-isotope plot in a triangular field,
delimited by lines connecting the ratios of the end-members. As more end-members
contribute to the final isotopic signature of a sample, it becomes increasingly more
complex to reveal the extent to which the end-members contribute.

Other Parent-Daughter Pairs A summary of elements that contain one or more
radiogenic nuclides and for which the isotopic composition is studied by (multi-
collector) ICP-MS is provided in Table 1.2. Elements with radiogenic nuclides not
included in Table 1.2 either are not amenable to ICP-MS analysis (e.g., Ar) or have
such long half-lives that the variation in their isotopic compositions is too limited
to be quantified using present-day ICP-MS instrumentation.

1.4.2
Effects Caused by Now Extinct Radionuclides

Throughout the history of our solar system, several radionuclides characterized by a
half-life that is short with respect to the age of the solar system have become extinct.
Variation in the isotopic composition of the element containing the corresponding
daughter nuclide is sometimes only noticeable in extra-terrestrial material, such as
meteorites. One of these now extinct radionuclides is "**Hf that B ~-decayed to '**Ta
with a halflife of ~9 million years. '®Ta also undergoes B~ -decay to "**W with a
halflife of only 144 days. As the character of Hf is a lithophile, preferring to reside
in the Earth’s crust, whereas W is a siderophile, preferring the Earth’s core, Hf and
W became separated from one another during segregation of the Earth’s core. As a
result, crustal material has a higher Hf/W elemental ratio than does core material.
If differentiation occurred before ®2Hf became extinct, the decay of *Hf would
have affected the isotopic composition of W in the crust more than if differentiation
occurred after ®2Hf became extinct. The Earth’s core is not accessible, but iron
meteorites can be used as a proxy for planetary cores, including the Earth. Com-
pared with crustal materials on Earth, iron meteorites indeed show lower relative
abundances of '®W. The "?Hf-'®W chronometer can therefore be used to con-
strain the timing of planet differentiation [29].

Another example of an extinct isotope is '°’Pd that p~-decayed into '”’Ag with a
halflife of 6.5 million years. The '’Ag/'*Ag ratio is nearly constant at 1.08 for
terrestrial materials, whereas iron meteorites have ratios as high as 9. No terres-
trial materials have a Pd/Ag elemental ratio high enough to have resulted in such
high 'Ag/'%°Ag ratios [30, 31].

1.4.3
Mass-Dependent Isotope Fractionation

As a result of their difference in mass, the isotopes of an element can participate in
physical processes and/or chemical reactions with slight differences in efficiency,
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Table 1.2 Elements with radiogenic nuclides that can be measured via (multi-collector)
ICP-MS [9, 16].

Element  Isotopes (isotopic Parent radionuclide (T;;) Radioactive decay
containing abundance as mole
radiogenic fraction [11]) with radiogenic
nuclide(s) nuclides indicated
by the arrow

Sr 84Sr (0.0055-0.0058)
86Sr (0.0975-0.0999)
= ¥7Sr (0.0694-0.0714) 87Rb (48.8 x 10° years) ¥Rb — ¥Sr4+ 7+ ¥
8Sr (0.8229-0.8275)

Nd INd (0.2680-0.2730)
= Nd (0.1212-0.1232)  '*’Sm (1.06 x 10" years) Sm — "¥*Nd + o
4Nd (0.2379-0.2397)
15Nd (0.0823-0.0835)
146Nd (0.1706-0.1735)
18Nd (0.0566-0.0678)
1%ONd (0.0553-0.0569)

Hf 74HF (0.001619-0.001621)
= '7SHf (0.05206-0.05271) “"°Lu (3.57 x 10'° years) 7°Lu — VOHf + = +v*
Y77HF (0.18593-0.18606)
78HF (0.27278-0.27297)
79Hf (0.13619-0.13630)
18OHf (0.35076-0.35100)

OS 184osb
ISGOS
= ¥0s 87Re (4.161 x 10" years) ¥Re — ¥70s 4+ 7 4+ ¥
ISSOS
1890S
1900S
1920S

