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Preface

Over the past half century or so, isotope geochemistry has touched virtually every subfield of the
earth sciences, from petroleum exploration to paleontology, climatology, and study of the Earth’s
deep interior, the latter being one of my principal fields of interest. Consequently, nearly every
earth scientist needs some exposure to, if not fluency in, isotope geochemistry. The intent of this
book is to provide that fluency. It assumes a background knowledge of geochemistry more or less
equivalent to that contained in my earlier book, Gecohemistry, also published by Wiley-Blackwell.

This text is based on a course in Isotope Geochemistry that I have taught at Cornell University
for the past 25 years. It began as lecture notes, initially copied and handed out and later posted
electronically on the Internet. The notes, and eventually the book draft, increased in length over
the years and the book is now longer than I imagined it would be. That said, it remains an
incomplete treatment of the topic. Although isotope geochemistry is a very small fraction of the
range of human knowledge, I have come to realize that no single person can know everything
about it, much less write it all down. In part, this is because of the velocity at which the field
has expanded and continued to expand. When I began teaching this course, stable isotope
geochemistry was restricted to the five “traditional” elements, H, C, N, O, and S; today it
encompasses a fair fraction of the entire Periodic Table. Radiogenic isotope geochemistry and
geochronology were restricted to K-Ar, Rb-Sr, Sm-Nd, and U-Th-Pb. Although I was involved in
the early development of the field, I would have had to admit that Lu-Hf was more a curiosity than
a useful tool; this was even truer of Re-Os. Data on cosmogenic isotopes beyond *C was scarce
and only a few decay products of extinct radionuclides had been identified in meteorites and,
with the exception of > Xe, none in the Earth. Mass independent fractionation was a laboratory
curiosity and isotope “clumping” had yet to be explored. Except for helium, there was essentially
no data on the isotopic composition of mantle noble gases. Thus, a good part of the book describes
discoveries of the last 25 years. The rate of discovery is accelerating rather than decelerating and
it is thrilling to think about how much we will learn in the next 25 years. It is, at the same time,
intimidating, in part because some of what we now think to be true (including material in this
book) will prove to be wrong and in part because it will be even more difficult for any one person
to comprehend it all.

[ am grateful to the students in my courses for asking questions that inspired me to expanding my
own range knowledge and expertise and also for pointing out the inevitable errors in drafts of the
book. Once posted on the Internet, readers around the world found the lecture notes and provided
feedback as well. I am grateful to them (there are two many to list here). I would, however, like to
specifically thank Jeff Vervoort, Kyle Trostle, Dave Graham, and Bill McDonough for their critical
reading of late drafts of parts of the text. And thanks too, to the fine people at Wiley-Blackwell
who will be working in the coming months to transform this typescript to an actual book.

Bill White.
Ithaca, NY
December, 2013
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Chapter 1

Atoms and nuclei: their physics

and origins

1.1 INTRODUCTION

Isotope geochemistry has grown over the
last 50 years to become one of the most
important fields in the earth sciences as
well as in geochemistry. It has two broad
subdivisions: radiogenic isotope geochem-
istry and stable isotope geochemistry. These
subdivisions reflect the two primary reasons
why the relative abundances of isotopes of
some elements vary in nature: radioactive
decay and chemical fractionation.! One
might recognize a third subdivision: cosmo-
genic isotope geochemistry, in which both
radioactive decay and chemical fractionation
are involved, but additional nuclear processes
can be involved as well.

The growth in the importance of isotope
geochemistry reflects its remarkable suc-
cess in attacking fundamental problems of
earth science, as well as problems in astro-
physics, physics, and biology (including
medicine). Isotope geochemistry has played
an important role in transforming geology
from a qualitative, observational science to a
modern quantitative one. To appreciate the
point, consider the Ice Ages, a phenomenon
that has fascinated geologist and layman
alike for more than 150 years. The idea that
much of the Northern Hemisphere was once
covered by glaciers was first advanced by
Swiss zoologist Louis Agassiz in 1837. His
theory was based on observations of geomor-
phology and modern glaciers. Over the next
100 years, this theory advanced very little,

other than the discovery that there had been
more than one ice advance. No one knew
exactly when these advances had occurred,
how long they lasted, or why they occurred.
Stable and radiogenic isotopic studies in the
last 50 years have determined the exact times
of these ice ages and the exact extent of tem-
perature change (about 3°C or so in temperate
latitudes, more at the poles). Knowing the
timing of these glaciations has allowed us to
conclude that variations in the Earth’s orbital
parameters (the Milankovitch parameters)
and resulting changes in insolation have been
the direct cause of these ice ages. Comparing
isotopically determined temperatures with
CO, concentrations in bubbles in carefully
dated ice cores leads to the hypothesis that
atmospheric CO, plays an important role
in amplifying changes in insolation. Careful
U-Th dating of corals has also revealed the
detailed timing of the melting of the ice sheet
and consequent sea level rise. Comparing this
with stable isotope geothermometry shows
that melting lagged warming (not too surpris-
ingly). Other isotopic studies revealed changes
in the ocean circulation system as the last ice
age ended. Changes in ocean circulation may
also be an important feedback mechanism
affecting climate. Twenty-five years ago, all
this seemed very interesting, but not very
relevant. Today, it provides us with critical
insights into how the planet’s climate system
works. With the current concern over poten-
tial global warming and greenhouse gases,
this information is extremely “relevant”.

Isotope Geochemistry, First Edition. William M. White.

© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Some isotope geochemistry even seeps into
public consciousness through its application
to archeology and forensics. For example, a
recent National Geographic television doc-
umentary described how carbon-14 dating
of 54 beheaded skeletons in a mass grave
in Dorset, England revealed they were tenth
century and how strontium and oxygen iso-
tope ratios revealed they were those of Vikings
executed by Anglo-Saxons and not visa versa,
as originally suspected. Forensic isotopic
analysis gets occasional mention in both in
shows like CSI: Crime Scene Investigation
and in newspaper reporting of real crime
investigations.

Other examples of the impact of isotope geo-
chemistry would include such diverse topics
as ore genesis, mantle dynamics, hydrology,
and hydrocarbon migration, monitors of the
cosmic ray flux, crustal evolution, volcanology,
oceanic circulation, environmental protection
and monitoring, and paleontology. Indeed,
there are few, if any, areas of geological
inquiry where isotopic studies have not had a
significant impact.

One of the first applications of isotope
geochemistry remains one of the most
important: geochronology and cosmochronol-
ogy: the determination of the timing of events
in the history of the Earth and the Solar
System. The first “date” was obtained in
1907 by Bertram Boltwood, a Yale University
chemist, who determined the age of uranium
ore samples by measuring the amount of the
radiogenic daughter of U, namely Pb, present.
Other early applications include determin-
ing the abundance of isotopes in nature to
constrain models of the nucleus and of nucle-
osynthesis (the origin of the elements). Work
on the latter problem still proceeds. The ori-
gins of stable isotope geochemistry date to the
work of Harold Urey and his colleagues in the
1940s. Paleothermometry was one of the first
applications of stable isotope geochemistry
as it was Urey who recognized the potential
of stable isotope geochemistry to solving the
riddle of the Ice Ages.

This book will touch on many, though not
all, of these applications. We’ll focus first on
geochronology and then consider how radio-
genic isotopes have been used to understand
the origin and evolution of the Earth. Next,
we consider the fundamental principles under-
lying stable isotope geochemistry and then

examine it applications to fields as diverse
as paleoclimate, paleontology, archeology, ore
genesis, and magmatic evolution. In the final
chapters, we’ll see how the horizons of stable
isotope geochemistry have broadened from a
few light elements such as hydrogen, carbon,
and oxygen to much of the periodic table.
Finally, we examine the isotope geochemistry
of the noble gases, whose isotopic variations
are due to both nuclear and chemical processes
and provide special insights into the origins
and behavior of the Earth.

Before discussing applications, however, we
must build a firm basis in the nuclear physics.
We’ll do that in the following sections. With
that basis, in the final sections of this chapter
we’ll learn how the elements have been created
over the history of the Universe in a variety of
cosmic environments.

1.2 PHYSICS OF THE NUCLEUS

1.2.1 Early development of atomic and the
nuclear theory

John Dalton, an English schoolteacher, first
proposed that all matter consists of atoms
in 1806. William Prout found that atomic
weights were integral multiples of the mass of
hydrogen in 1815, something known as the
Law of Constant Proportions. This observa-
tion was strong support for the atomic the-
ory, though it was subsequently shown to be
only approximate, at best. J. J. Thomson of the
Cavendish Laboratory in Cambridge devel-
oped the first mass spectrograph in 1906 and
showed why the Law of Constant Proportions
did not always hold: those elements not having
integer weights had several isotopes, each of
which had mass that was an integral multiple
of the mass of H. In the meantime, Ruther-
ford, also of Cavendish, had made another
important observation: that atoms consisted
mostly of empty space. This led to Niels Bohr’s
model of the atom, proposed in 1910, which
stated that the atom consisted of a nucleus,
which contained most of the mass, and elec-
trons in orbit about it.

It was nevertheless unclear why some atoms
had different masses than other atoms of the
same element. The answer was provided by W.
Bothe and H. Becker of Germany and James
Chadwick of England: the neutron. Bothe and
Becker discovered the particle, but mistook
it for radiation. Chadwick won the Nobel
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Prize for determining the mass of the neutron
in 1932. Various other experiments showed
the neutron could be emitted and absorbed
by nuclei, so it became clear that differing
numbers of neutrons caused some atoms to be
heavier than other atoms of the same element.
This bit of history leads to our first basic
observation about the nucleus: it consists of
protons and neutrons.

1.2.2 Some definitions and units

Before we consider the nucleus in more detail,
let’s set out some definitions: N: the number
of neutrons, Z: the number of protons (same
as atomic number since the number of pro-
tons dictates the chemical properties of the
atom), A: Mass number (N + Z), M: Atomic
Mass, I: Neutron excess number (I = N — 7).
Isotopes have the same number of protons but
different numbers of neutrons; isobars have
the same mass number (N + Z); isotones have
the same number of neutrons but different
number of protons.

The basic unit of nuclear mass is the unified
atomic mass unit (also known as the dalton
and the atomic mass unit or amu), which is
based on 2C = 12 unified atomic mass units;
that is, the mass of 12C is 12 unified atomic
mass units (abbreviated u?). The masses of
atomic particles are:

proton: 1.007276467 u=1.67262178
x 1072"kg = 938.2720 MeV/c?

neutron 1.008664916 u

electron 0.0005485799 u = 9.10938291
x 1073kg = 0.5109989 MeV/c?

1.2.3 Nucleons, nuclei, and nuclear forces

Figure 1.1 is a plot of N versus Z showing
which nuclides are stable. A key observation in
understanding the nucleus is that not all com-
binations of N and Z result in stable nuclides.
In other words, we cannot simply throw pro-
tons and neutrons (collectively termed nucle-
ons) together randomly and expect them to
form a nucleus. For some combinations of
N and Z, a nucleus forms but is unstable,
with half-lives from >10" yrs to <1072 sec.
A relative few combinations of N and Z
result in stable nuclei. Interestingly, these sta-
ble nuclei generally have N ~ Z, as Figure 1.1
shows. Notice also that for small A, N = Z,
for large A, N > Z. This is another important
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Figure 1.1 Neutron number versus proton
number for stable nuclides. (Source: White
(2013). Reproduced with permission of John
Wiley & Sons.)

observation that will lead us to the first model
of the nucleus.

A significant portion (about half) of the
nucleus consists of protons, which obviously
tend to repel each other by coulombic (elec-
trostatic) force. From the observation that
nuclei exist at all, it is apparent that another
force must exist that is stronger than coulomb
repulsion at short distances. It must be neg-
ligible at larger distances; otherwise all mat-
ter would collapse into a single nucleus. This
force, called the nuclear force, is a manifes-
tation of one of the fundamental forces of
nature (or a manifestation of the single force in
nature if you prefer unifying theories), called
the strong force. If this force is assigned a
strength of 1, then the strengths of other forces
are: electromagnetic 10~2; weak force (which
we’ll discuss later) 107%; gravity 1073, Just as
electromagnetic forces are mediated by a par-
ticle, the photon, the nuclear force is mediated
by the pion. The photon carries one quantum
of electromagnetic force field; the pion carries
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Figure 1.2 The nuclear and electromagnetic
potential of a proton as a function of distance
from the proton.

one quantum of nuclear force field. A com-
parison of the relative strengths of the nuclear
and electromagnetic forces as a function of
distance is shown in Figure 1.2.

1.2.4 Atomic masses and binding energies

The carbon-12 atom consists of six neutrons,
six protons, and six electrons. But using the
masses listed here, we find that the masses
of these 18 particles sum to more than 12 u,
the mass of 2C atom. There is no mistake,
they do not add up. What has happened to
the extra mass? The mass has been converted
to the energy binding the nucleons. It is
a general physical principle that the lowest
energy configuration is the most stable. We
would expect that if “He is stable relative
to two free neutrons and two free protons,
“He must be a lower energy state compared
to the free particles. If this is the case, then
we can predict from Einstein’s mass-energy
equivalence:

E = mc* (1.1)

that the mass of the helium nucleus is less than
the sum of its constituents. We define the mass
decrement of an atom as:

§=W - M (1.2)

where W is the sum of the mass of the con-
stituent particles and M is the actual mass of

Binding energy per nucleon, MeV
- N W A OO N 0 ©

1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 220 240
Mass Number

Figure 1.3 Binding energy per nucleon versus
mass number. (Source: White (2013).
Reproduced with permission of John Wiley &
Sons.)

the atom. For example, W for *He is W =
2m, + 2m, + 2m, = 4.03298u. The mass of

“He is 4.002603u, so § = 0.0306767 u. Con-
verting this to energy using Eqn. 1.1 yields
28.28 MeV. This energy is known as the bind-
ing energy. Dividing by A, the mass number, or
number of nucleons, gives the binding energy
per nucleon, E,:

K;ﬁé (1.3)

E:[
b A

This is a measure of nuclear stability: those
nuclei with the largest binding energy per
nucleon are the most stable. Figure 1.3 shows
E, as a function of mass. Note that the
nucleons of intermediate mass tend to be
the most stable. This distribution of binding
energy is important to the life history of
stars, the abundances of the elements, and
radioactive decay, as we shall see.

Some indication of the relative strength of
the nuclear binding force can be obtained
by comparing the mass decrement associated
with it to that associated with binding an
electron to a proton in a hydrogen atom. The
mass decrement we calculated previously for
He is of the order of 1%, one part in 102.
The mass decrement associated with binding
an electron to a nucleus of the order of one
part in 108, So, bonds between nucleons are
about 10° times stronger than bonds between
electrons and nuclei.
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Pions and the nuclear force

As we noted, we can make an a priori guess as to two of the properties of the nuclear force: it must
be very strong and it must have a very short range. Since neutrons as well as protons are subject to
the nuclear force, we may also conclude that it is not electromagnetic in nature. What inferences can
we make on the nature of the force and the particle that mediates it? Will this particle have a mass,
or be massless like the photon?

All particles, whether they have mass or not, can be described as waves, according to quantum
theory. The relationship between the wave properties and the particle properties is given by the de
Broglie Equation:

A== (1.4)
p

where b is Planck’s constant, 4 is the wavelength, called the de Broglie wavelength, and p is
momentum. Eqn. 1.2 can be rewritten as:

A= — (1.5)

my

where 72 is mass (relativistic mass, not rest mass) and v is velocity. From this relation we see that mass
and de Broglie wavelength are inversely related: massive particles will have very short wavelengths.

The wavefunction associated with the particle may be written as:

102y, mc\2
=2 —vyn = -(Z5) v (1.6)
2 or? h

where V2 is simply the LaPlace operator:

v?= i aF i + i
oxr  0y? 022

The square of the wavefunction, w2, describes the probability of the particle being found at some
point in space x and some time ¢. In the case of the pion, the wave equation also describes the strength
of the nuclear force associated with it.

Let us consider the particularly simple case of a time-independent, spherically symmetric solution
to Eqn. 1.4 that could describe the pion field outside a nucleon located at the origin. The solution
will be a potential function V(r), where 7 is radial distance from the origin and V is the strength of
the field. The condition of time-independence means that the first term on the left will be 0, so the
equation assumes the form:

V2V(r) = —(%)zvm (1.7)

or _x
r=4/x2+y?+2> and — ==
Y ox r

Using this relationship and a little mathematical manipulation, the LaPlace operator in 1.7

becomes: J
V2V =14 <r2 V(’)> (1.8)

7 is related to x, vy, and z as:

r2 dr dr

and 1.7 becomes:

1d (LdV@)Y __(mecy?
72dr<r dr >_ <h>V(r)
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Iwo possible solutions to this equation are:
1 mc ) 1 mc
- —rZ= d = (+ —)
rexp( T and  ~exp (+r—

The second solution corresponds to a force increasing to infinity at infinite distance from the source,
which is physically unreasonable, thus only the first solution is physically meaningful. Our solution,
therefore, for the nuclear force is

C mc
Viry=—ce¢ (—r—) 1.9
@)= —em i (1.9)
where C is a constant related to the strength of the force. The term m1c/h has units of length™". It is
a constant that describes the effective range of the force. This effective range is about 1.4 x 10~13 cm.
This implies a mass of the pion of about 0.15 u. It is interesting to note that for a massless particle,
equation 1.7 reduces to

V() = G
B

(1.10)
which is just the form of the potential field for the electromagnetic force. Thus, both the nuclear force
and the electromagnetic force satisfy the same general Eqn. 1.9. Because pion has mass while the
photon does not, the nuclear force has a very much shorter range than the electromagnetic force.