Pb 29*ph (0.0104-0.0165)
= 29P} (0.2084-0.2748)  2*%U (4.468 x 10° years) See Figure 1.4
= 2Pb (0.1762-0.2365)  **°U (0.407 x 10° years)
= 298P} (0.5128-0.5621)  2*’Th (14.010 x 10° years)

* There is also a smaller fraction (3%) of '7°Lu that decays to '7°Yb via electron capture.
b No information provided in [11].

leading to mass-dependent isotope fractionation. In addition to mass-dependent
fractionation, mass-independent isotope fractionation has also been observed for
metalloids and metallic elements (see below), but their occurrence is much less
common and their effect often less substantial. As a result, mass-independent
fractionation effects were discovered later and are still less understood. When in a
text or scientific paper there is no indication of whether the isotope fractionation is
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1.4 Natural Isotopic Composition of the Elements

mass-dependent or mass-independent, it is implicitly assumed to be mass-
dependent.

Because the changes in the isotopic composition due to isotope fractionation are
small and a difference in isotope ratios relative to one another can be determined
more easily than an absolute isotope ratio, an isotope ratio for a sample is usually
expressed as the difference between the specific isotope ratio and that of a selected
standard:

5= Rsample — Rgtandard % 1000(%0)
Rstandard

The difference is multiplied by 1000, and thus expressed in units of permil (%),
to obtain values that can be dealt with easily. Because increasingly small differ-
ences in isotope ratios can be measured, a multiplication factor of 10000 is
sometimes used (¢ values):

R - R
o= sample standard « 10 000

Rstandard

Mass-dependent isotope fractionation effects provide insight into the physical
processes and chemical reactions during which they occurred and the prevailing
conditions (such as pH, temperature, salinity, and oxidation potential). As a result,
determination of isotope ratios affected by mass-dependent fractionation in sam-
ples that are chronological archives, such as speleothems, corals, or forams, can be
used as paleoproxies for the conditions mentioned above, as will be discussed for
paleoredox proxies in Chapter 11.

1.4.3.1 Isotope Fractionation in Physical Processes

A very relevant example of mass-dependent isotope fractionation involves the slow
evaporation of water out of a glass. The water vapor produced is slightly iso-
topically lighter than the liquid water remaining in the glass because the phase
with the stronger bonds, in this case liquid water, preferentially takes up the
heavier isotope. This is because it requires less energy for a water molecule con-
taining the lighter '°O to be transferred from the liquid to the gas phase than it
does for a water molecule containing '®0. When the glass is half empty, the
remaining water will be slightly enriched in 'O compared with the water ori-
ginally present in the full glass. The variation in the isotopic composition of O
remaining in the glass can be described by the Rayleigh equation [32], which
describes distillation or condensation under equilibrium conditions:

Ry =Rof* Y

where R, is the ®0/°0 ratio in the liquid phase at time =t, R, the same isotope
ratio at time = 0, f; the fraction of water remaining in the glass at time t and o the
fractionation factor. In the case of evaporation of liquid water, the fractionation
factor o is defined as
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o= (lgo/lﬁo)vapor
(180/160)liquid

This fractionation factor varies as a function of temperature, approaching 1 at
high temperatures for most processes and reactions.

Rayleigh’s law can be applied in a physicochemical process in which the sub-
strate is “consumed” and the product is removed. It is clear that the denser of the
two phases considered will become enriched in the heavier of the two isotopes
considered.

1.4.3.2 Isotope Fractionation in Chemical Reactions

For metals and metalloids, the isotope fractionation accompanying chemical
transformations is of scientific interest. In the late 1940s, the pioneers Bigeleisen
and Urey published papers describing the theoretical origin of isotope fractiona-
tion effects [33-36] and investigations into the mechanisms of isotope fractiona-
tion are still ongoing. Mass-dependent isotope fractionation in chemical reactions
is a quantum mechanical phenomenon, into which basic or intuitive insights can
be obtained from potential energy curves and vibrational energy levels for the
molecules involved in the reaction.

Consider the simple example of the dissociation of a diatomic molecule into the
corresponding atoms. The potential energy curve for a diatomic molecule can be
approximated as a harmonic oscillator, for which the vibrational energy (E.p) is
quantized (Figure 1.6) [37, 38]. The molecule vibrates with a specific frequency,
and the maximum displacement of the constituent atoms with respect to the

Potential energy - E

&
<

stronger bond

»
»

Interatomic distance — r

Figure 1.6 Potential energy as a function of interatomic distance in a diatomic molecule
(Morse curve) showing vibrational energy levels for molecules containing the heavier (H) and
lighter (L) of the two isotopes considered. The dissociation energies Dy for these two types of
molecules are also indicated.

Reproduced with permission of Springer from [37].
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center can only adopt specific values. As a result, the diatomic molecule considered
can only occupy discrete vibrational energy levels, described by

1
Evib = <n + E) hv

where n is the vibrational quantum number, h Planck’s constant, and v the
vibrational frequency, which is determined by the force constant k (corresponding
to the bond strength within the molecule) and the reduced mass of the diatomic
molecule u:

V_l k
S 2n\p

The reduced mass is defined as

1 1 1
g B
poomp my

or

mim;
H: _—
my + m)

where m; and m, are the masses of the constituent atoms.

From the above equations, it is clear that a diatomic molecule containing a
heavier isotope will show a higher reduced mass than one with a lighter isotope.
As a result, the latter will vibrate at a higher frequency. Vibrational energies for
molecules containing the heavier and the lighter isotope, respectively, will be
shifted with respect to one another.

When external energy such as heat or light is provided to the molecule, its
vibrational energy can increase stepwise and ultimately the molecule can dis-
sociate into the constituent atoms. The energy difference between the lowest
vibrational energy level (with n=0) and the level at which there is no more
attraction between the atoms is termed the dissociation energy, which will differ
depending on whether the light or the heavy isotope is present in the molecule. As
a result, a molecule containing the light isotope will dissociate more readily than
one containing the heavy isotope, resulting in mass-dependent fractionation
whereby the molecule will be enriched in the heavier isotope and the separated
atoms in the lighter isotope.

For more complex chemical reactions, consider that the reactants interact and
form an activated complex, which can then be converted into the reaction pro-
ducts. The corresponding changes in potential energy are depicted for an exo-
thermic reaction (assuming the contribution of the change in entropy AS to be
negligible compared with that in enthalpy, such that AG=AH — TAS~AH) in
Figure 1.7. If an element with more than one isotope is present, potential energy
curves and vibrational energy levels for each of the stages involved, namely
reagent, activated complex, and reaction product, will exist. A distinction can be
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Potential energy - E
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Ea(L) < E4(H)
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| equilibrium fractionationl

7 in case of exothermic reaction
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Figure 1.7 Variation of the potential energy as a function of the reaction coordinate. The
potential energy curves for the reagent, activated complex, and reaction product containing
the element considered are indicated, together with the vibrational energy levels, which vary
according to the mass of the isotope present. Differences in AG govern thermodynamic
isotope fractionation, whereas differences in E, govern kinetic isotope effects. The latter occur
when equilibrium cannot be reached.

made between two conditions: (i) one where chemical equilibrium is established
and (ii) one where chemical equilibrium is not reached within the time frame
considered.

If equilibrium can be established, the fractionation is of thermodynamic origin
and its extent is governed by the difference in vibrational energy levels of both
reagent and reaction product as a function of isotope mass. AG values differ
depending on whether the light or the heavy isotope is present and this affects the
equilibrium constant, as:

K:67%

where R is the universal gas constant and T the prevailing temperature. The
reagent or reaction product characterized by the strongest chemical bond will be
enriched in the heavier isotope.

If within the time frame considered, however, chemical equilibrium is not
attained, such as when the reaction is unidirectional (as in enzymatic reactions),
when the reaction is proceeding at a relatively low temperature, or when the
reaction products are removed, the fractionation is of kinetic origin and its extent
is governed by the difference in vibrational energy levels of both reagent and
activated complex. Activation energies (E,) differ depending on whether the light
or the heavy isotope is present and this affects the reaction rate k according to

k= Ae 7t

where A is a constant, characteristic of the reaction considered.
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The extent of isotope fractionation can be quantitatively expressed via the frac-
tionation factor a:

(NZ) (nz)
Ny reaction product 11/ reaction product

(NZ ) _ (nz )
Ny reagent M1/ reagent

where N represents the number of nuclides and n the number of moles of the two
isotopes considered.