A simple calculation shows how the nuclear potential and the electromagnetic potential will vary
with distance. The magnitude for the nuclear potential constant C is about 10~'8 erg-cm. The constant
C in Eqn. 1.10 for the electromagnetic force is e> (where e is the charge on the electron) and has a
value of 2.3 x 10712 erg-cm. Using these values, we can calculate how each potential will vary with
distance. This is just how Figure 1.2 was produced.

1.2.5 'Theliquid-drop model

Why are some combinations of N and Z more
stable than others? The answer has to do
with the forces between nucleons and how
nucleons are organized within the nucleus.
The structure and organization of the nucleus
are questions still being actively researched
in physics, and full treatment is certainly
beyond the scope of this text, but we can
gain some valuable insight to nuclear stability
by considering two of the simplest models of
nuclear structure. The simplest model of the
nucleus is the liqguid-drop model, proposed by
Niels Bohr in 1936. This model assumes all
nucleons in a nucleus have equivalent states.
As its name suggests, the model treats the
binding between nucleons as similar to the
binding between molecules in a liquid drop.
According to the liquid-drop model, the total
binding energy of nucleons is influenced by
four effects: a volume energy, a surface energy,
an excess neutron energy, and a coulomb
energy. The variation of three of these forces
with mass number and their total effect is
shown in Figure 1.4.

15
- Volume energy
10

Total energy

Coloumb energy

Surface energy

Figure 1.4 Variation of surface, coulomb, and
volume energy per nucleon versus mass
number. (Source: White (2013). Reproduced
with permission of John Wiley & Sons.)

In the liquid-drop model, the binding energy
is given as a function of mass number, A, and
neutron excess number, I (= N — Z), as:

BA,I)=a;A — a,A*3 — a3 J4A
— a, 2% A3 + 5 (1.11)
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where:

ay: heat of condensation (volume energy o
A) =14 MeV

a,: surface tension energy = 13 MeV

as: excess neutron energy = 18.1 MeV

ay. coulomb energy = 0.58 MeV

6: even-odd fudge factor. Binding energy great-
est for even-even and smallest for odd-odd.

Some of the nuclear stability rules here
can be deduced from Eqn. 1.11. Solutions
for Eqn. 1.11 at constant A, that is, for
isobars, result in a hyperbolic function of I
as illustrated in Figure 1.5. In other words,
for a given number of protons, there are an
optimal number of neutrons: either too many
or too few results in a higher energy state.
For odd A, one nuclei will lie at or near the
bottom of this function (energy well). For even
A, two curves result, one for odd-odd, and one

for even-even. The even-even curve will be the
one with the lower (more stable) one. As we
shall see, nuclei with either too many or too
few neutrons tend to decay to nuclide with the
optimal number of neutrons.

1.2.6  The shell model of the nucleus

1.2.6.1 Odd-even effects, magic numbers,
and shells

Something that we have alluded to and which
the liquid-drop model does not explain is
the even-odd effect, illustrated in Table 1.1.
Clearly, even combinations of nuclides are
much more likely to be stable than odd ones.
This is the first indication that the liquid-drop
model does not provide a complete descrip-
tion of nuclear stability. Another observa-
tion not explained by the liquid-drop model
are the so-called Magic Numbers. The Magic

=15 1311 9 7 5
[

T
33 34 35 36 37 38
48 47 46 45 44 43

z
N

Binding Energy of the "Last" Neutron +

Total Binding Energy

-—

-—

En and of the "Last" Proton in MeV

I= 16 14 12 10 8 6

U
Z 32 33 34 35 36 37

48 47 46 45 44 43

Figure 1.5 Graphical illustration of total binding energies of the isobars of mass number A = 81 (left)
and A = 80 (right). Energy values lie on parabolas, a single parabola for odd A and two parabolas for
even A. Binding energies of the ‘last’ proton and “last” neutrons are approximated by the straight lines
in the lower part of the figure. (Source: Suess (1987). Reproduced with permission of John Wiley &

Sons.)
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Table 1.1 Numbers of stable nuclei for odd and even Z and N.

Number of

Number of very

V4 N A stable nuclei long-lived nuclei
(Z +N)

odd odd even 4 S

odd even odd 50 3

even odd odd 55 3

even even even 165 11

Numbers are 2, 8, 20, 28, 50, 82, and 126.
Some observations about magic numbers:

1. Isotopes and isotones with magic numbers
are unusually common (i.e., there are a lot
of different nuclides in cases where N or Z
equals a magic number).

2. Magic number nuclides are unusually
abundant in nature (high concentration of
the nuclides).

3. Delayed neutron emission in occurs in
fission product nuclei containing N* +
1 (where N* denotes a magic number)
neutrons.

4. Heaviest stable nuclides occur at N = 126
(and Z = 83).

5. Binding energy of last neutron or proton
drops for N* + 1.

6. Neutron-capture cross sections for magic
numbers are anomalously low.

7. Nuclear properties (spin, magnetic
moment, electrical quadrupole moment,
metastable isomeric states) change when
a magic number is reached.

The electromagnetic spectra emitted by elec-
trons are the principal means of investigating
the electronic structure of the atom. By anal-
ogy, we would expect that the electromagnetic
spectra of the nucleus should yield clues to its
structure, and indeed it does. However, the y
spectra of nuclei are so complex that not much
progress has been made interpreting it. Obser-
vations of magnetic moment and spin of the
nucleus have been more useful (nuclear mag-
netic moment is also the basis of the nuclear
magnetic resonance, or NMR, technique, used
to investigate relations between atoms in lat-
tices and the medical diagnostic technique
nuclear magnetic imaging).

Nuclei with magic numbers of protons or
neutrons are particularly stable or “unreac-
tive.” This is clearly analogous to chemical

properties of atoms: atoms with filled elec-
tronic shells (the noble gases) are particularly
unreactive. In addition, just as the chemical
properties of an atom are largely dictated by
the “last” valence electron, properties such as
the nucleus’s angular momentum and mag-
netic moment can often be accounted for pri-
marily by the “last” odd nucleon. These obser-
vations suggest the nucleus may have a shell
structure similar to the electronic shell struc-
ture of atoms, and leads to the shell model of
the nucleus.

In the shell model of the nucleus, the
same general principles apply as to the shell
model of the atom: possible states for parti-
cles are given by solutions to the Schrodinger
Equation. Solutions to this equation, together
with the Pauli Exclusion Principle, which
states that no two particles can have exactly
the same set of quantum numbers, determine
how many nucleons may occur in each shell.
In the shell model, there are separate sys-
tems of shells for neutrons and protons. As do
electrons, protons and neutrons have intrin-
sic angular momentum, called spin, which is
equal to '/,7 (A = h/2x, where b is Planck’s
constant and has units of momentum, b =
6.626 x 1073* joule-sec). The total nuclear
angular momentum, somwhat misleadingly
called the nuclear spin, is the sum of (1) the
intrinsic angular momentum of protons, (2)
the intrinsic angular momentum of neutrons,
and (3) the orbital angular momentum of
nucleons arising from their motion in the
nucleus. Possible values for orbital angular
momentum are given by 7, the orbital quan-
tum number, which may have integral values.
The total angular momentum of a nucleon
in the nucleus is thus the sum of its orbital
angular momentum plus its intrinsic angu-
lar momentum or spin: j = ¢ +'/,. The plus
or minus results because the spin angular
momentum vector can be either in the same
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Table 1.2 Nuclear spin and odd-even

nuclides.

Number of

nucleons Nuclear spin
Even-even 0

Even-odd 1/2,3/2, 512,712 ...
0Odd-odd 1,3

direction or opposite direction of the orbital
angular momentum vector. Thus nuclear spin
is related to the constituent nucleons in the
manner shown in Table 1.2.

Let’s now return to magic numbers and see
how they relate to the shell model. The magic
numbers belong to two different arithmetic
series:

2, 8, 20, 40, 70, 112 ...
2, 6, 14, 28, 50, 82, 126 ...

n
n

The lower magic numbers are part of the
first series, the higher ones part of the second.
The numbers in each series are related by
their third differences (the differences between
the differences between the differences). For
example, for the first of the previous series:

2 8 20 40 70 112
Difference 6 12 20 30 42
Difference 6 8 10 12
Difference 2 2 2

This series turns out to be solutions to the
Schrodinger equation for a three-dimensional
harmonic oscillator (Table 1.3). (This solution

is different from the solution for particles in
an isotropic coulomb field, which describes
electron shells.)

1.2.6.2 Magnetic moment

A rotating charged particle produces a mag-
netic field. A magnetic field also arises from
the orbital motion of charged particles. Thus,
electrons in orbit around the nucleus, and
also spinning about an internal axis, produce
magnetic fields, much as a bar magnet. The
strength of a bar magnet may be measured
by its magnetic moment, which is defined as
the energy needed to turn the magnet from
a position parallel to an external magnetic
field to a perpendicular position. For the elec-
tron, the spin magnetic moment is equal to
1 Bohr magneton (u.) = 5.8 x 10~?eV/gauss.
The spin magnetic moment of the proton is
2.79 nuclear magnetons, which is about three
orders of magnitude less than the Bohr magne-
ton (hence nuclear magnetic fields do not con-
tribute significantly to atomic ones). Surpris-
ingly, in 1936 the neutron was also found to
have an intrinsic magnetic moment, equal to
—1.91 nuclear magnetons. Because magnetism
always involves motion of charges, this result
suggested there is a non-uniform distribution
of charge on the neutron, which was an early
hint that neutrons and protons were compos-
ite particles rather than elementary ones.
Total angular momentum and magnetic
moment of pairs of protons cancel because
the vectors of each member of the pair are
aligned in opposite directions. The same holds
true for neutrons. Hence, even-even nuclei
have 0 angular momentum and magnetic

Table 1.3 Particles in a three-dimensional harmonic oscillator (solution to

the Schrodinger Equation).

N 1 2 4

7 0 1 0 2 1 3

] 172 172 3/2 1/2 572  1/2 3/2 572 7/2
State st p- p* st d* p- p* = f*
No. 2 2 4 2 6 2 4 6 8
z 2 6 20

Total  (2) (8) (40)

N is the shell number; No. gives the number of particles in the orbit, which is equal to 2j + 15
gives the number of particles in the shell or state, and total is the total of particles in all shells
filled. Magic numbers fail to follow the progression of the first series because only the f state is

available in the fourth shell.
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moment. Angular momentum, or nuclear
spin, of odd-even nuclides can have values of
1/2, 3/2, 5/2, and non-zero magnetic moment
(Table 1.2). Odd-odd nuclei have integer
value of angular momentum or “nuclear
spin.” From this we can see that the angu-
lar momentum and magnetic moment of a
nucleus are determined by the last nucleon
added to the nucleus. For example, '*O has
eight protons and 10 neutrons, and hence

Aside: Nuclear magnetic resonance

zero angular momentum and magnetic
moment. Adding one proton to this nucleus
transforms it to '"F, which has angular
momentum of 1/2 and magnetic moment of
~2.79. For this reason, the shell model is also
sometimes called the single-particle model,
since the structure can be recognized from
the quantum-mechanical state of the “last”
particle (usually). This is a little surprising
since particles are assumed to interact.

Nuclear magnetic resonance (NMR) has no application in isotope geochemistry (it is, however, used in
mineralogy), but it has become such an important and successful medical technique that, as long as we
are on the subject of nuclear spin, a brief examination of the basics of the technique seems worthwhile.
In brief, some nuclei can be excited into higher nuclei spin energy states by radio frequency (RF)
radiation — the absorption of this radiation can by detected by an appropriate RF receiver and the
frequency of this absorbed radiation provides information about the environment of that nucleus on

the molecular level.

In more detail, it works like this. As we have seen, even-odd and odd-odd nuclei have a nuclear
spin. A nucleus of spin j will have 2j + 1 possible orientations. For example, 3C has a spin 1/ and
two possible orientations in space of the spin vector. In the absence of a magnetic field, all orientations
have equal energies. In a magnetic field, however, energy levels split and those spin orientations aligned
with the magnetic field have lower energy levels (actually, spin vectors precess around the field vector)
than others. There will be a thermodynamic (i.e., a Boltzmann) distribution of nuclei among energy
states, with more nuclei populating the lower energy levels. The energy difference between these levels
is in the range of energies of RF photons (energies are of the order of 7 x 1072¢ ], which corresponds
to frequencies around 100 MHz). When a nucleus absorbs a photon of this energy, it will change its
spin orientation to one having a higher energy level. The precise energy difference between spin states,
and hence the precise RF frequency that must be absorbed for the transition to occur, depends on the
strength of the applied magnetic field, the nature of the nucleus, and also the atomic environment in
which that nucleus is located. The latter is a consequence of magnetic fields of electrons in the vicinity
of the nucleus. Although this effect is quite small, it is this slight shift in energy that makes NMR
particularly valuable as it allows a non-destructive method of probing the molecular environments of
atoms. Non-destructivity is often an advantage for many analytical problems, but, as you can easily
imagine, it is particularly important when the sample is a person!

The three-dimensional harmonic oscil-
lator solution explains only the first three
magic numbers; magic numbers above that
belong to another series. This difference
may be explained by assuming there is a
strong spin-orbit interaction, resulting from
the orbital magnetic field acting upon the
spin magnetic moment. This effect is called
the Mayer—Jensen coupling. The concept is
that the energy state of the nucleon depends
strongly on the orientation of the spin of the
particle relative to the orbit, and that paral-
lel spin-orbit orientations are energetically
favored, that is, states with higher values of j

tend to be the lowest energy states. This leads
to filling of the orbits in a somewhat different
order; that is, such that high spin values are
energetically favored. Spin-orbit interaction
also occurs in the electron structure, but it is
less important.

1.2.6.3  Pairing effects

In the liquid-drop model, it was necessary to
add a “fudge factor,” the term &, to account
for the even-odd effect. The even-odd effect
arises from a “pairing energy” that exists
between two nucleons of the same kind. When
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Figure 1.6 Schematic of binding energy as a function of I, neutron excess number in the vicinity of
N = 50. (Source: Suess (1987). Reproduced with permission of John Wiley & Sons.)

proton-proton and neutron-neutron pairing
energies are equal, the binding energy defines
a single hyperbola as a function of I (e.g.,
Figure 1.5). When they are not, as is often
the case in the vicinity of magic numbers, the
hyperbola for odd A splits into two curves,
one for even Z, the other for even N. An
example is shown in Figure 1.6. The empirical
rule is: Whenever the number of one kind
of nucleon is somewhat larger than a magic
number, the pairing energy of this kind of
nucleon will be smaller than the other kind.

1.2.6.4 Capture cross sections

Information about the structure and stability
of nuclei can also be obtained from observa-
tions of the probability that a nucleus will cap-
ture an additional nucleon. This probability
is termed the capture cross section, and has
units of area. Neutron capture cross sections
are generally of greater use than proton cap-
ture cross sections, mainly because they are
much larger. The reason for this is simply
that a proton must overcome the repulsive
coulomb forces to be captured, whereas a

neutron, being neutral, is unaffected electro-
static forces. Neutron-capture cross sections
are measured in barns, which have units of
1072*cm?, and are denoted by o. The physi-
cal cross section of a typical nucleus (e.g., Ca)
is of the order of 5 x 102cm?, and increases
somewhat with mass number (more precisely,
R =r,A'/3, where A is mass number and r,
is the nuclear force radius, 1.4 x 10~3cm).
While many neutron capture cross sections
are of the order of 1 barn, they vary from
0 (for *He) to 10° for 7Gd, and are not
simple functions of nuclear mass (or size).
They depend on nuclear structure, being for
example, generally low at magic numbers of
N. Capture cross sections also dependent on
the energy of the neutron, the dependence
varying from nuclide to nuclide.

1.2.7 Collective model

A slightly more complex model is called the
collective model. It is intermediate between
the liquid-drop and the shell models. It empha-
sizes the collective motion of nuclear matter,
particularly the vibrations and rotations, both
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quantized in energy, in which large groups of
nucleons can participate. Even-even nuclides
with Z or N close to magic numbers are
particularly stable with nearly perfect spheri-
cal symmetry. Spherical nuclides cannot rotate
because of a dictum of quantum mechanics
that a rotation about an axis of symmetry is
undetectable, and in a sphere every axis is a
symmetry axis. The excitation of such nuclei
(that is, when their energy rises to some quan-
tum level above the ground state) may be
ascribed to the vibration of the nucleus as a
whole. On the other hand, even-even nuclides
far from magic numbers depart substantially
from spherical symmetry and the excitation
energies of their excited states may be ascribed
to rotation of the nucleus as a whole.

1.3 RADIOACTIVE DECAY

As we have seen, some combinations of pro-
tons and neutrons form nuclei that are only
“metastable.” These ultimately transform
to stable nuclei through the process called
radioactive decay. This involves emission of a
particle or particles and is usually accompa-
nied by emission of a photon as well. In some
cases, the photon emission is delayed and the
daughter nuclide is left in an excited state. Just
as an atom can exist in any one of a number
of excited states, so too can a nucleus have
a set of discrete, quantized, excited nuclear
states. The behavior of nuclei in transforming
to more stable states is somewhat similar to
atomic transformation from excited to more
stable states, but there are some important
differences. First, energy level spacing is
much greater; second, the time an unstable
nucleus spends in an excited state can range
from 10~'* sec to 10'! years, whereas atomic
lifetimes are usually about 1078 sec. Like
atomic transitions, nuclear reactions must
obey general physical laws, conservation of
momentum, mass-energy, spin, and so on,
and conservation of nuclear particles.
Nuclear decay takes place at a rate that
follows the law of radioactive decay. There
are two extremely interesting and important
aspects of radioactive decay. First, the decay
rate is dependent only on the nature and
energy state of the particular nuclide; it is
independent of the history of the nucleus, and
essentially independent of external influences
such as temperature, pressure, and so on. It

is this property that makes radioactive decay
so useful as a chronometer. Second, it is
completely impossible to predict when a given
nucleus will decay. We can, however, predict
the probability of its decay in a given time
interval. The probability of decay in some
infinitesimally small time interval, dt is Adt.
Therefore, the rate of decay among some
number, N, of nuclides is:

dN

— =—AN 1.12

7 (1.12)
The minus sign simply indicates N

decreases. Equation 1.12 is a first-order rate
law known as the basic equation of radioac-
tive decay. Essentially, all the significant
equations of radiogenic isotope geochemistry
and geochronology can be derived from this
simple expression.

1.3.1 Gamma decay

A gamma ray is simply a high-energy pho-
ton (i.e., electromagnetic radiation). Just as
an atom can be excited into a higher energy
state when it absorbs photon, nuclei can be
excited into higher energy states by absorp-
tion of a much higher energy photon. Both
excited atom and nuclei subsequently decay
to their ground states by emission of a pho-
ton. Photons involved in atomic excitation
and decay have energies ranging from the vis-
ible to the X-ray part of the electromagnetic
spectrum (roughly 1eV to 100keV); gamma
rays involved in nuclear transitions typically
have energies greater than several hundred
keV. Although nuclei, like atoms, generally
decay promptly from excited states, in some
cases nuclei can persist in metastable excited
states characterized by higher nuclear spin for
considerable lengths of time.
The gamma ray frequency is related to the
energy difference by:
hv=E, - E (1.13)
where E, and E; are simply the energies of the
upper (excited) and lower (ground) states and
h is the reduced Planck’s constant (b /2x). The
nuclear reaction is written as:

AZ*SAZ 4y (1.14)
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Gamma emission usually, but not invari-
ably, accompanies alpha and beta decay as a
consequence of the daughter being left in an
excited state. Decay generally occurs within
10712 sec of the decay, but, as noted here,
can be delayed if the daughter persists in a
metastable state.

1.3.2 Alpha decay

An a-particle is simply a helium nucleus. Since
the helium nucleus is particularly stable, it
is not surprising that such a group of par-
ticles might exist within the parent nucleus
before a-decay. Emission of an alpha parti-
cle decreases the mass of the nucleus by the
mass of the alpha particle, and also by the
kinetic energy of the alpha particle and the
remaining nucleus (because of the conserva-
tion of momentum, the remaining nucleus
recoils from the decay reaction). The a parti-
cle may leave the nucleus with any of several
discrete kinetic energy levels, as is illustrated
in Figure 1.7.

The escape of the a particle is a bit of a
problem, because it must overcome a very
substantial energy barrier, a combination of
the strong force and the coulomb repulsion,
to get out. For example, a particles fired at in
238U with energies below 8 Mev are scattered
from the nucleus. However, during « decay of
2381, the a particle emerges with an energy of

only about 4 Mev. This is an example of an
effect called tunneling and can be understood
as follows. We can never know exactly where
the « particle is (or any other particle, or you
or I for that matter), we only know the prob-
ability of its being in a particular place. This
probability is given by the particle’s wavefunc-
tion, w(r). The wave is strongly attenuated
through the potential energy barrier, but has a
small but finite amplitude outside the nucleus,
and hence a small but finite probability of its
being located there.

The escape of an alpha particle leaves a
daughter nucleus with mass <A-4; the miss-
ing mass is the kinetic energy of the alpha and
remaining nucleus. The daughter may orig-
inally be in an excited state, from which it
will decay by y-decay. Figure 1.7 shows an
example energy-level diagram for such decay.
Note that the sum of the kinetic energy of the
a and the energy of the y is constant.

Alpha-decay occurs in nuclei with mass
above the maximum in the binding energy
curve (Figure 1.3), which occurs at SFe.
Possibly all such nuclei are unstable relative
to alpha-decay, but most of their half-lives are
immeasurably long.

1.3.3 Beta decay

Beta decay is a process in which the charge of
a nucleus changes, but the number of nucleons

212 .
g3 Bi
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0.472

0.327 /

0.040

0 Mev y Yy

208
g1 11

Figure 1.7 Nuclear energy-level diagram showing decay of bismuth-212 by alpha emission to the
ground and excited states of thallium-208. (Source: White (2013). Reproduced with permission of

John Wiley & Sons.)
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Figure 1.8 Proton and neutron occupation levels of boron 12, carbon 12, and nitrogen 12. (Source:
White (2013). Reproduced with permission of John Wiley & Sons.)

remains the same. If we plotted Figure 1.1
with a third dimension, namely energy of the
nucleus, we would see the stability region
forms an energy valley. Alpha-decay moves
a nucleus down the valley axis; beta decay
moves a nucleus down the walls toward the
valley axis. Beta-decay results in the emis-
sion of an electron or positron, depending
on which side of the valley the parent lies.
Consider the three nuclei in Figure 1.8 (these
are isobars, since they all have 12 nucleons).
From what we have learned of the structure
of nuclei, we can easily predict the '>C nucleus
is the most stable. This is the case. '?B decays
o 2C by the creation and emission of a p~
particle and the conversion of a neutron to a
proton. >N decays by emission of a p+ and
conversion of a proton to a neutron.

Here, physicists had a problem. Angular
momentum must be conserved in the decay
of nuclei. The '>C nucleus has integral spin
as do B and !’N. But the beta particle
has 1/2 quantum spin units. An additional
problem is that rather than having discrete
kinetic energies, f partlcles exhibit a spec-
trum of Kinetic energies, although there is
a well-defined maximum energy. Thus beta
decay appeared to violate both conservation
of momentum and energy. The solution, pro-
posed by Enrico Fermi, was the existence of
another, nearly massless particle,® called the
neutrino, having 1/ spin and variable kinetic
energy. Thus in beta decay, a neutrino is also
released and the sum of the kinetic energy of
the beta and neutrino, plus the energy of any
gamma, is constant.

Beta decay involves the weak force, or weak
interaction. The weak interaction transforms

one flavor of quark into another and thereby
a charged particle (e.g., a proton) into a one
neutral (e.g., a neutron) and vice versa. Both
the weak and the electromagnetic forces are
thought to be simply a manifestation of one
force, called electroweak, that accounts for
all interactions involving charge (in the same
sense that electric and magnetic forces are
manifestations of electromagnetism). In p*
decay, for example, a proton is converted to
a neutron, giving up its +1 charge to a neu-
trino, which is converted to a positron. This
process occurs through the intermediacy of the
W+ particle in the same way that electromag-
netic processes are mediated by photons. The
photon, pion, and W particles are members of
a class of particles called bosons that mediate
forces between the basic constituents of mat-
ter. However, the W particles differ from pho-
tons in having a very substantial mass (around
80 GeV or almost 2 orders of magnitude
greater mass than the proton). Interestingly,
Nature rejected the paper in which Fermi pro-
posed the theory of beta decay involving the
neutrino and the weak force in 1934!

1.3.4 Electron capture

Another type of reaction is electron capture.
This is sort of the reverse of beta decay and
has the same effect, more or less, as p* decay.
Interestingly, this is a process in which an
electron is added to a nucleus to produce a
nucleus with less mass than the parent! The
missing mass is carried off as energy by an
escaping neutrino, and in some cases by a
y. In some cases, a nucleus can decay by
either electron capture, p~, or f* emission. An
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example is the decay of *°K, which decays
to °Ca by p~ and *°Ar to by p* or electron
capture. We should point out that electron
capture is an exception to the environmental
independence of nuclear decay reactions in
that it shows a very slight dependence on
pressure.

B decay and electron capture often leaves the
daughter nucleus in an excited state. In this
case, it will decay to its ground state (usually
very quickly) by the emission of a y-ray. Thus,
y rays often accompany [ decay (as well as
a decay). A change in charge of the nucleus
necessitates a rearrangement of electrons in
their orbits. This is particularly true in electron
capture, where an inner electron is lost. As
electrons jump down to lower orbits to occupy
the orbital freed by the captured electron, they
give off electromagnetic energy. This produces
X-rays from electrons in the inner orbits.

1.3.5 Spontaneous fission

This is a process in which a nucleus splits into
two or more fairly heavy daughter nuclei. In
nature, this is a very rare process, occurring
only in the heaviest nuclei, 233U, 23°U, and
232Th (it is, however, most likely in 238U). It
also occurs in 2#4Pu, an extinct radionuclide
(we use the term “extinct radionuclide” to
refer to nuclides that once existed in the Solar
System, but which have subsequently decayed
away entirely). The liquid-drop model
perhaps better explains this particular phe-
nomenon than the shell model. Recall that in
the liquid-drop model, there are four contribu-
tions to total binding energy: volume energy,
surface tension, excess neutron energy, and
coulomb energy. The surface tension tends to
minimize the surface area while the repulsive
coulomb energy tends to increase it. We can
visualize these nuclei as oscillating between
various shapes. It may very rarely become
so distorted by the repulsive force of 90 or
so protons, that the surface tension cannot
restore the shape. Surface tension is instead
minimized by the splitting the nucleus entirely.

Since there is a tendency for N/Z to increase
with A for stable nuclei, the parent is much
richer in neutrons than the daughters pro-
duced by fission (which may range from Z =
30, zinc, to Z = 635, terbium). Thus fission
generally also produces some free neutrons
in addition to two nuclear fragments (the

daughters). The daughters are typically of
unequal size, the exact mass of the two daugh-
ters being random. The average mass ratio of
the high to the low mass fragment is about
1.45. Even though some free neutrons are cre-
ated, the daughters tend to be too neutron-rich
to be stable. As a result, they decay by p~
to stable daughters. It is this decay of the
daughters that results in radioactive fallout in
bombs and radioactive waste in reactors (a
secondary source of radioactivity is produc-
tion of unstable nuclides by capture of the neu-
trons released).

Some non-stable heavy nuclei and excited
heavy nuclei are particularly unstable with
respect to fission. An important example is
2361, Imagine a material rich in U. When
238U undergoes fission, one of the released
neutrons can be captured by 23°U nuclei,
producing 23U in an excited state. This 23U
then fissions producing more neutrons, and
so on. This is the basis of nuclear reactors
and bombs (the latter can also be based on
Pu). The concentration of U is not usually
high enough in nature for this sort of thing
to happen. But it apparently did at least once,
1.5 billion years ago in the Oklo U deposit
in Africa. This deposit was found to have an
anomalously high 233U /?3°U ratio (227 versus
137.82), indicating some of the 233U had been
“burned” in a nuclear chain reaction. Could
such a natural nuclear reactor happen again?
Probably not, because there is a lot less 2>°U
around now than there was 1.7 billion years
ago. With equations we’ll introduce soon, you
should be able to calculate just how much less.

Individual natural fission reactions are less
rare. When fission occurs, there is a fair
amount of kinetic energy produced (maxi-
mum about 200 MeV), the nuclear fragments
literally flying apart. These fragments dam-
age the crystal structure through which they
pass, producing “tracks”, whose visibility can
be enhanced by etching. This is the basis of
fission-track dating, which we’ll describe in
Chapter 4.

Natural fission also can produce variations
in the isotopic abundance of elements among
the natural, ultimate product. Xenon is an
important product, as we’ll learn in Chapter
12. Indeed, the critical evidence showing that a
nuclear chain reaction had indeed occurred in
the Oklo deposit was the discovery that fission
product elements, such as Nd and Ru, had
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anomalous isotopic compositions. Analysis of
the isotopic composition of another fission
product, Sm, has led to a controversy over
whether the fine scale constant, a, has changed
over time. « is related to other fundamental

constants as:

el

= (1.15)

a

where e is the charge of the electron (and 7 is
the reduced Planck constant and c is the speed
of light). A change in the fine scale constant
thus raises the possibility of a change in ¢. The
change, if it occurred, is quite small, less than
1 part in 107, and could be consistent with
some observations about quasars and the early
universe.

1.4 NUCLEOSYNTHESIS

A reasonable starting point for isotope geo-
chemistry is a determination of the abun-
dances of the naturally occurring nuclides.
Indeed, this was the first task of isotope geo-
chemists (although those engaged in this work
would have referred to themselves simply as
physicists). This began with Thomson, who
built the first mass spectrometer and discov-
ered that Ne consisted of two isotopes (actu-
ally, it consists of three, but one of them, >!Ne,
is very much less abundant than the other two,
and Thomson’s primitive instrument did not
detect it). Having determined the abundances
of nuclides, it is natural to ask what accounts
for this distribution, and even more funda-
mentally, what process or processes produced
the elements. This process is known as nucle-
osynthesis.

The abundances of naturally occurring
nuclides are now reasonably well known - at
least in our Solar System. We also have what
appears to be a reasonably successful theory
of nucleosynthesis. Physicists, like all scien-
tists, are attracted to simple theories. Not
surprisingly then, the first ideas about nucle-
osynthesis attempted to explain the origin of
the elements by single processes. Generally,
these were thought to occur at the time of the
Big Bang. None of these theories was success-
ful. It was really the astronomers, accustomed
to dealing with more complex phenomena
than physicists, who successfully produced
a theory of nucleosynthesis that involved a
number of processes. Today, isotope geo-
chemists continue to be involved in refining

these ideas by examining and attempting to
explain isotopic variations occurring in some
meteorites; two recent examples are papers
by Jadhav et al. (2013) and Haenecour et al.
(2013).

The origin of the elements is an astro-
nomical question, perhaps even more a cos-
mological one. To understand how the ele-
ments formed we need to understand a few
astronomical observations and concepts. The
Universe began about 13.8 Ga* ago with
the Big Bang. Since then the Universe has
been expanding, cooling, and evolving. This
hypothesis follows from two observations: the
relationship between red-shift and distance
and the cosmic background radiation, particu-
larly the former. This cosmology provides two
possibilities for formation of the elements: (1)
they were formed in the Big Bang itself, or (2)
they were subsequently produced. As we shall
see, the answer is both.

Our present understanding of nucleosynthe-
sis comes from three sorts of observations:
(1) the abundance of isotopes and elements
in the Earth, Solar System, and cosmos (spec-
tral observations of stars), (2) experiments on
nuclear reactions that determine what reac-
tions are possible (or probable) under given
conditions, and (3) inferences about possible
sites of nucleosynthesis and about the condi-
tions that would prevail in those sites. The
abundances of the elements in the Solar Sys-
tem are shown in Figure 1.9.

Various hints came from all three of these
observations. For example, it was noted that
the most abundant nuclide of a given set of sta-
ble isobars tended to be the most neutron-rich
one. We now understand this to be a result of
shielding from B-decay (see the discussion of
the r-process next).

Another key piece of evidence regarding
formation of the elements comes from looking
back into the history of the cosmos. Astron-
omy is a bit like geology in that just as we
learn about the evolution of the Earth by
examining old rocks, we can learn about the
evolution of the cosmos by looking at old
stars. It turns out that old stars (such old stars
are most abundant in the globular clusters
outside the main disk of the Milky Way) are
considerably poorer in heavy elements than
are young stars. This suggests much of the
heavy element inventory of the galaxy has
been produced since these stars formed (some
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Figure 1.9 Solar System abundance of the elements relative to silicon as a function of atomic number.
(Source: White (2013). Reproduced with permission of John Wiley & Sons.)

10 Ga ago). On the other hand, they seem
to have about the same He/H ratio as young
stars. Indeed “He seems to have an abundance
of 24-28% in all stars. Another key obser-
vation was the identification of technetium
emissions in the spectra of some stars. Since
the most stable isotope of this element has
a half-life of about 100,000 years and for
all intents and purposes it does not exist in
the Earth, it must have been synthesized in
those stars. Thus the observational evidence
suggests (1) H and He are everywhere uni-
form implying their creation and fixing of the
He/H ratio in the Big Bang and (2) subsequent
creation of heavier elements (heavier than Li,
as we shall see) by subsequent processes.

As we mentioned, early attempts (~ 1930 —
1950) to understand nucleosynthesis focused
on single mechanisms. Failure to find a single
mechanism that could explain the observed
abundance of nuclides, even under varying
conditions, led to the present view that relies
on a number of mechanisms operating in
different environments and at different times
for creation of the elements in their observed
abundances. This view, often called the poly-
genetic hypothesis, is based mainly on the
work of Burbidge, Burbidge, Fowler and
Hoyle. Their classic paper summarizing the
theory, “Synthesis of the elements in stars”
was published in Reviews of Modern Physics
in 1957. Interestingly, the abundance of trace

elements and their isotopic compositions
were perhaps the most critical observations
in development of the theory. An objection
to this polygenetic scenario was the apparent
uniformity of the isotopic composition of
the elements. But variations in the isotopic
composition have now been demonstrated for
many elements in some meteorites. Further-
more, there are quite significant compositional
variations in heavier elements among stars.
These observations provide strong support
for this theory.