If an element shows three isotopes or more, the mass dependence (usually —
see Dbelow) of the isotope fractionation observed is expressed by the mass

f]f actionation la W
( ) reaction pl()du(t
N]

<N1> eactio: (o] t
N reaction pr duc 1
(1 31> reagent

e
Ny reagent

with o, =of. It can be shown [39] that if the isotope fractionation is purely
thermodynamically controlled, the mass fractionation factor B corresponds to

o3 =

1 1
_m m
p= 1 1
mp  m3

where m is the atomic mass.
If, on the other hand, the isotope fractionation is kinetically controlled, the mass
fractionation factor B corresponds to

In(my) — In(m,)
In(my) — In(ms)

p=

where m is either the atomic mass or the molecular mass of the compound
containing the element under consideration for a transport process or the reduced
mass for a process involving breaking bonds.

Maréchal et al. [40] defined a generalized law for the mass fractionation factor B:

n n
_m-m

b= —m
in which n=—1 in the case of purely thermodynamic isotope fractionation, and
approaches 0 for kinetically governed isotope fractionation.

Calculation of the mass fractionation factor B from experimental data provides
insight into whether thermodynamic or equilibrium as opposed to kinetic effects
are at the origin of the mass-dependent isotope fractionation, although often the
fractionation is shown to be of “mixed” origin. For example, Wombacher et al.
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studied the evaporation of molten Cd to determine the nature of the isotope
fractionation thereby occurring [41]. The data plotted on a three-isotope plot with
one isotope ratio of Cd plotted as a function of another one with a common
denominator showed a linear relationship. The slope of the best-fitting straight
line is the experimental value for B, which was compared with the predicted values
based on the assumption of either purely thermodynamic or purely kinetic frac-
tionation. The authors concluded that both kinetically and thermodynamically
governed fractionation accompanied the process, resulting in a value of —0.35
for the exponent n.

The extent to which isotope fractionation is observed for a given element is
determined by both the relative mass difference between its isotopes and the
extent to which the element participates in physical processes and/or chemical
reactions. For the light elements H, C, N, O, and S, variations in their isotopic
composition caused by mass-dependent isotope fractionation have been exten-
sively studied using gas source isotope ratio mass spectrometry. For most of the
metallic and metalloid elements (except Li and B), the relative mass difference
between the isotopes is more limited, such that the variation in isotopic compo-
sition thus created is considerably more limited. The high precision with which
isotope ratios can be measured nowadays however, not only allows the small
isotope fractionations to be revealed, but also quantified. Even for the heaviest
naturally occurring element U, variation in its isotopic composition due to the
occurrence of isotope fractionation has been demonstrated [13]. As a general rule,
elements that can occur in the environment in several oxidation states tend to
show more pronounced isotope fractionation.

The introduction of multi-collector ICP-MS has given rise to a breakthrough in
this field and the corresponding studies are providing useful information in a variety
of fields, as will be illustrated in later chapters. For a more detailed description of
isotope fractionation in a variety of processes, the reader is referred to [42].

1.4.4
Mass-Independent Isotope Fractionation

All of the isotope fractionation effects discussed so far are “mass-dependent.” This
means that there is a linear relationship between the extent of fractionation
observed and the mass difference between the isotopes considered. Some pro-
cesses, however, give rise to an apparently aberrant behavior, whereby one or more
isotopes display an additional effect on top of the well-understood mass-dependent
fractionation. This apparently aberrant behavior is referred to as “mass-independent”
or “anomalous” isotope fractionation. This effect is illustrated in Figure 1.8,
where the extent of isotope fractionation experimentally observed for methylation
of inorganic Sn using methylcobalamine is plotted as a function of the mass dif-
ference between the Sn isotope considered and the reference isotope ''°Sn.
When this reaction proceeds in the dark, only mass-dependent fractionation is
observed for all isotopes. However, under UV radiation, the two odd-numbered
isotopes of Sn studied show a considerably more pronounced fractionation effect
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Figure 1.8 Isotope fractionation, expressed as s, = [(""Sn/""®SN)mesn/

("""Sn/1165r’1)in0,ganic sn] — 1 X 1000%., for methylation of inorganic Sn using methylcobalamine
as a function of the mass difference between the isotopes and the reference isotope ''®Sn.