To briefly summarize it, the polygenetic
hypothesis proposes four phases of nucleosyn-
thesis. Cosmological nucleosynthesis occurred
shortly after the Universe began and is respon-
sible for the cosmic inventory of H and He,
and some of the Li. Helium is the main prod-
uct of nucleosynthesis in the interiors of nor-
mal, or “main sequence” stars. The lighter ele-
ments, up to and including Si, but excluding
Li and Be, and a fraction of the heavier
elements may be synthesized in the interi-
ors of larger stars during the final stages of
their evolution (stellar nucleosynthesis). The
synthesis of the remaining elements occurs
as large stars exhaust the nuclear fuel in
their interiors and explode in nature’s grand-
est spectacle, the supernova (explosive nucle-
osynthesis). Finally, Li and Be are continu-
ally produced in interstellar space by inter-
action of cosmic rays with matter (galactic
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nucleosynthesis). In the following sections, we
examine these nucleosynthetic processes as
presently understood.

1.4.1 Cosmological nucleosynthesis

Immediately after the Big Bang, the Universe
was too hot for any matter to exist — there was
only energy. Some 10! seconds later, the Uni-
verse had expanded and cooled to the point
where quarks and anti-quarks could condense
from the energy. The quarks and anti-quarks,
however, would also collide and annihilate
each other. So a sort of thermal equilibrium
existed between matter and energy. As things
continued to cool, this equilibrium progres-
sively favored matter over energy. Initially,
there was an equal abundance of quarks
and anti-quarks, but as time passed, the
symmetry was broken and quarks came to
dominate. The current theory is that the hyper-
weak force was responsible for an imbal-
ance favoring matter over anti-matter. After
10~* seconds, things were cool enough for
quarks to associate with one another and
form nucleons: protons and neutrons After
1072 seconds, the Universe has cooled to
10"'K. Electrons and positrons were in equi-
librium with photons, neutrinos, and antineu-
trinos were in equilibrium with photons, and
antineutrinos combined with protons to form
positrons and neutrons, and neutrinos com-
bined with neutrons to form electrons and
protons:

p+v—oet+n and n+v-oe +p

This equilibrium produced about an equal
number of protons and neutrons. However,
the neutron is unstable outside the nucleus and
decays to a proton with a half-life of about
15 min. So as time continued passed, protons
became more abundant than neutrons.

After a second or so, the Universe had
cooled to 10'° K, which shut down the reac-
tions above. Consequently, neutrons were no
longer being created, but they were being
destroyed as they decayed to protons. At this
point, protons were about three times as abun-
dant as neutrons.

It took another 3 min to for the Universe to
cool to 10°K, which is cool enough for 2H,
created by

p+n—"H+y

to be stable. At about the same time, the
following reactions could also occur:

H+'n - H+y:°"H+ 'H—- *He +y
H+'H-3H+y;°He+n - *He+y

and *He +*He— "Be +y; 'Be » "Li+ e +y

One significant aspect of this event is that
it began to lock up neutrons in nuclei where
they could no longer decay to protons. The
timing of this event fixes the ratio of protons
to neutrons at about 7:1. Because of this dom-
inance of protons, hydrogen is the dominant
element in the Universe. About 24% of the
mass of the Universe was converted to “He in
this way; less than 0.01% was converted to
2H, 3He, and "Li (and there is good agreement
between theory and observation). Formation
of elements heavier than Li was inhibited by
the instability of nuclei of masses 5 and 8.
Shortly thereafter, the universe cooled below
10°K and nuclear reactions were no longer
possible.

Thus, the Big Bang created H, He and a
bit of Li("Li/H < 10~%). Some 300,000 years
or so later, the Universe had cooled to about
3000 K, cool enough for electrons to be bound
to nuclei, forming atoms. It was at this time,
called the “recombination era” that the Uni-
verse first became transparent to radiation.
Prior to that, photons were scattered by the
free electrons, making the Universe opaque. It
is the radiation emitted during this recombi-
nation that makes up the cosmic microwave
background radiation that we can still detect
today. Discovery of this cosmic microwave
background radiation, which has the exact
spectra predicted by the Big Bang model, rep-
resents a major triumph for the model and is
not easily explained in any other way.

1.4.2  Stellar nucleosynthesis

1.4.2.1 Astronomical background

Before discussing nucleosynthesis in stars, it is
useful to review a few basics of astronomy.
Stars shine because of exothermic nuclear
reactions occurring in their cores. The energy
released by these processes results in thermal
expansion that, in general, exactly balances
gravitational collapse. Surface temperatures
are very much cooler than temperatures in
stellar cores. For example, the Sun, which is



ATOMS AND NUCLEIL: THEIR PHYSICS AND ORIGINS 19

Spectral Class

o B A F G KM

6 Blue White Yellow Red

5 Super Giants

41— —
2 .r Red Giants
o 3
o
e L
£ 20
3 1 i T-Tauri Stars
> -
2 N
T 0
E, L
o [
g L
4 ol

.. T

- B White Dwarfs

S Lo v 00

50 20 10 2

Surface Temperature (10° K)

Figure 1.10 The Hertzsprung—Russell diagram of the relationship between luminosity and surface
temperature. Arrows show evolutionary path for a star the size of the Sun in pre- (a) and post- (b) main
sequence phases. (Source: White (2013). Reproduced with permission of John Wiley & Sons.)

in many respects an average star, has a surface
temperature of 5700 K and a core temperature
thought to be 14,000,000 K.

Stars are classified based on their color
(and spectral absorption lines), which in turn
is related to their temperature. From hot to
cold, the classification is: O, B, F, G, K, M,
with subclasses designated by numbers, for
example, FS5. (The mnemonic is “O Be a Fine
Girl, Kiss Me!”). The Sun is class G. Stars
are also divided into Populations. Population
I stars are second or later generation stars
and have greater heavy element contents than
Population II stars. Population I stars are
generally located in the main disk of the
galaxy, whereas the old first generation stars
of Population II occur mainly in globular
clusters that circle the main disk.

On a plot of luminosity versus wavelength
of their principal emissions (i.e., color), called
a Hertzsprung—Russell diagram (Figure 1.10),
most stars (about 90%) fall along an array
defining an inverse correlation between these
two properties. Since wavelength is inversely
related to temperature, this correlation means
simply that hot stars are more luminous
and give off more energy than cooler stars.
Mass and radius are also simply related to

temperature and luminosity for these so-called
“main sequence” stars; hot stars are big,
small stars are cooler. Thus O and B stars
are large, luminous, and hot; K and M stars
are small, cool, and (comparatively speak-
ing) dark. Stars on the main sequence pro-
duce energy by “hydrogen burning,” fusion of
hydrogen to produce helium. Since the rate at
which these reactions occur depends on tem-
perature and density, hot, massive stars release
more energy than smaller ones. As a result,
they exhaust the hydrogen in their cores much
more rapidly. Thus there is an inverse rela-
tionship between the lifetime of a star and
its mass. The most massive stars, up to 100
solar masses, have life expectancies of only
about 10 years or so, whereas small stars, as
small as 0.01 solar masses, remain on the main
sequence more than 10'° years.

The two most important exceptions to the
main sequence stars, the red giants and the
white dwarfs, represent stars that have burned
all the H fuel in their cores and have moved on
in the evolutionary sequence. When the H in
the core is converted to He, it generally can-
not be replenished because the density differ-
ence prevents convection between the core and
out layers, which are still H-rich. The interior
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part of the core collapses under gravity. With
enough collapse, the layer immediately above
the He core will begin to “burn” H again,
which again stabilizes the star. The core, how-
ever, continues to collapse until T and P are
great enough for He burning to begin. At the
same time, energy from the interior is trans-
ferred to the outer layers, causing the exterior
to expand; it cools as it expands, resulting
in a red giant; a star that is over-luminous
relative to main sequence stars of the same
color. When the Sun reaches this phase, in
perhaps another 5 Ga, it will expand to the
Earth’s orbit. A star will remain in the red
giant phase for of the order of 10°-108% years.
During this time, radiation pressure results in
a greatly enhanced solar wind, of the order of
107% to 1077, or even 107*, solar masses per
year. For comparison, the present solar wind
is 10~ solar masses/year; thus, in its entire
main-sequence lifetime, the Sun will blow off
1/10,000 of its mass through solar wind.

The fate of stars after the red giant phase
(when the He in the core is exhausted) depends
on their mass. Nuclear reactions in small stars
cease and they simply contract, their exte-
riors heating up as they do so, to become
white dwarfs. The energy released is that
produced by previous nuclear reactions and
released gravitational potential energy. This
is the likely fate of the Sun. White Dwarfs
are underluminous relative to stars of simi-
lar color on the main sequence. They can be
thought of as little more than glowing ashes.
Unless they blow off sufficient mass during
the red giant phase, stars larger than 8 solar
masses die explosively, in supernovae (specifi-
cally, Type II supernovae). (Novae are entirely
different events that occur in binary systems
when mass from a main sequence star is pull
by gravity onto a white dwarf companion.)
Supernovae are incredibly energetic events.
The energy released by a supernova can exceed
that released by an entire galaxy (which, it will
be recalled, consists of on the order of 10°
stars) for a period of days or weeks!

1.4.2.2 Hydrogen, helium, and carbon burning
in main sequence and red giant stars

For quite some time after the Big Bang, the
Universe was a more or less homogeneous, hot
gas. More or less turns out to be critical word-
ing. Inevitably (according to fluid dynamics),

inhomogeneities in the gas developed. These
inhomogeneities enlarged in a sort of run-
away process of gravitational attraction and
collapse. Thus were formed protogalaxies,
thought to date to about 0.5-1.0 Ga after the
Big Bang. Instabilities within the protogalax-
ies collapsed into stars. Once this collapse pro-
ceeds to the point where temperatures reach 1
million K, deuterium burning can begin:

’H+'H->3He+y

This occurs while pre-main stars are still
accreting mass and growing and temporar-
ily stabilizes the star against further collapse.
This may continue for several million years
in smaller stars such as the Sun. (In low
mass objects that will never reach tempera-
tures and pressures for hydrogen burning to
initiate, known as brown dwarfs, deuterium
burning can occur and continue for hundreds
of millions of years before the deuterium is
exhausted. This requires a mass at least 13
times that of Jupiter to occur.)

When deuterium is exhausted and the stellar
core reaches a density 6 g/cm and temperature
10-20 million K, hydrogen burning, or the
pp process begins and continues through the
main sequence life of the star. There are three
variants,

PPIL
H+"H-H+p"+v; *H+'H- He
+ y; and °He+°He — *He +2'H+y

PP II:

SHe + “*He — "Be; "Be — ™+ "Li

+v;’Li+'H - 2%He

and PP III:

Be+'H—- B+y;*B— p*+%Be

+v;%Be —» 2*He
Which of these reactions dominates depends

on temperature, but the net result of all is the
production of *He and the consumption of
H (and Li). All main sequence stars produce
He, yet over the history of the cosmos, this
has had little impact on the H/He ratio of the
Universe. This in part reflects the observation
that for small mass stars, the He produced

remains hidden in their interiors or their white
dwarf remnants and for large mass stars, later
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Figure 1.11 Illustration of the CNO cycle, which operates in larger second and later generation stars.

reactions consume the He produced in the
main sequence stage.

Once some carbon had been produced by
the first generation of stars and supernovae,
second and subsequent generation stars could
synthesize He by another process as well, the
CNO cycle:

2C(p, ) PN@+, 1" Clp, 1) *N(p. 7)
150(B+’ V)lSN(p, a)lZC

Here we are using a notation commonly
used in nuclear physics. The reaction:

Cp.n"N
is equivalent to:
2Ct+p - BN+y

It was subsequently realized that this reac-
tion cycle is just part of a larger reaction cycle,
which is illustrated in Figure 1.11. Since the
process is cyclic, the net effect is consumption
of four protons and two positrons to produce
a neutrino, some energy, and a *He nucleus.
Thus, to a first approximation, carbon acts
as a kind of nuclear catalyst in this cycle: it
is neither produced nor consumed. When we
consider these reactions in more detail, not all
of them operate at the same rate, resulting in
some production and some consumption of
these heavier nuclides. The net production of
a nuclide can be expressed as:

N . .
—— = (creation rate — destruction rate)

dt
(1.16)
Reaction rates are such that some nuclides
in this cycle are created more rapidly than they
are consumed, while for others the opposite is
true. The slowest of the reactions in Cycle I is

4N(p, 7)) 0. As a result, there is a production
of *N in the cycle and net consumption of C
and O. The CNO cycle will also tend to leave
remaining carbon in the ratio of 13C/2C of
0.25. This is quite different than the Solar
System (and terrestrial) abundance ratio of
about 0.01. Because of these rate imbalances,
the CNO cycle may be the principle source of
nitrogen in the Universe.

The CNO cycle and the PP chains are
competing fusion reactions in main sequence
stars. Which dominates depends on temper-
ature. In the Sun, the PP reactions account
for about 98-99% of the energy production,
with the CNO cycle producing the remainder.
But if the Sun were only 12-30% more mas-
sive (and consequently a few million K hot-
ter), the CNO cycle would dominate energy
production.

Once the H is exhausted in the stellar core,
fusion ceases, and the balance between grav-
itational collapse and thermal expansion is
broken. The interior of the star thus collapses,
raising the star’s temperature. The increase in
temperature results in expansion of the exte-
rior and ignition of fusion in the shells sur-
rounding the core that now consists of He.
This is the red giant phase. Red giants may
have diameters of hundreds of millions of kilo-
meters (greater than the diameter of Earth’s
orbit). If the star is massive enough for tem-
peratures to reach 108K and density to reach
10*g/cc in the He core, He burning, (also
called the triple alpha process) can occur:

“He + “He — %Be + ¢
and ®Be+“*He » ’C+y

The catch in these reactions is that the
half-life of ®Be is only 7 x 107!° sec, so three
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He nuclei must collide nearly simultaneously
(this reaction is sometimes called the triple
alpha process for this reason), hence densities
must be very high. Depending on the mass
of the star, the red giant phase can last for
as much as hundred million years or as little
as a few hundred thousand years, as a new
equilibrium between gravitational collapse
and thermal expansion sets in. Helium burn-
ing also produces '°O through fusion of *He
with 12C. Upon the addition of further He
nuclei, 2Ne and ?*Mg can be produced. *N
created by the CNO cycle in second genera-
tion stars can be converted to *Ne; however,
production rates of nuclei heavier than °O
is probably quite low at this point. Also note
that Li, Be, and B have been skipped: they
are not synthesized in these phases of stellar
evolution. Indeed, they are actually consumed
in stars, in reactions such as PP II and PP III.
Evolution for low-mass stars, such as the
Sun, ends after the Red Giant phase and
helium burning. Densities and temperatures
necessary to initiate further nuclear reactions
cannot be achieved because the gravitational
force is not sufficient to overcome coulomb
repulsion of electrons. Thus nuclear reac-
tions cease and radiation is produced only
by a slow cooling and gravitational collapse.
Massive stars, those greater than about four
solar masses, however, undergo further col-
lapse and further evolution. Evolution now

proceeds at an exponentially increasing pace
(Figure 1.12), and these phases are poorly
understood. But if temperatures reach 600
million K and densities 5 x 10° g/cc, carbon
burning becomes possible:

RC4+12C 5 °Ne + *He + ¢

The carbon-burning phase marks a critical
juncture in stellar evolution. As we mentioned,
low mass stars never reach this point. Interme-
diate mass stars, those with 4—8 solar masses
can be catastrophically disrupted by the igni-
tion of carbon burning. The outer envelope of
the star is ejected, leaving an O-Ne-Mg white
dwarf. But in large stars, those with more than
8 solar masses, the sequence of production
of heavier and heavier nuclei continues. After
carbon burning, there is an episode called Ne
burning, in which 2°Ne “photodisintegrates”
by a (y, a) reaction. The as produced are con-
sumed by those nuclei present, including 2°Ne,
creating heavier elements, notably 2*Mg. The
next phase is oxygen burning, which involves
reactions such as:

160 + 160 - 28Gi + *He + y

and
2C +1°0-»*Mg +*He + ¥

A number of other less abundant nuclei,
including Na, Al, P, S, and K are also synthe-
sized at this time.

108 T T T T T T
O Burning
107 F 6 months i
Si Burning
o 106 L 1 day
?o,, Ne burning
> 105} NG 1 year 4
z: Carbon burning
g 104+ 600 years .
fd
£ 10%F -
3 T~He burning
102 500,000 yrs -
10" -/~ H burning =
7 million yrs
1 | | | |
0 100 200 300 400

Surface Temperature (10° K)

Figure 1.12 Evolutionary path of the core of star of 25 solar masses (after Bethe and Brown, 1985).
Note that the period spent in each phase depends on the mass of the star: massive stars evolve more
rapidly. (Source: ©lan Worpole. Reproduced with permission.)
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During the final stages of evolution of
massive stars, a significant fraction of the
energy released is carried off by neutrinos
created by electron-positron annihilations in
the core of the star. If the star is sufficiently
oxygen-poor that its outer shells are reason-
ably transparent, the outer shell of the red
giant may collapse during last few 10* years
of evolution to form a blue supergiant.

1.4.2.3  The e-process

Eventually, a new core consisting mainly of
28Gi is produced. At temperatures above 10°K
and densities above 107 g/cc a process known
as silicon burning, or the e process, (for
equilibrium) begins, and lasts for only day or
so, again depending on the mass of the star.
These are reactions of the type:

2Si+y 2 2*Ne + “*He
2Si+ 4 He =2 #S+y
28 +4He 2 °Ar+y

While these reactions can go either direc-
tion, there is some tendency for the build
up of heavier nuclei with masses 32, 36, 40,
44, 48, 52, and 56. Partly as a result of the
e-process, these nuclei are unusually abundant

\\-

AN
—
U

in nature. In addition, because of a variety
of nuclei produced during C and Si burning
phases, other reactions are possible, synthesiz-
ing a number of minor nuclei. The star is now
a cosmic onion of sorts (Figure 1.13), consist-
ing of a series of shells of successively heavier
nuclei and a core of Fe. Though temperature
increases toward the interior of the star, the
structure is stabilized somewhat with respec-
tive to convection and mixing because the each
shell is denser than the one overlying it.
Fe-group elements may also be synthesized
by the e-process in Type I supernovae. Type
I supernovae occur when white dwarfs of
intermediate mass (3—10 solar masses) stars
in binary systems accrete material from their
companion. When their cores reach the Chan-
drasekhar limit, C burning is initiated and the
star explodes. This theoretical scenario has
been confirmed in recent years by space based
optical, gamma-ray, and X-ray observations
of supernovae, such as the Chandra X-ray
observatory image in Figure 1.14.

1.4.2.4  The s-process

In second and later generation stars contain-
ing heavy elements, yet another nucleosyn-
thetic process can operate. This is the slow
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Figure 1.13 Schematic diagram of stellar structure at the onset of the supernova stage. Nuclear
burning processes are illustrated for each stage. (Source: White (2013). Reproduced with permission of

John Wiley & Sons.)
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Figure 1.14 Chandra X-ray image of the supernova remnant Cassiopeia A (Cas A). The original
Chandra X-ray image of the supernova remnant Cassiopeia A has red, green, and blue regions that
show where the intensity of low, medium, and high energy X-rays, respectively, is greatest. The red
material on the left outer edge is enriched in iron, whereas the bright greenish white region on the
lower left is enriched in silicon and sulfur. In the blue region on the right edge, low and medium energy
X-rays have been filtered out by a cloud of dust and gas in the remnant. (Source: Photo: NASA.)

neutron capture or s-process. It is so-called
because the rate of capture of neutrons is slow,
compared to the r-process, which we will dis-
cuss next. It operates mainly in the red giant
phase (as evidenced by the existence of **Tc
and enhanced abundances of several s-process
elements) where neutrons are produced by
reactions such as:

BC+%He - O+ 'n
22Ne + “He —» Mg+ 'n
70 +*He — ?°Ne + 'n

(but even H burning produces neutrons; one
consequence of this is that fusion reactors will
not be completely free of radiation hazards).
These neutrons are captured by nuclei to pro-
duce successively heavier elements. The prin-
cipal difference between the r- and s-process
(discussed in the following) is the rate of cap-
ture relative to the decay of unstable isotopes.
In the s-process, a nucleus may only cap-
ture a neutron every thousand years or so. If
the newly produced nucleus is not stable, it
will decay before another neutron is captured.
As a result, instabilities cannot be bridged as
they can in the r-process discussed next. In
the s-process, the rate of formation of stable

species is given by

d[A]
dt

where [A] is the abundance of a nuclide with
mass number A, f is a function of neutron
flux and neutron energies, and ¢ is the neutron
capture cross section. Note that a nuclide with
one less proton might contribute to this build
up of nuclide A, provided that the isobar of A
with one more neutron is not stable. The rate
of consumption by neutron capture is:

d[A]

28— _flAle
7 f[Alo,
From these relations we can deduce that
the creation ratio of two nuclides with mass
numbers A and A — 1 will be proportional to
the ratio of their capture cross sections:

[A] OA-1

[A—1] oA

=flA—1loyy (1.17)

(1.18)

(1.19)

Here, we can see that the s-process will lead
to the observed odd-even differences in abun-
dance since nuclides with odd mass numbers
tend to have larger capture cross sections than
even mass number nuclides. The s-process also
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explains why magic number nuclides are par-
ticularly abundant. This is because they tend
to have small capture cross sections and hence
are less likely to be consumed in the s-process.
The r-process, which we discuss next, leads
to a general enrichment in nuclides with N
up to 6—8 greater than a magic number, but
not to a build up of nuclides with magic num-
bers. That the s-process occurs in red giants
is confirmed by the overabundance of ele-
ments with mainly s-process nuclides, such as
those with magic N, in the spectra of such
stars. On the other hand, such stars appear to
have normal concentrations of elements with
25 < A <75, and show normal abundances
of r-only elements. Some, however, have very
different abundances of the lighter elements,
such as C and N, than the Sun.

1.4.3  Explosive nucleosynthesis

1.4.3.1 'The r-process

The e-process stops at mass 56. In an ear-
lier section, we noted that °Fe had the high-
est binding energy per nucleon, that is, it is
the most stable nucleus. Fusion can release
energy only up to mass 56; beyond this the
reactions become endothermic, that is, they
absorb energy. Thus, once the stellar core
has been largely converted to Fe, a critical
phase is reached: the balance between thermal
expansion and gravitation collapse is broken.
The stage is now set for the most spectac-
ular of all natural phenomena: a supernova
explosion, the ultimate fate of large stars. The
energy released in the supernova is astound-
ing: supernovae can emit more energy than an
entire galaxy (the recent supernova SN2011fe
in the Pinwheel Galaxy, M101, provides an
example; at its peak brightness, the supernova
was visible with a small telescope, even though
the galaxy was not).

When the mass of the iron core reaches 1.4
solar masses (the Chandrasekhar mass), fur-
ther gravitational collapse cannot be resisted,
even by coulomb repulsion. The supernova
begins with the collapse of this stellar core,
which would have a radius similar to that
of the Earth’s before collapse, to a radius of
100 km or so. This occurs in a few tenths of
a second, with the inner iron core collaps-
ing at 25% of the speed of light. As mat-
ter in the center 40% of the core is com-
pressed beyond the density of nuclear matter

(3 x 10 g/cc), it rebounds, colliding with the
outer part of the core, which is still collaps-
ing, sending a massive shock wave back out
less than a second after the collapse begins. As
the shock wave travels outward through the
core, the temperature increase resulting from
the compression produces a break down of
nuclei by photodisintegration, for example:

%Fe +y — 13°He + 4'n;
‘He+y - 2'H+2'n

This results in the production of a large
number of free neutrons (and protons). The
neutrons are captured by those nuclei that
manage to survive this hell. In the core itself,
the reactions are endothermic, and thermal
energy cannot overcome the gravitational
energy, so it continues to collapse. If the
mass of the stellar core is less than 3—-4 solar
masses, the result is a neutron star, in which
all matter is compressed into neutrons. Super-
nova remnants of masses greater than 3 solar
masses can collapse to produce a singularity,
where density is infinite. A supernova rem-
nant having the mass of the Sun would form
a neutron star of only 15 km radius. A singu-
larity of similar mass would be surrounded
by a black hole; a region whose gravity field
is so intense even light cannot escape, with a
radius of 3 km.

Another important effect is the creation
of huge numbers of neutrinos by positron-
electron annihilations, which in turn had
“condensed” as pairs from gamma rays. The
energy carried away by neutrinos leaving the
supernova exceeds the kinetic energy of the
explosion by a factor of several hundred, and
exceeds the visible radiation by a factor of
some 30,000. The neutrinos leave the core
at nearly the speed of light (and may con-
tribute to the explosive rebound of the star).
Although neutrinos interact with matter very
weakly, the density of the core is such that
their departure is delayed slightly. Neverthe-
less, they travel faster than the shock wave
and are delayed less than electromagnetic
radiation. Thus, neutrinos from the 1987A
supernova arrived at Earth (some 160,000
years after the event) a few hours before the
supernova became visible.

The shock wave eventually reaches the sur-
face of the core, and the outer part of the star is
blown apart in an explosion of unimaginable
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violence. Amidst the destruction new nucle-
osynthetic processes are occurring.

This first of these is the r process (rapid
neutron capture), and is the principle mech-
anism for building up the heavier nuclei. In
the r-process, the rate at which nuclei with
mass number A + 1 are created by capture of
a neutron by nuclei with mass number A can
be expressed simply as:

dNA+1
dt

where N, is the number of nuclei with mass
number A, ¢ is the neutron capture cross
section and f is the neutron flux. If the product
nuclide is unstable, it will decay at a rate given
by ANy, ;. It will also capture neutrons itself,
so the total destruction rate is given by

dNA+1
dt

An equilibrium distribution occurs when
nuclei are created at the same rate as they are
destroyed, that is:

Npoaf = ANpp1 + Napioaf

Thus, the equilibrium ratio of two nuclides
Aand A +1is:

Na/Nasi

N (1.20)

= —fNyy10441 — ANpy (1.21)

(1.22)

(1.23)

(A+o0p1f)/oaf

100 — .
_ « r-process nuclides

90 | I s-process path

Eventually, some nuclei capture enough neu-
trons that they are not stable even for short
periods (in terms of Equation 1.23, A becomes
large, hence N /Ny, becomes large). They
B~ decay to new elements, which are more
stable and capable of capturing more neu-
trons. This process reaches a limit when
nuclei beyond Z =90 are reached. These
nuclei fission into several lighter fragments.
The r-process is thought to have a dura-
tion of 100 sec during the peak of the super-
nova explosion. Figure 1.15 illustrates this
process.

During the r-process, the neutron density
is so great that all nuclei will likely capture
a number of neutrons. And in the extreme
temperatures, all nuclei are in excited states,
and relatively little systematic difference is
expected in the capture cross sections of odd
and even nuclei. Thus, there is no reason
why the r-process should lead to different
abundances of stable odd and even nuclides.

The fact that the r-process occurs in super-
novae is confirmed by the observation of
y-rays from short-lived radionuclides.

1.4.3.2  'The p-process

The r-process tends to form the heavier
isotopes of a given element. The p-process
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Figure 1.15 Diagram of the r process path on a Z versus N diagram. Dashed region is r-process path;
solid line through stable isotopes shows the s-process path. (Source: White (2013). Reproduced with
permission of John Wiley & Sons.)
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Figure 1.16 Z versus N diagram showing production of isotopes by the r- s- and p-processes. Squares
are stable nuclei; black lines are beta-decay path of neutron-rich isotopes produced by the r-process;
solid red line through stable isotopes shows the s-process path. (Source: White (2013). Reproduced

with permission of John Wiley & Sons.)

(proton capture) also operates in supernovae
and is responsible for the lightest isotopes
of a given element. The probability of pro-
ton capture is much less likely than neutron
capture and hence it contributes negligibly to
the production of most nuclides. The reason
should be obvious: to be captured the proton
must have sufficient energy to overcome the
coulomb repulsion and approach to within
10" cm of the nucleus where the strong
nuclear force dominates over the electromag-
netic one. Since the neutron is uncharged,
there is no coulomb repulsion and even
low energy neutrons can be captured. Some
nuclides, however, particularly the lightest
isotopes of elements, can only be produced by
the p-process. These p-process-only isotopes
tend to be much less abundant than those
created by the s- or r-process.

Figure 1.16 illustrates how the s- r- and
p-processes create different nuclei. Note also
the shielding effect. If nuclide X has an isobar
(nuclide with same mass number) with a
greater number of neutrons, that isobar will
“shield” X from production by the r-process.
The most abundant isotopes will be those
created by all processes; the least abundant
will be those created by only one, particularly
by only the p-process.

1.4.3.3 SN 1987A

The discussion previously demonstrates the
importance of supernovae in understanding
the origin of the elements that make up the
known Universe. On February 23, 1987, the
closest supernova (Figure 1.17) since the time
of Johannes Kepler appeared in the Large
Magellanic Cloud, a small satellite galaxy of
the Milky Way visible in the Southern Hemi-
sphere. This provided the first real test of mod-
els of supernovae as the spectrum could be
analyzed in detail. Overall, the model pre-
sented earlier was reassuringly confirmed. The
very strong radiation from *¢Co, the daughter
of %°Ni and parent of *° Fe was particularly
strong confirmation of the supernova model.
There were of course, some minor differences
between prediction and observation (such as
an overabundance of Ba), which provided the
basis for refinement of the model.

1.44 Nucleosynthesis in interstellar space

Except for production of “Li in the Big Bang,
Li, Be, and B are not produced in any of the
earlier situations. One clue to the creation of
these elements is their abundance in galactic
cosmic rays: they are over abundant by a fac-
tor of 10°, as is illustrated in Figure 1.18. They
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Figure 1.17 Rings of glowing gas surrounding the site of the supernova explosion named Supernova
1987A photographed by the Hubble Space Telescope in 2006. The shock wave produced by the
supernova explosion is slamming into the ring, about a light-year across, that was probably shed by the
star about 20,000 years before it exploded. (Source: NASA photo.)
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Figure 1.18 Comparison of relative abundances in cosmic rays and the solar system. (Source: White
(2013). Reproduced with permission of John Wiley & Sons.)

are believed to be formed by interactions of
cosmic rays with interstellar gas and dust, pri-
marily reactions of '"H and “He with carbon,
nitrogen and oxygen nuclei. These reactions
occur at high energies (higher than the Big
Bang and stellar interiors), but at low temper-
atures where the Li, B, and Be can survive.

1.4.5 Summary

Figure 1.19 is a part of the Z versus N plot
showing the abundance of the isotopes of
elements 56 through 62. It is a useful region

of the chart of the nuclides for illustrating
how the various nucleosynthetic processes
have combined to produce the observed
abundances. First we notice that even number
elements tend to have more stable nuclei than
odd numbered ones — a result of the greater
stability of nuclides with even Z, and, as we
have noted, a signature of the s-process. We
also notice that nuclides “shielded” from f~
decay of neutron-rich nuclides during the
r-process by an isobar of lower Z are under-
abundant. For example, '*Sm and *Sm are
more abundant than 8Sm, even though the
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Figure 1.19 View of part of chart of the nuclides. Mass numbers of stable nuclides are shown in bold,
their isotopic abundance is shown in italics as percentages. Mass numbers of short-lived nuclides are
shown in plain text with their half-lives also given.

former have odd mass numbers and the latter
an even mass number. 38La and '**Sm are
rare because they “p-process only” nuclides:
they are shielded from the r-process and
also not produced by the s-process. '*8Nd
and °Nd are less abundant than °Nd
because the former are r-process only nuclides
while the latter is by both s- and p-processes.
During the s-process, the flux of neutrons
is sufficiently low that any '*/Nd produced
decays to '¥/Sm before it can capture a
neutron and become a stable 1#8Nd.

NOTES

1. We define “fractionation” as any process in
which two substances, in this case two isotopes
of the same element, behave differently. Thus,
fractionation is a process that causes the rela-
tive abundances of these substances to change.

2. u has been the internationally accepted symbol
for this unit since 1961. However, the older
abbreviation, amu is still often used (even
though its defined value is slightly different).
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PROBLEMS
Useful facts for these problems:

Avagadro’s number is 6.02252 x 10?3 (mole)™!

Speed of light: ¢ = 2.997925 x 108 m/ sec
1eV=1.60218x10""]J; 1] =1kgm?/sec’; 1] =1VC
electron charge: q = 1.6021 x 10~°C (coloumb)
1u=1.660541x 10727 kg

1 Gauss = 2.997925 x 10* J/mC

1. (a) How many moles of Nd (AW = 144.24 u; u is unified atomic mass units) are there in 50 g
of Nd,O; (AW of oxygen is 15.999 u)?
(b) How many atoms of Nd in this?

2. Given an electron and positron of equal energy, how much more energy is the positron capable
of depositing in a detector?

3. What are the binding energies per nucleon of 87Sr(mass = 86.908879u) and **Nd(mass =
86.90918053u)?

4. What is the total energy released when 87Rb(mass = 86.909183) decays to 87Sr(mass =
86.908879 u)?

5. Using the equation and values for the liquid-drop model, predict the binding energy per
nucleon for *He, *®Fe, and 233U (ignore even-odd effects).

6. How many stable nuclides are there with N = 82? List them. How many with N = 83?2 List
them too. Why the difference?

7. Calculate the maximum P~ energy in the decay of '®’Re to !87Os. The mass of '¥7Re is
186.9557508 u; the mass of 187Os is 186.9557479 u.

8. 28% of 228Th atoms decay to 22Ra by emitting an alpha of 5.338 MeV. What is the recoil
(kinetic) energy of the 2**Re atom? Is the 2**Ra in its ground state? If not, what is nuclear
energy in excess of the ground state? (Mass of 228Th 228.0288 u, mass of 2>*Ra is 224.0202 u,
mass of alpha is 4.002603 u).
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9. A section of the chart of the nuclides is shown next. Mass numbers of stable isotopes are
shown in bold; unstable nuclides, shown in plain typeface, can be assumed to be short-lived.
The chart shows all nuclides relevant to the questions next.