(a) Reaction in the dark, wherein only mass-dependent fractionation is observed. (b) Reaction
under UV irradiation, which shows mass-independent fractionation for the odd-numbered
isotopes ''7Sn and ''°Sn in addition to mass-dependent fractionation.

Reproduced with permission of the Royal Society of Chemistry from [43].

and the corresponding results deviate from the linear correlation observed on the
basis of the data for the other, even-numbered Sn isotopes. Below, such effects will
be consistently termed mass-independent isotope fractionation.

The extent of mass-independent fractionation is indicated by the capital delta (A)
value and is calculated by subtraction of the contribution from mass-dependent
fractionation, as estimated from the behavior of the isotopes only displaying
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mass-dependent fractionation, from the experimentally observed fractionation
[44]. For the example of Sn, the mass-independent contribution is calculated as
follows [39, 45]:

A"Sn/1esn = §1178n/11%sn — -1 (milZZE?Zij::I?) X 5124Sn/1163n:
AV8Sn /1165y — 1185 /1165 — ln<mijzz§;"i::2> 5124Sn/1165n:
ASn/1esn = §1195n/1105n — ln<mij:r:l?;:;1::2> X 5124Sn/1168n:
A1208 /1165 — 1205 /1165y — ln<mizj§z§::§::;l> 5124Sn/1165n:
A25n /105 = 512280 /11080 — :ln (mizizz?Zii::I?) X 6124Sn/“65n:

Only for '7Sn and '’Sn and when the reaction proceeds under UV irradiation
do the A values differ from zero.

Nuclear volume effects, sometimes referred to as nuclear field shift effects, are
believed to be one cause of mass-independent isotope fractionation [46]. Nuclei of
isotopes differ from one another only in their number of neutrons. Self-evidently,
this provides the isotopes with a different mass, but this may also give rise to
differences in the size and shape of the nuclei among the isotopes. The nuclei of
nuclides with an odd number of neutrons are often smaller than they should be
based on the mass difference relative to those of the neighboring nuclides with an
even number of neutrons [47]. These differences in nuclear shape and size, and
thus charge density, affect the interaction between the nucleus and the sur-
rounding electron cloud. The resulting difference between the isotopes in terms of
density and shape of the electron cloud results in slight differences in the effi-
ciency with which they participate in chemical reactions [48].

The magnetic character of some nuclei also plays an important role in mass-
independent fractionation effects. Nuclides characterized by an odd number of
protons or odd number of neutrons are characterized by a non-zero nuclear spin.
This is what makes these nuclides amenable to investigation by nuclear magnetic
resonance (NMR) spectroscopy. A non-zero nuclear spin, however, also affects the
interaction between the nucleus and the surrounding electron cloud via hyperfine
nuclear spin—electron spin coupling, and thus also the behavior of these nuclides
in chemical reactions [49, 50].

The methylation of inorganic Sn using methylcobalamine discussed above
showed mass-independent fractionation related to radicals taking part in the
reaction under UV irradiation [45, 51]. Conditions leading to a reduced occurrence
of radicals, for example the presence of radical scavengers such as particles
or OH™ ions, were found to decrease the extent of or even remove the mass-
independent fractionation observed for ''’Sn and '"Sn. Under conditions
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hv
CHyHgCl — [ triplet(CH,® + HgCl")

1 — CHj;" + HgCl®
singlet(CH,* + HgCl")

Figure 1.9 Radicalar reaction process for demethylation of MeHg™ under UV radiation.
Reproduced with permission of the Royal Society of Chemistry from [51].

favoring the existence of radicals, however, interaction between the nuclear spin of
the odd-numbered Sn isotopes and their electron cloud is hypothesized to make
these isotopes more amenable for the radicalar reactants, thus leading to an
enrichment of the odd-numbered isotopes in methylated Sn.