) Show the s-process path beginning with 3*Ba.

) Identify all nuclides created, in part or in whole, by the r-process.

) Identify all nuclides created only by the p-process.

) Which of the stable nuclides shown should be least abundant and why?
)

why? (Your answer may include more than one nuclide in d and e.)

51 Pm 142 | 143 | 144 | 145 | 146 | 147 | 148
60 Nd 141 | 142 | 143 | 144| 145 | 146 | 147
T 59 Pr 140 | 141 | 142

Z 53 ce | 135|136 137 138 139 | 140 | 141 | 142 143

57 La 136 | 137 138 | 139 | 140

56 Ba | 133 | 134|135 | 136 | 137 | 138 139

77 78 79 80 81 82 83 84 86 86 87

N >

Detailed information on the nuclides can be found on a web version of the Chart of the
Nuclides maintained by Brookhaven National Laboratory Site (www.nndc.bnl.gov/chart/).

10.Both 22Te and '23Te are created only in the s-process. 12> Te constitutes 2.55% of Te and 23 Te
constitutes 0.89% of Te. What was the ratio of capture cross sections of these nuclides during
the s-process? (Your answer might differ from capture cross sections listed in tables as the
probability of neutron capture varies with neutron energy.)

11.What is the recoil energy of 2°8Tl(mass = 207.9820187 u) in the 5.601 MeV alpha decay
illustrated in Figure 1.7?

12.A certain radionuclide emits radiation at the rate of 15.0 pW at one instant of time and at
1.0 pW (microwatts) 1 h latter. What is its half-life?
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Chapter 2

Decay systems and geochronology I

2.1 BASICS OF RADIOACTIVE ISOTOPE
GEOCHEMISTRY

2.1.1 Introduction

We can broadly define two principal appli-
cations of radiogenic isotope geochemistry.
The first is geochronology. Geochronology
makes use of the constancy of the rate of
radioactive decay to measure time. Since a
radioactive nuclide decays to its daughter at a
rate independent of everything, we can deter-
mine a time simply by determining how much
of the nuclide has decayed. We will discuss
the significance of this time at a later point.
Geochronology is fundamental to our under-
standing of nature and its results pervade
many fields of science. Through it, we know
the age of the Sun, the Earth, and our Solar
System, which provides a calibration point for
stellar evolution and cosmology. Geochronol-
ogy also allows to us to trace the origins of cul-
ture, agriculture, and civilization back beyond
the 5000 years of recorded history, to date the
origin of our species to some 200,000 years,
the origins of our genus to nearly 2 million
years, and the origin of life to at least 3.5 bil-
lion years. Most other methods of determining
time, such as so-called molecular clocks, are
valid only because they have been calibrated
against radiometric ages.

The history of geochronology begins with
Yale University chemist Bertram Boltwood. In
collaboration of Ernest Rutherford (a New
Zealander working at Cambridge University),

Boltwood had deduced that lead was the
ultimate decay product of uranium. In 1907,
he analyzed a series of uranium-rich min-
erals, determining their U and Pb contents.
He found that the Pb/U ratio in these miner-
als was same when minerals were from the
same geologic period (the relative geologic
time-scale, more or less as we know it today,
had been worked out by the mid-nineteenth
century) and increased with apparent geo-
logic age. From laboratory experiments, he
had calculated that 1g of Pb was produced
per year for every 10 billion grams of ura-
nium; based on this he calculated ages for his
samples ranging from 410 to 2200 million
years. These ages meant that the Earth was
far older than Lord Kelvin (William Thomson)
had estimated a decade earlier from cooling
of the Earth, which was about 20-40 mil-
lion years. Boltwood’s ages turn out to be too
old by almost a factor of two. There are a
variety of reasons for this. For one thing, he
was unaware that there were two isotopes of
uranium decaying to two isotopes of lead at
different rates. Indeed, isotopes had not yet
been discovered: it would be five more years
before J. J. Thompson of Cambridge Univer-
sity would demonstrate their existence. The
main reason was perhaps his failure to account
for thorogenic Pbj; although he was aware that
thorium was radioactive, he did not know that
Pb was its ultimate decay product.

Physicists at first resisted this new age, but
geologists felt vindicated as they had felt that
Kelvin’s age was too young. As it turns out,

Isotope Geochemistry, First Edition. William M. White.
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radioactivity also helps explain why Kelvin’s
age was wrong: the radioactive decay of U,
Th, and K heat the Earth, providing much of
the energy for geological processes. The great
age of the Earth also required some new, as
yet unknown energy source for the Sun and
the stars, which Hans Bethe later deduced to
be nuclear fusion.

The other application of radiogenic isotope
geochemistry is tracer studies. These studies
make use of the differences in the ratio of
the radiogenic daughter isotope to other iso-
topes of the element. This approach, which
when combined with geochronology, provides
insights into the formation and evolution of
the Earth, its parts, and its sister planets. This
will be the subject of Chapters § thorough 8
and again in Chapter 12.

The elements of interest here are all expe-
rience chemical isotopic fractionations. That
is to say, their isotopic ratios vary because
of slight differences in the chemical behavior
of those isotopes. We will discuss the under-
lying physics and chemistry of these isotopic
fractionations in Chapter 8. We can ignore
these effects in this chapter for several rea-
sons. First, natural chemical fractionations for
the elements of interest are generally quite
small. For example, Krabbenhoft et al. (2010)
documented variations in the 8¢Sr/88Sr ratio
of less than 1/ per mil in rivers, carbonate
rocks, and the ocean. Second, Sr, Nd, Hf, and
Os isotope ratios are routinely corrected for

such fractionation by measuring the extent to
which the ratio of a pair of non-radiogenic iso-
topes (e.g., 3¢Sr and 38Sr or *°Nd and *4Nd)
differs from an accepted value and applying
a correction for fractionation, assuming the
magnitude of the fractionation depends on
the masses of the isotopes of interest. The
details of this correction are explained in the
appendix. This correction is essential because
fractionations occurring in the mass spectrom-
eter can be much larger than natural ones (1%
or more in the case of the 8¢Sr/33Sr ratio).
Correction for fractionation in this manner is
not possible for Pb isotopes because there is
only one non-radiogenic isotope. As a conse-
quence, it has traditionally not been possible
to measure Pb isotope ratios with the preci-
sion of those of other elements (on the other
hand, variations tend to be greater, so less pre-
cision is required). In the last decade or so,
several techniques have been come in to wide
use to correct Pb isotope ratios for fractiona-
tion, leading to much greater precision than in
the past.

2.1.2  The basic equations

Table 2.1 lists the principal decay systems
used in geology; these are also illustrated in
Figure 2.1. As is suggested by the various
footnotes, decay constants continue to be a
field of active research (and note that in this
text we will be using some recently determined

Table 2.1  Geologically useful long-lived radioactive decay schemes.

Parent Decay mode A Half-life Daughter Ratio

40K B-,e.c, BT 5.5492x 10710 y=1*  1.28x10° yr 40Ar, 40Ca A0Ar/36 Ar

7Rb B 14210711 y=1£  48.8x 10° yr 876y $7Gy/865¢

13812 i 2.67x10712y 1 259%x 10" yr  138Ce, 13%Ba 138Ce/1*2 Ce, 138Ce/!3¢Ce
147Sm a 6.54x 10712 y! 1.06 x 10! yr 143Nd 143N d/4Nd
176y il 1.8677x 107 y1 3.6 x10%0 yr 176 Hf Y76 Hf/V77Hf

187Re in 1.64 x 10711 y~! 423x10' yr 1870s 1870s/188 Os, (1870s/1%¢Os)
190pg « 1.54x 10712 y=1 450 10" yr 18605 1860/13 05
232Th a 4.948 x 10711 y~! 1.4 %1010 yr 208ph, “He 208pb/204ph, 3He/*He
2350 a 9.8571x 10710 y=1¥ 707 x 108 yr 207ph, “He 207pb/294Pb, 3He/*He
2380 a 1.55125x 10710 y~! 447 x10° yr 206ph, “He 206ph/294Ph, 3He/*He

Note: the branching ratio, i.c., ratios of decays to *°Ar to total decays of 4°K is 0.1037 according to Renne et al. (2010); the
conventional value is 0.117. '47Sm and '°Pt also produce “He, but a trivial amount compared to U and Th.

*This is the value recently suggested by Renne et al. (2010). The conventional value is 5.543 x 10~10 y

-1

£The officially accepted decay constant for 87Rb is that shown here. However, recent determinations of this constant range from
1.421 x 10~ y=1 by Rotenberg (2005) to 1.393 x 10~!! y=! by Nebel et al. (2011).

"This is the value recommended by Séderlund et al. (2004).

#Value suggested by Mattinson (2010). The conventional value is 9.8485 x 10710 y~1,
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Sm | Radioactive (Parent)

H Radiogenic (Daughter)

Li | Be

Na | Mg

Rn | Radiogenic and Radioactive

B|C|N|O|F

Al | Si|P | S |CI r

K Pe:8| Sc | Ti | V | Cr |Mn| Fe | Co

Ni [Cu|Zn |Ga| Ge |As | Se | Br

BRo PS8 Y [ Zr [Nb | Mo | Tc | Ru | Rh

Pd|Ag|Cd| In|Sn|[Sb |Te | | [B

=z

Pt | Au | Hg TIﬂBi Po | At | Rn

Cs | 2E LaTa W Relr

Fr | Ra | Ac

\
A \
\ | La B Pr BN Pm [Sm | Eu |Gd |Tb |Dy |Ho | Er |[Tm |Yb |Lu
\
Ac| Th | Pa| U

Figure 2.1 Periodic Table showing the elements having naturally occurring radioactive isotopes and

the elements produced by their decay.

values that have not yet become the official
ones). All of these decay systems obey the
basic equation of radioactive decay, which is:

AN

— =-IN 2.1
7 (2.1)

A is the decay constant, which we define
as the probability that a given atom would
decay in some time dt. It has units of time™'.
Each radioactive nuclide has a unique decay
constant governing its probability of decay.
With the minor exception of electron capture
that we noted in Chapter 1, decay constants
are true constants: their value is the same
throughout all space and all time. All other
equations that we’ll introduce in this and
subsequent chapters are derived from this one
equation.

Let’s rearrange Eqn. 2.1 and integrate:

N t

dN /

— = [ —idt 2.2
/NO N Jo (22

where Nj is the number of atoms of the
radioactive, or parent, isotope present at time
t = 0. Integrating, we obtain:

N —
In N, = (2.3)

This can be expressed as:

N _ e or N=Nye™ (2.4)
Ny

Suppose we want to know the amount
of time for the number of parent atoms to
decrease to half the original number, that is, ¢
when N/N, = 1/2. Setting N/N, to 1/2, we
can rearrange Eqn. 2.3 to get:

ln = —/1t1/2 or ln 2= /1t1/2

and finally:

In2
tyy = HT (2.5)

This is the definition of the half-life, t),.

Now the decay of the parent produces a
daughter, or radiogenic, nuclide. The number
of daughter atoms produced, D*, is simply the
difference between the initial number of par-
ents and the number remaining after time ¢:

D* = Ny-N (2.6)

Rearranging 2.4 to isolate N, and substitut-
ing that into 2.06, we obtain:

D* = Ne*'— N = N(e"'- 1) (2.7)

This tells us that the number of daughters
produced is a function of the number of
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parents present and time. Since in general
there will be some atoms of the daughter
nuclide around to begin with, that is, when
t = 0, a more general expression is:

D =Dy+ N(e* - 1) (2.8)

where D is the total number of daughters
and D, is the number of daughters originally
present.

As an aside, we’ll note that there is a
simple linear approximation of this function
for times short compared to the inverse of the
decay constant. An exponential function can
be expressed as a Taylor Series expansion:

o an?  ap?
e —1+/1t+2—! +T+... (2.9)
Provided At << 1, the higher order terms
become very small and can be ignored; hence
for times that are short compared to the decay
constant inverse (i.e., for t << 1/1), Eqn. 2.8
can be written as:

D =Dy+ Nit (2.10)

Let’s now write Eqn. 2.8 using a concrete
example, such as the decay of 8’Rb to 37Sr:

878r=3"Sr+3"Rb(e* - 1) (2.11)

As it turns out, it is generally much easier,
and usually more meaningful, to measure to
ratio of two isotopes than the absolute abun-
dance of one. We therefore measure the ratio
of 87Sr to a non-radiogenic isotope, which by
convention is %¢Sr. Thus the useful form of
2.11 1s:

87
St (%8r SRb, ,
s6g, <86Sr>0 + S65, € =D

(2.12)

Similar expressions can be written for other
decay systems.

It must be emphasized that 3"Rb/3¢Sr
ratio in Eqn. 2.12, which we will call the
“parent-daughter ratio,” is the ratio at time ¢,
that is, present ratio. If we need this ratio at
some other time, we need to calculate it using
equation 2.4.

2.1.3 A special case: the U-Th-Pb system

The U-Th-Pb system is somewhat of a spe-
cial case as there are three decay schemes

producing isotopes of Pb. In particular two U
isotopes decay to two Pb isotopes, and since
the two parents and two daughters are chem-
ically identical, combining the two provides a
particularly powerful tool.

Let’s explore the mathematics of this. First
some terminology. The 238U/2%4Pb ratio is
called g (mu) the 232Th/?%%U is called «
(kappa). The ratio 233U/?33U is constant, or
nearly so,! at any given time in the Earth
and today is 137.82. Now, we can write two
versions of Eqn. 2.8:

207Pb/204Pb — (207Pb/2041)b)0

H Azst _
+ 137'82(6 1) (2.13)
and
206Pb/2041)b — (206Pb/2041)b)0 + M(eizwt _ 1)
(2.14)

These can be rearranged by subtracting the
initial ratio from both sides and calling the
difference between the initial and the present
ratio A. For example, Eqn. 2.13 becomes

A207pp, /204 pp, — k-
/ 137.82

Dividing by the equivalent equation for
2381J-206Ph yields:

AYPb/2MPb (et — 1)
AX6pp/204pp — 137.82(ehn — 1)

(e’st — 1) (2.15)

(2.16)

Notice the absence of the u term. The
equation holds for any present-day ratio of
207Ph /2094Ph and 2°°Pb/>°*Pb we measure and
thus for all pairs of ratios. The left-hand side
is simply the slope of a series of data points
from rocks or minerals formed at the same
time (and remaining closed systems since time
t) on a plot of 207Pb/2%4Pb vs. 20¢Pb/204Pb.
This means we can determine the age of a
system without knowing the parent-daughter
ratio. The bad news is that Eqn. 2.16 can-
not be solved for . However, we can guess a
value of ¢, plug it into the equation, calculate
the slope, compared the calculated slope with
the observed one, revise our guess of ¢, calcu-
lated again, and so on. Pretty laborious, but
making “educated guesses” of ¢ and using a
computer, this is pretty easy. In fact, using sim-
ple minimization algorithms we can generally
converge to a high degree of accuracy after a
few iterations.
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2.2 GEOCHRONOLOGY
2.2.1 Isochron dating

Let’s rewrite Eqn 2.12 in more general terms

R =Ry +Rpp (¥~ 1) (2.17)
where R, is the initial ratio and Rp,p is
the parent/daughter ratio at time #. Measure-
ment of geologic time is most often based
this equation, or various derivatives of it.
We’ll refer to it as the isochron equation.
First let’s consider the general case. Given a
measurement of an isotope ratio, R, and a
parent-daughter ratio, Rp,p, two unknowns
remain in Eqn. 2.17: ¢ and the initial ratio. In
general, we can calculate neither from a sin-
gle pair of measurements. In the special case
where the initial concentration of the daughter
is very small, we can neglect R or, if R >> R,
simple assumptions about R, may suffice. But
in the general case, we must measure R and
Rp,p on a second system for which we believe
t and R, are the same. Then we have two
equations and two unknowns and subtracting
the two equations yields

AR = ARp/p (e¥= 1) (2.18)

which eliminates R, from the equation and
allows us to solve for t. This can be rear-
ranged as:

AR

At
=eMt -1
ARP/D

(2.19)

In practice, one measures many pairs and
solving for AR/ARp,p, by regression (indeed,
geochronologists would not generally accept
an age based on only two measurements), ¢
may be then be solved for as:

In <AR/APP/D + 1)
t= (2.20)
A

For a given value of #, Eqn. 2.17 has the
form y =a+ bx, where y is R, a is Ry, b is
e’ — 1, and x is Rp/p. This is, of course, an
equation for a straight line on a plot of R
vs. Rp,p with slope b = e* — 1, and intercept
a = R,. Thus on such a plot, the slope of the
line depends only on ¢ (since A is a constant for
any given decay system). A line whose slope
depends only on ¢ is known as an isochron.

Note that on a plot of 2°7Pb/2%*Pb versus
206ph /204Ph, a line may also be an isochron,
since its slope depends only on t.