Another reaction studied by Malinosvky et al. is the demethylation of methyl-
mercury MeHgX under UV radiation, another process accompanied by mass-
independent fractionation [51]. As shown in Figure 1.9, under the influence of UV
radiation, the MeHgCl molecule is split and a short-lived so-called caged radical
pair is formed. This caged radical pair is in triplet electron spin state — both
electrons show the same electron spin. These radicals can either diffuse away from
one another and then the Hg becomes demethylated, or a triplet-singlet electron
spin conversion may occur, such that the MeHgCl can be formed again. Owing to
hyperfine coupling between nuclear and electron spins, triplet-singlet conversion
is believed to proceed faster for the odd-numbered Hg isotopes, so that these
become enriched in the methylated form of Hg. Model calculations show that the
experimental observations could not be explained solely by nuclear volume effects.

Although currently very much an “academic” topic, the study of mass-
independent fractionation of metals and metalloids is also believed to have
practical applications. Mass-independent fractionation provides the element with a
very specific isotopic signature. For environmentally important elements, such as
Hg and Sn, this can be exploited to reveal their sources and understand conver-
sions, thereby enhancing our understanding of their biogeochemical cycles. Such
fingerprints have already been demonstrated for Hg in real-life samples [52-54].

Epov et al. recently reviewed the literature on mass-independent fractionation
for metals and metalloids [55], showing that in this emerging field most of
the research so far has been devoted to Hg. However, in addition to Hg, mass-
independent fractionation has been reported for Ba, Cd, Cr, Gd, Mo, Nd, Pb, Sm,
Sn, Sr, Ru, Te, Ti, Zn, U, and Yb [48, 55].

1.4.5
Interaction of Cosmic Rays with Terrestrial Matter

The best known example of interactions between cosmic rays and terrestrial

matter affecting the isotopic composition of an element is the production of **C
from N by (n,p) reactions in the atmosphere. The neutrons involved in the
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nuclear reaction are produced by spallation of nuclides in the atmosphere under
the influence of cosmic radiation. **C, a radionuclide with a half-life of 5730 years,
is oxidized to CO, and enters the food chain via photosynthesis, thus affecting the
isotopic composition of C in all living organisms. As long as an organism is alive,
the supply and the decay of **C are in dynamic equilibrium and the *C fraction of
the carbon present in living organisms is on the order of 10 '°%. Once the
organism dies, '*C is no longer taken up and the *C present decays. Measurement
of the remaining fraction of '*C can provide information on the time of death for
human or animal remains and materials from plants, such as wood. This forms
the basis for radiocarbon or "*C dating [15]. For many decades, '*C dating has been
performed using radiometric techniques, but AMS is now the method of choice
because radiometric techniques can only use those '“C atoms that decay during
the duration of the measurement, whereas AMS can detect each of the '*C atoms
present [56-59].

Although the cosmic radiation is predominantly absorbed in the atmosphere, a
small fraction reaches the surface of the Earth and both stable and radioactive
cosmogenic nuclides can be produced. Owing to the very long half-lives of some of
the radionuclides produced, such as '°Be (~ 1.6 x 10° years) and *°Al (~ 720 x 10°
years), which are much longer than the half-ife of '*C, radiometric detection is not
possible. Because of high sensitivity and minimal spectral interferences, AMS can
be used to measure the corresponding isotope ratios, despite their extreme values
(e.g., <107 '%). Based on knowledge of the production and decay rates of such
cosmogenic radionuclides and determination of the corresponding isotope ratios,
the duration of surface exposure to cosmic rays can be deduced.

Determination of the extreme isotope ratios encountered in this context is
beyond the capabilities of ICP-MS techniques. However, multi-collector ICP-MS
has also proven its utility in this context as it was used to obtain a more accurate
value for the decay rate of '’Be [60]. The radioactivity of a 100 mg 1~ solution with
a '°Be/?Be ratio of ~ 1.4 (natural Be is monoisotopic) was measured using liquid
scintillation counting, and the '°Be/’Be ratio was accurately determined via multi-
collector ICP-MS. The combined results provided a half-life of (1.388 + 0.018) x
10° years, permitting more accurate AMS-based data to be obtained.