Regression is simply a statistical method
of calculating the slope of a line. Regression
treatment yields both a slope and an intercept.
The latter is simply the initial ratio since,
as may be seen from 2.17, R =R, when
Rp;p = 0. The geochronological information
is contained in the slope, since it depends
on t, but important information can also be
obtained from the value of the intercept, the
initial ratio, since it gives some information
about the history prior to time ¢ = 0 of the
system being investigated.

There are two important assumptions, or
conditions, built into the use of Eqn. 2.20:

1. The system of interest was at isotopic
equilibrium at time ¢ = 0. Isotopic equilib-
rium in this case means the system had a
homogeneous, uniform value of R,.

2. The system as a whole and each ana-
lyzed part of it was closed between ¢ = 0
and time ¢ (usually the present time). By
“closed” we mean there has been no trans-
fer of the parent or the daughter element
into or out of the system.

Violation of these conditions is the principal
source of error in geochronology. Other errors
arise from errors or uncertainties associated
with the analysis. If the range in variation in
measured R and Rp,p is small, the analytical
errors can be the limiting factor in the determi-
nation of an age. Note that both R and Rp,p
must be known accurately.

Finally, of course, we must also know
A accurately. Decay constants are not fun-
damental constants that can somehow be
deduced from the fundamental laws; instead
each must be measured and there are limits to
the accuracy with which they have been mea-
sured. As technology advances and analytical
precision increases, the accuracy of radiomet-
ric ages is increasingly limited by how well the
decay constants are known. Decay constants
can be determined in three ways, which we
will refer to as counting, accumulation, and
calibration. In counting, a known amount of
the nuclide of interest is placed in a detector
of known efficiency and the number of «, B,
or y rays emitted in a fixed time are counted.
In accumulation, a known mass of highly
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purified parent nuclide is allowed to sit for a
fixed amount of time (decades in some cases),
after which the daughter nuclide is extracted
and its mass determined. In the calibration
approach, isotope ratios and parent-daughter
ratios of two systems, for example, Lu-Hf and
U-Pb, are determined in rocks or minerals that
are known to meet the previous two condi-
tions. The age is determined using the sys-
tem whose decay constant is well known, and
then Eqn. 2.19 is solved for 4 for the sec-
ond system, using ¢ determined in the first.
Decay constants for U, Th, and K are now
known within an uncertainty of considerably
better than 1% (but even at this level, uncer-
tainty in decay constants can limit the preci-
sion of age determinations and revisions to
the 23U decay constant have recently been
suggested). Decay constants for Rb, Lu, and
Re are less well known and continue to be
active research topics, and there have been
a number of recent suggested revisions to
these values, as Table 2.1 indicates. These
nuclides emit relatively low energy ps and
no ys, so the counting approach has proved
problematic. Indeed, two recent attempts to
determine the 3”Rb decay constant by accu-
mulation and calibration disagree by 1.5%.
The situation for 7°Lu was even worse in
the early part of this century, with values
determined over the last 15 years varying
by 6%. However, the most recent determi-
nations by counting and calibration agree
within 1%.

The requirement of a closed and initially
homogeneous system described here suggests
a meaning for the nature of the event dated by
radiogenic isotope geochemistry, and a mean-
ing for time in the first paragraph of this
chapter. In general, the event is the last time
the system was open to complete exchange
of the parent and daughter elements between
the various subsystems we sample and ana-
lyze, that is, the last point in time that the
system had a homogeneous, uniform value
of R. Since the rate at which diffusion and
chemical reactions occur increases exponen-
tially with temperature, this event is generally
a thermal one: that is, the last time the system
was hot enough for such exchange between
subsystems to occur. Exactly what tempera-
ture is implied can vary widely, depending
on the nature of our samples and the par-
ticular decay system we are using. Minerals

such as biotite and hornblende will lose Ar
at temperatures of a few hundred degrees. On
the other hand, minerals such as pyroxene can
remain closed to Sm and Nd exchange up to
nearly 1000°C. The “closure” temperatures
of various isotope systems in various miner-
als can be used to advantage: in some cases,
an analysis of a variety of decay systems on
a variety of sample types has recorded entire
cooling histories.

The process accomphshlng isotopic homog-
enization of a “system” usually involves dif-
fusion, the rate of which, like other reaction
rates, increases exponentially with tempera-
ture. Diffusion rates will vary depending on
the element and the properties of the mate-
rial through which the element diffuses. We
can nevertheless make the general observation
that the greater the length scale, the greater
will be the time (or the higher the temperature
required) for isotopic homogenization to be
achieved. For the same temperature and dura-
tion of a thermal event, diffusion will more
readily achieve isotopic homogenization on a
small scale than on a large one. Thus, if our
samples or subsystems are “whole rocks” col-
lected meters or perhaps kilometers apart, the
event dated will generally be a higher tem-
perature one than an event dated by analysis
of individual minerals from a rock specimen
whose scale is only a few centimeters.

2.2.2  Calculating an isochron

The idea of least squares regression is to
minimize the squares of the deviations from
the function relating one variable to another
(i.e., deviations from a line on a graph of
the two variables). In the simplest case, the
relationship is assumed to be linear, as it is
in the isochron equation. The quantity to
be minimized is the sum of the squares of
deviations:

Ze z:(y—a—bx)2

i=1

(2.21)

where y is the observed value, a + bx is the pre-
dicted value, and e is the difference between
the observed and predicted value, that is, the
deviation.

The use of the squares of the deviations
means that large deviations will affect the
calculated slope more than small deviations.
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By differentiating Eqn. 2.21, it can be shown
that the minimum value for the left side occurs
when the slope is:

(x; = x)(y; = y)
bzzx -y

D =%’

where x and y are the means of x and y
respectively, and x; and vy, are the i? pair of
observations of x and y respectively. We can
see from 2.22 that the regression slope is the
sum of the cross products of the deviations of
x and y from the means divided by the sum
of the square of the deviations of x from the
mean of x. A more convenient computational

form of 2.22 is:
PRI yZ x

> Xy -

b= o (2.23)
X, — x n

The intercept is then given by:

(2.22)

a=y-bx (2.24)

The error on the slope is:

52 —Fn— @2 <y> >

o) =
1
\ * (n—2)(2xf—§2n>

(2.25)

The error on the intercept is:

(Z (xiyz‘)—i o'm)2
Z xf —Xn

DV -yn-

(2.26)

Statistics books generally give an equation
for linear least squares regression assuming
one dependent and one independent variable
where the independent variable is assumed
to be known absolutely. While it is true that

in the isochron equation R is a function of
Rp,p in a geologic sense and hence may be
considered the dependent variable, in prac-
tice both R and Rp,, are measured quan-
tities and neither is known absolutely: both
have errors of measurement associated with
them. These must be taken into account for
a proper estimate of the slope and the errors
associated with it. In some cases, the errors
in measurement of x and y can be correlated,
and this must also be taken into account.
The so-called two-error regression algorithm
takes account of these errors. This is, how-
ever, considerably less straightforward than
that mentioned previously. The approach is
to weight each observation according to the
measurement error (the weighting factor will
be inversely proportional to the estimated
analytical error —so that observations with
larger errors are less important than those
with small ones). A solution was published
by York (1969), among others. The regression
slope is:

Z,-z ()’i - 7)
2l |ximE 00— i =)
o (y;) w(x;) a;
b
Z? (x;—x)
Yl |x-% b(yl » , bri=y)
X
w (yi) (x;) a;

(2.27)

where w(x;) is the weighting factor for
x; (generally taken as the inverse of the
square of the analytical error), w(y;) is the
weighting factor for y;, r; is the correlation

between the error of measurement of x;

and vy, a=yolx)oly), x=IZx;/XZ,
y=3%Z;y;/2Zi (weighted means), and
Zi 1s:

2

a.
1

C()(yl) + a)(x,) — Zbrai

i=

Note that the expression for b contains
b. This requires an iterative solution: not
something you want to do in your head,
but reasonably easy with a computer. For
example, the first estimate of b could be made
using Eqn. 2.23. The difference between this
method and the standard one is not great, so
convergence is generally quick. The intercept
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is calculated as in Eqn. 2.24. Calculating the
errors associated with a and b is fairly com-
plex, but approximate solutions are given by:

_ 1
"o V Y Zix; - %)

From the error on the slope, the error on
the age can be derived by simple algebra. The
error so derived, however, does not include
uncertainty in the value of the decay constant,
which may or may not be significant.

A useful measure of the fit of the data to the
regression line (isochron) is the mean squared
weighted deviations (MSWD). If, as is usual,
the weight factors are taken as the inverse
square of the estimated analytical errors and
assuming errors are uncorrelated, the MSWD
is calculated as (Wendt and Carl, 1991):

(2.28)

(2.29)

N

Z (y; = bx; — a)?
(b262 + o2
N e (2.30)

i

MSWD =

where ¢,; and ¢,, are the errors on x; and y,,
respectively. An MSWD value less or equal
than 1 indicates the deviations from prefect
linear correlation between x and y are less
than or equal to those attributable to associ-
ated analytical errors; an MSWD greater than
1 indicates other (geological) factors have con-
tributed to the deviations from linearity and
suggest that conditions (1) and (2) earlier have
been violated.

Today, there are programs available that
implement these equations, so there is no
need to code them anew. One of the most
popular and useful is ISOPLOT, a Visual
Basic Add-in for Microsoft’s Excel® written
by Ken Ludwig of the Berkeley Geochronol-
ogy Center (BGC) and obtainable at http://bgc
.org/isoplot_etc/isoplot.html. This software is
useful for a wide variety of other geochrono-
logical problems that we will explore in this
and subsequent chapters, including concordia
diagrams and “°Ar/3°Ar dating. Some of the
problems in this book require the use of this
or similar software. Since its use is well docu-
mented in the user’s manual, we will not delve
further into it here.

2.3 THE K-AR-CA SYSTEM

We have now discussed many of the basic
aspects of radiogenic isotope geochemistry
and we can now consider how it is applied
to solving questions about the Earth. We will
begin by discussing geochronology, because
this aspect is basic to other aspects of isotope
geochemistry. To understand the more chem-
ical and geological aspects of isotope geo-
chemistry, we must first learn to tell time, so
to speak. We will consider the various decay
systems separately. Many of these have spe-
cial aspects, but all share a common founda-
tion based on Eqn. 2.1; the basic equation of
radioactive decay.

Two aspects of the K-Ar-Ca system make
it special. First, it is a branched decay: a
40K nucleus (an odd-odd nuclide) may decay
to either a *°Ca by P~ or to a *°Ar atom
by electron capture (or much more rarely by
positron emission — which is just as well for
us). It is impossible to predict how a given
40K atom will decay, just as it is impossible
to predict when it will decay. We can predict
quite accurately what proportion of a large
number of *°K atoms will decay in each way,
however. The ratio of electron captures to beta
decays is called the branching ratio and is

defined as: ;
R = /1_p (2.31)

where the two lambdas are the decay con-
stants (i.e., the probability of decay) for
each mode. According to recent work
by Renne et al. (2010), the branching
ratio is 0.1037, A,. = 0.5755x 10710 a=1,
dy= 4.9737x107"% a=!. The total decay

constant for 49K is:

A= dg+ Ao =5.5492x 10771 (2.32)

We need to take account of this branched
decay in our equation, because while a K atom
decaying to Ca does not produce radiogenic
Ar, it is no longer available for *°Ar produc-
tion. Thus our equation for radiogenic daugh-
ter production (Eqn. 2.7) becomes:

A
0 Ars = 7840K(e’“ -1 (2.33)

where the asterisk indicates radiogenic *°Ar
(designating the radiogenic atoms of an
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element with an asterisk is a widely used
convention and we will follow it in this
book). Note we can write a similar equation
for **Ca” by substituting A, for ..

Most, although not all, of the work on the
K-Ca-Ar system has focused on Ar because
the *°K /40Ca ratio is usually small. 4°K is the
least abundant of the K isotopes (0.01167%),
whereas 4°Ca is the most abundant “°Ca
isotope (96.92%), and Ca is a more abun-
dant element than K (*°Ca is even-even, “°K
is odd-odd). As a result, variations in the
40Ca/*Ca ratio resulting from radioactive
decay are quite small and difficult to measure
(indeed, there is usually more variation in this
ratio due to other causes, which we will dis-
cuss in Chapter 11). Only in very favorable
circumstances, such as halide salt deposits, is
geochronology practical.

As one might expect, particularly in view
of the previous discussion, one of the most
important criteria for a useful radiometric
chronometer is that the variations in the radio-
genic isotope be large relative to the preci-
sion and accuracy with which they can be
measured. In this respect, a short half-life is
advantageous, and K has one of the short-
est half-lives of the long-lived radioactive
nuclides. Because of the volatility of Ar, the
Earth either lost much of its Ar during its for-
mation, or never acquired much, giving the
Earth a rather high K/Ar ratio. Furthermore,
much of the Ar the Earth retained is now in the
atmosphere (as we’ll learn in Chapter 12). Asa
result, *°K /*9Ar ratios in the solid Farth tend
to be quite high. Because of the high 40K /4°Ar
ratios and the relatively short half-life of *°K,
the K-Ar system is often the one of choice
when the task at hand is to date very young
events. Meaningful ages (meaning the uncer-
tainty is small relative to the age) of less
than 30,000 years have been determined in
favorable circumstances. Much of what we
know of the timing of the evolution of our
species is based on 4°K/4°Ar dating (including
40Ar /3 Ar dating that we will discuss shortly).

Much of what is special about K-Ar derives
from Ar being a noble gas and its result-
ing refusal to be chemically bound in crys-
tal lattices. Ar in rocks and minerals is sim-
ply trapped there. It has difficulty escaping
because the atoms of the lattice block its
escape path, but it is does not form chemi-
cal bonds with other atoms in the lattice. Thus

when a mineral crystallizes from a lava, it will
generally, although not always, do so with
very little Ar. Pillow basalts formed on the
seafloor are one example of exceptions to this
rule. The combination of relatively high pres-
sure and rapid transition from the liquid to the
solid state can result in trapping of substantial
amounts of Ar. Similarly, minerals crystalliz-
ing from plutonic rocks may also retain Ar.

In favorable circumstances, essentially no
Ar will be trapped in a mineral crystalliz-
ing from lava. The great advantage of this,
from a geochronological viewpoint, is we have
only one unknown, namely ¢, and we can use
Eqn. 2.33 to solve for it by measuring the “°K
and *°Ar in one sample. Actually, one need
not assume that no “initial” Ar whatsoever
is present. Indeed, in detail, this would seem
a poor assumption since a mineral crystalliz-
ing in contact with the atmosphere can be
expected to absorb a small but finite amount
of atmospheric Ar. This atmospheric Ar is
readily corrected for since the atmosphere has
a uniform ratio *°Ar /3¢ Ar of 296.16. By mea-
suring the amount of 3°Ar present, we can
deduce the amount of atmospheric *°Ar ini-
tially present. Our age equation (Eqn. 2.17)
becomes simply:

40 40

A IR
296164+ 22 (oM — 1)
Ay A 36 Ay

(2.34)

If we suspect that the composition of “ini-
tial” Ar differs significantly from atmospheric,
it is then necessary to employ the isochron
approach, measuring K and Ar in a number of
cogenetic samples and solving simultaneously
for ¢ and the initial *°Ar /3¢ Ar ratio.

2.3.1 Diftusion, cooling rates, and closure
temperatures

Because Ar is not chemically bound in lattices,
the K-Ar clock will generally be reset more
readily than other systems. We concluded ear-
lier that an event that “resets” a radiometric
clock is generally a thermal one. In the case of
K-Ar, we might guess that the system would be
reset whenever temperatures are high enough
to allow Ar to diffuse out of the rock or min-
eral of interest. It is worth considering this on
a slightly more quantitative level.

It can be shown both theoretically and
experimentally that the rate at which a species
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will diffuse through a medium is related
exponentially to temperature:

D = D,e Ea/RT (2.35)

where D is the diffusion coefficient, D, is
the “frequency factor,” E, is the activation
energy, R is the gas constant and T is ther-
modynamic, or absolute, temperature, (i.e.,
Kelvin). The diffusion “flux” is then related
to the concentration gradient by:

0C
1=-0(%)

where C is the concentration and x is distance.
Figure 2.2 shows a plot of experimentally
determined values of D for Ar in biotite
plotted against the inverse of temperature.
The point to be made here is that relatively
small increases in temperature result in
large increases in the diffusion coefficient. For
example, increasing the temperature from 600
to 700°C results in a 2-orders-of-magnitude
increase of the diffusion coefficient, and,
for a given concentration gradient, of the
Ar diffusion flux. Using the values of E,

(2.36)
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Figure 2.2 Log of the diffusion coefficient for
argon in biotite against the inverse of
thermodynamic temperature. Circles and
squares indicate different size fractions of
biotite used in 1 kbar experiments. Triangles
are 14 kbar experiments. (Source: Adapted
from Harrison et al. (1985). Reproduced with
permission of Elsevier.)

and D, given in the figure, we can calculate
the diffusion coefficient for temperatures
not shown in the graph. The value of R is
8.314 J/Kelvin-mole (1.987 cal/Kelvin-mole).
For a temperature of 300 K (27° C), D would
be 4 x 10-3¢ cm?/sec. For any reasonable
concentration gradient, there would be no
significant Ar loss from biotite, even over
extremely long times. At 600 K (327°C),
we obtain D= 6 x 107"%cm?/sec, which
implies a slow, but significant diffusion rate.
At 700°C, however, loss of Ar would be quite
rapid: about 1/3 of the Ar would be lost from
biotites of 97 p radii in 2-3 weeks (you can
understand then why the experiments were
done at these temperatures and not lower
ones).