1.4.6
Human-Made Variations

The best known example of human-made variations in the isotopic composition of
a metal is that of U enrichment. Almost all natural uranium has (nearly) the same
isotopic composition, with 99.27% ***U, 0.72% **°U, and 0.006% ***U. The Oklo
natural reactor [61] located in Gabon is the only known natural U deposit that
shows a significantly different isotopic composition. Because of the earlier
occurrence of a natural and self-sustaining fission process, the current relative
abundance of 2*U has become significantly lower than 0.720% at Oklo. A fraction
of the *°U has been “consumed” during the fission process, as is the case in
nuclear fission reactors used to produce energy. This natural fission process could
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take place because at the time it occurred (~2 billion years ago), the fraction of
235U was high enough to sustain the fission reaction over thousands of years.
Evidence of fission in U deposits with much higher grades than Oklo but having
ages about 300—400 million years younger has been sought, but was never found.

For energy production in a light-water nuclear plant or for nuclear weapons, the
fraction of ***U in natural uranium is too low. Therefore, several approaches have
been developed to increase the relative abundance of this isotope. For the pro-
duction of the first atomic bomb at Oak Ridge, TN (USA), **U and ***U were
separated from one another by “preparative” mass spectrometry using large
magnetic sectors (calutrons) after conversion to UCl, and electron ionization [62].
Isotope fractionation for *U enrichment is also possible via gaseous diffusion,
gas centrifugation, or nozzle separation after conversion of U into UF¢ [63]. The
level of enrichment required is dependent on the final use. Reactor-grade uranium
intended for use as “fuel” in a nuclear fission reactor is often called low-grade
uranium as an enrichment to 3-4% of **U is sufficient for this purpose. For the
production of nuclear weapons, on the other hand, high-grade uranium with an
isotopic abundance of 2**U>90% is used.

When enriched uranium is produced, depleted uranium (DU) with a ***U iso-
topic abundance of <0.720% is also produced as a “waste product.” DU is used in
the manufacture of ammunition and projectiles that are capable of penetrating
armored steel because of the high density of U metal [64]. Upon impact of such
projectiles, the temperature rises due to friction and causes the uranium to catch
fire and burn. Their use in recent wars in the Middle East and the former
Yugoslavia has raised considerable concern because of the chemical toxicity of
uranium [65]. DU is also used for the manufacture of counterweights located in
the tail and the wings of airplanes with the purpose of increasing stability. The
advantage of using DU in this context lies again in its very high density, enabling
these counterweights to be compact, thus leaving more space for fuel. Isotopic
analysis of U is carried out for a multitude of purposes. Applications based on U
isotope ratio measurements are discussed in Chapter 15.

As a result of the industrial use of U, commercially acquired U-containing
chemicals or U standard solutions intended for elemental assay purposes will not
necessarily have the natural isotopic composition, but will most often be depleted
in #%3U [66]. An unnatural isotopic composition may also be encountered for Li in
chemicals, as it may be depleted in °Li, as a result of its use as °LiD as fusion fuel
in thermonuclear weapons and in nuclear fusion [67].

Another example of an element for which human intervention is required to
modify the isotopic composition, thus rendering the element more useful in
specific applications, is boron. Natural B is composed of roughly 20% '°B and 80%
"'B. As '°B shows a thermal neutron cross-section (the probability that it will
capture a thermal neutron) that is almost six orders of magnitude higher than that
of ''B, '°B-enriched boron is used to control the chain reaction in nuclear fission
reactors [68]. This enrichment requires human intervention. Upon neutron cap-
ture, '°B undergoes (n,o) reaction, thus producing ’Li. The production of these
short-range a-particles also forms the basis for the use of '°B in an experimental
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anti-cancer therapy, boron neutron capture therapy or BNCT [69]. In BNCT, the
patient is first administered a '°B-containing drug that selectively accumulates in
the tumor tissue. Upon radiation with thermal neutrons, the nuclear reaction
mentioned above occurs predominantly in tumor cells. The a-particles emitted
typically travel a distance of only one cell, thus creating a far higher level of cell
destruction for the neoplastic tissue than for the surrounding healthy tissue.

Finally, in the context of elemental assay via isotope dilution and tracer

experiments using stable isotopes, an isotopically enriched spike or tracer is added
to a sample wherein the element of interest typically shows the natural isotopic
composition. These isotopically enriched spikes are another example of human-
made variations.
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