The following equation (from Crank, 1975)
is of use in interpreting diffusion coefficients.
The equation gives the fraction of the species
lost as a function of time (2), diffusion coeffi-
cient, and the diffusion radius (a).

_ 4 (Dt\'* Dt 1 (Dt\%?
r=anlm) -w-m(z)

The equation assumes radial diffusion in a
cylinder of infinite length and radius a. We
can use this equation to understand how Ar
loss will vary with temperature.> We assume a
value for a of 150 p, and use the D, and E,
values given in Figure 2.2. Figure 2.3 shows
the results of this calculation performed for
various times (and at various temperatures: D
is a function of temperature, of course).

Let’s consider the geological implications of
this diagram. Imagine a body of rock, either
igneous or metamorphic, cooling from high
temperature, a temperature high enough so
that all Ar is lost. Let’s pick up the story
when the body is still 400°C and cooling
at a rate of 100°C/Ma. At this temperature,
the biotite would be just beginning to retain
radiogenic Ar; that is, it is not being lost quite
as fast as it is being created. After the first
additional million years, it would have cooled
to 300°C, and biotite would be retaining most
of its radiogenic Ar (loss rate of about 10%
per Ma). If cooling continues at this rate for
another million years (in the real world, it is
unlikely cooling rates would be so constant),
biotite would be losing Ar at a rate of only a
tenth of a percent per Ma, a fairly insignificant
rate. If the body then cooled completely, and
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Figure 2.3 Fraction of Ar lost from a 150 p cylindrical crystal as a function of temperature for various
heating times. All Ar is lost in 10 Ma at 340°C, or in 1 Ma at 380°C.

if we sampled biotite for K-Ar dating some
100 Ma later, assuming the biotite was not
reheated, the “age” we would calculate would
refer to that 2 Ma period when the biotite
cooled from 400 to 200°C, and probably
closer to the time it passed from 400 to 300°C.
We say the biotite “closed” at that time, and
we can estimate the closure temperature at
between 300 and 400°C.

Suppose cooling was slower, say 10°/Ma. In
this case, 10 Ma would be required to cool
from 400 to 300°C, and 20Ma to cool to
200°C. A much smaller fraction of the radio-
genic Ar produced while the biotite was in the
200-400°C range would have been retained.
The “age” we would calculate using Eqn. 2.33
would be younger than in the example previ-
ously. It would thus seem that under these cir-
cumstances, the “closure temperature” would
depend on the cooling rate. This is indeed
the case.

Dodson (1973) derived an equation for
closure temperature (also sometimes called
blocking temperature) as a function of dif-
fusion parameters, grain size and shape, and
cooling rate:

E
T. = A (2.38)
ART?D,
Rln [ -—<=2
azEAT

where 7 is the cooling rate, dT/dt (for cool-
ing, this term will be negative), a is the

characteristic diffusion dimension (e.g., radius
of a spherical grain), and A is a geomet-
ric factor (equal to 55 for a sphere, 27 for
a cylinder, and 9 for a sheet) and tempera-
tures are in Kelvin. Unfortunately, this is not
directly solvable since T, occurs both in and
out of the log, but it can be solved by indirect
methods.3

There are several important notions we can
come away with. First, a closure temperature
is a useful concept, but a mineral will not sud-
denly stop loosing Ar, or any other radiogenic
component, at its closure temperature. Clo-
sure temperature reflects a tradeoff between
loss and creation of the radiogenic compo-
nent. Second, there are some ultimate geolog-
ical limitations on the meaning of an age of
a slowly cooled rock, such as a large intru-
sion or regionally metamorphosed body of
rock. We might also expect the age we obtain
will depend on the mineral we use for dat-
ing (since the diffusion coefficient will vary),
and perhaps on its composition (there is in
fact some compositional dependence of the
Ar diffusion coefficient on the Fe/Mg ratio in
biotite; but apparently none in hornblende).
Finally, we get the sense that it might be
rather easy for K-Ar mineral age to be par-
tially reset. This is certainly the case. We dis-
cuss next a technique that can at least identify
partially reset minerals, and in favorable cases,
provide a reasonable estimate of the original

<« ”»

age.
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232 “Ar-¥Ar dating

If you look at a table of isotopes you’ll see
39 Ar has a half-life of 269 years and does not
occur naturally. You might justifiably wonder
how it could be used for dating. The so-called
40-39 method is actually *°K-*°Ar dating
but employing a somewhat different analytical
technique for the potassium first described by
Merrihue and Turner (1966). The key is the
production of 3°Ar by a nuclear reaction on
39K, the most abundant of potassium’s three
isotopes:
3K (n, ) SAr

The reaction is produced by irradiating a
sample with fast neutrons in a reactor. It is
important to distinguish this reaction from
simple neutron capture, but we can never-
theless define a reaction cross section. The
amount of 3°Ar produced is then a function
of the amount of 3°K present, the reaction
cross section, the neutron flux, and the irradia-
tion time. Since the *°K /3°K ratio in the Earth
is constant (at any given time), the amount
of 49K can be calculated from 3°Ar. In prac-
tice, the situation is more complex because
the reaction cross section is a function of neu-
tron energy and there typically is a spectrum of
energies present. The production of 3 Ar from
29K can be expressed as:

P Ar =YKz / $,0,de (2.39)

where e is the neutron energy, ¢, is the flux
of neutrons with energy e, and o, is the
capture cross section for that energy, and 7 is
irradiation time. The *°A7* /3° Ar is then:

Ay % e WK (M = 1)
39 )
Ar A 39KT/ ¢,0,de

In practice, the analysis is performed by
simultaneously irradiating and analyzing a
standard of known age. The flux, capture
cross section, and decay constant terms will be
the same for the standard as for the unknown
sample. We can combine them into a single
term, C, as:

(2.40)

C= ’%; (2.41)
’L'/ ¢,0,de

and Eqn. 2.40 becomes:

40A7’* B 4OK(e/lt _ 1)
9Ar 9K

(2.42)

The value of C can be determined from
analysis of the standard, so that 2.42 can be
solved for the age.

Another problem is the production of
both 3°Ar and “°Ar by other reactions
that include *°K(n, p)*°Ar, *°Ca(n, na)*°Ar,
and **Ca(n, ®)*?Ar. Corrections for these
must be made. Generally, 37Ar, produced
by 4°Ca(n,a)’’Ar, is used to make these
corrections.

In conventional K-Ar dating, Ar is released
from samples by fusing in vacuum. However,
we might guess from our knowledge of dif-
fusion that a sample will begin to lose Ar
before it reaches its melting temperature. If the
ratio of radiogenic *°Ar to K (and therefore
to 3°Ar) were distributed uniformly through-
out the sample, a sample of gas taken before
the sample fused would produce the same
age as for total fusion. We might guess, how-
ever, that some parts of a crystal will prefer-
entially lose Ar through diffusion during the
initial cooling of the crystal, or perhaps dur-
ing some subsequent reheating event. Since the
diffusion rate is proportional to the concen-
tration gradient, we can anticipate that dif-
fusion will be faster from the rims of crys-
tals where the concentration gradient is higher
than in the interior of crystals. So we might
expect crystal rims to experience Ar loss at
lower temperatures than crystal interiors. The
rims would then record younger ages. As we
heat the sample, we would also expect rims
to start to give up there Ar at the lowest tem-
peratures, partly for this reason, and partly
because the Ar has less distance to go to get
out. The lower 4°Ar /3 Ar of the gas in the rim
would be seen as a lower age (which may or
may not have significance). As we increased
the temperature, the more retentive parts of
the crystal would release their gas, and we
could expect the “°Ar/3°Ar and the appar-
ent age to increase. If some parts of the crys-
tals have lost no gas, their *°Ar/3Ar ratios
would record the “correct” age, even though
the crystal as a whole has suffered some loss.
Figure 2.4 is an Ar release diagram for a
biotite exhibiting this sort of behavior. Con-
ventional K-Ar dating would have produced
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Figure 2.4 “°Ar/3° Ar age spectrum produced
by step heating of a biotite from a granitic
gneiss. (Source: Tetley, 1978.)

an age intermediate between the “correct” age
and the apparent young age of those parts of
crystal that have suffered loss of radiogenic
40Ar, Thus, the combination of the *°Ar/3°Ar
method with step-heating provides a means
of retrieving useful geochronological informa-
tion from samples whose value would have
otherwise been compromised because of dif-
fusional loss. In a certain sense, we are relax-
ing our requirement that the system must have
remained closed: with 4°Ar/3°Ar dating, we
require only that some part of the system have
remained closed.

Most Ar release spectra are not so simple
as that in Figure 2.4. Figure 2.5 shows Ar
release spectra for a series of hornblende
samples taken at varying distances from the
contact with an intrusive granodiorite. All
show significant Ar loss as a result of heating
from the intrusion. None retain, even at the
highest release temperature, the true age of
367 Ma.

2.3.2.1
spectra

Other complications affecting ¥ Ar->° Ar

In the previous section, we saw two examples
of *°Ar/3%Ar release spectra: one where there
was only minor loss of Ar from the rims,
and another where significant fractions of the
total Ar had been lost due to metamorphic
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Figure 2.5 Ar release spectra for hornblendes
taken from varying distance from a 114 million
year old intrusion. The crystallization age of
the samples is 367 Ma. Curves show calculated
release spectra expected for samples that lost
31, 57, and 78% of their argon. (Source:
Adapted from Harrison and McDougall
(1980). Reproduced with permission of
Elsevier.)

heating. Figure 2.4 showed spectra that
almost perfectly match theoretical patterns
for diffusional loss. Such examples are uncom-
mon; many spectra are more complex. For
example, some samples that have been
reheated show false plateaus that correspond
to ages intermediate between the crystalliza-
tion age and the reheating age. An additional
problem in interpreting such spectra is that
samples that have not been subjected to
reheating events but cooled slowly originally
can show release spectra that mimic those of
reheated samples in Figure 2.5.

Recoil of 3°Ar produced by the
39K(n, p)*’Ar  reaction during irradiation
can also produce problems. The recoil results
in loss of 3°Ar from sites near the min-
eral surface. For large grains, this is largely
insignificant, but for small grains, this can
lead to significant 3°Ar loss, leading in turn to
erroneously old apparent ages.

In most case, the Ar present in a sample
will not be pure radiogenicly produced Ar.
Non-radiogenic argon is often called excess
Ar. *°Ar/3°Ar ratios used to calculate ages
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in release spectra are typically corrected for
the presence of atmospheric Ar by measuring
the “°Ar/3¢Ar ratio. Atmospheric argon has
a constant *°Ar/3¢Ar ratio of 296.16.* Only
40Ar present in excess of this ratio is con-
sidered radiogenic and used to calculate the
40Ar /3 Ar ratio. Nevertheless, some samples
can have “initial” *°Ar/3®Ar ratios greater
than the atmospheric ratio; this will lead to
too old an age if not properly accounted for.
It is this “excess” argon that is of greatest
concern.

Excess Ar can have two sources. First, it
can arise when minerals crystallize under a
finite partial pressure of Ar. For example,
mantle-derived submarine basalts have been
shown in some cases to have initial “°Ar/3¢Ar
ratios of up to 40,000. The high “°Ar/3¢Ar
ratio reflects production of “°Ar by decay of
40K within the mantle. Minerals crystallizing
in the presence of this gas will trap some of
this “°Ar, which will result an anomalously
old age upon analysis. This is referred to
as inberited Ar. Second, during a thermal
event, *’Ar diffusing out of some minerals
may be taken up by other minerals. Since this
40Ar is diffusing into the mineral grain, its
concentration will be highest in the exterior of
grains and thus will tend to be released at the
lowest temperatures. An example is shown in
Figure 2.6.

When excess Ar is held in more than one
crystallographic site, for example different
minerals in the analyzed sample, release spec-
tra can reveal a saddle shape. An example is
shown in Figure 2.7. This sample is a cal-
cic plagioclase from Broken Hill in Australia.
The true metamorphic age is approximately
1600 Ma. Even the minimum values in the
bottom of the saddle are too old. Electron
microscopy of the plagioclase revealed that it
had exsolved into a Ca-rich and Na-rich pla-
gioclase. The saddle shape results because Ar
in one of the phases diffuses readily and is thus
released at low temperature, and diffuses more
slowly in the other, resulting in release at high
temperature.

A new technique, developed only in the last
20 vyears, involves releasing Ar from small
areas of a sample through laser ablation.
This allows release of Ar from areas with
diameters less than a millimeter, and provides
the possibility of spatial resolution of Ar
diffusional loss.
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Figure 2.6 Ar release spectrum of a
hornblende in a Paleozoic gabbro reheated in
the Cretaceous by the intrusion of a granite.
Anomalously old apparent ages in the lowest
temperature release fraction results from
diffusion of radiogenic Ar into the hornblende
during the Cretaceous reheating. (Source:
Adapted from Harrison and McDougall
(1980). Reproduced with permission of
Elsevier.)

2.3.2.2 A3 Ar isochrons

The data from various temperature release
steps are essentially independent observations
of Ar isotopic composition. Because of this,
they can be treated much the same as in con-
ventional isochron treatment. The isochron
equation, written for the K-Ar system is:

40 40 40
A A K

36_7 =\ 3 ’ + r(e’“—l) (2.43)
Ar Ar Ar

0

When *°Ar/3¢Ar data from a series of sam-
ples are plotted against *°K/3¢Ar, the slope of
the resulting line will be proportional to age,
and the intercept gives the initial **Ar/3¢Ar
ratio. Since for all release fractions of a sample
the efficiency of production of 3°Ar from K
is the same and *°K/3°K ratios are constant,
we may substitute 3’ Ar x C for 4°K:

40 40 39
A A A
36 = 36 - * 3 rc(eh_l)
Ar Ar B Ar

(2.44)
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Figure 2.7 Ar release spectrum from a calcic
plagioclase from Broken Hill, Australia. Low
temperature and high temperature fractions
both show erroneously old ages. This peculiar
saddle shaped pattern, which is common in
samples containing excess Ar, results from the
excess Ar being held in two different lattice
sites. (Source: Adapted from Harrison and
McDougall (1980). Reproduced with
permission of Elsevier.)

Cis a constant that depends on the efficiency
of 3°Ar production during irradiation. Thus
when *0Ar/3¢ Ar ratios from a series of release
fractions are plotted against 3°Ar/*°Ar, the
slope of the resulting line will be proportional
to the age of the sample, as is illustrated in
Figure 2.8.

The use of the isochron diagram can help to
identify excess Ar and its nature (e.g., atmo-
spheric, inherited, etc.). It also provides a cru-
cial test of whether ages obtained in release
spectra are meaningful or not. A drawback of
this diagram is that 3¢Ar, which is the denom-
inator in both the ordinate and abscissa, is
often present in only trace amounts and is dif-
ficult to measure precisely. Because it appears
in both ordinate and abscissa, errors in its
measurements can produce correlations that
imitate isochrons.

An alternative is to use a plot of 3°Ar/*0Ar
against 3°Ar/*°Ar (Figure 2.9), often called an
inverse isochron plot. We can think of the
Ar in a sample as a mixture of a trapped
component and a radiogenic component. As
such, the data for various release fractions
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Figure 2.8 Hypothetical “°Ar-3Ar isochron
diagram. The slope is proportional to the age
and the intercept gives the initial 0 Ar/3¢ Ar
ratio, which is commonly atmospheric, as is
illustrated here.
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Figure 2.9 Plot of 36 Ar/*0Ar vs 37 Ar/*0Ar, also
called an inverse isochron diagram. Age is
obtained from the value of 3° Ar/*0Ar
corresponding to 3°Ar/4Ar = 0.

should plot as a straight line on such a plot.
The radiogenic component has a 3¢Ar/*°Ar
ratio of 0 (because 3°Ar is not produced
by radioactive decay), whereas the trapped,
non-radiogenic component can be found by
extrapolating to a 3° Ar/*°Ar ratio of 0 (corre-
sponding to a 3*K/*°Ar ratio of 0; since 3°K is
proportional to *°K, this also corresponds to a
40K /40 Ar ratio of 0). Thus the age may be com-
puted from the 3°Ar/*°Ar ratio obtained by
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(a) Inverse isochron diagram revealing the presence of two excess Ar components. (b) Ar
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extrapolating the correlation line to 3¢ Ar/*0Ar
to 0, and the composition of the trapped com-
ponent by extrapolating to 3 Ar/*°Ar of 0.

Figure 2.10 provides an example of how the
inverse isochron plot may be used to iden-
tify trapped components. The original release
data showed a disturbed pattern and lacked
a plateau (not shown). The inverse isochron
plot (Figure 2.10a) revealed two correlations
suggesting the presence of two distinct trapped
components. The lower intercept yielded an
age of 149.1 Ma. When the data were cor-
rected for the trapped component and replot-
ted on a release spectrum, they produced a
plateau corresponding to the same age as the
isochron age. The book by McDougall and
Harrison (1999) provides much greater detail
on “Ar/3% Ar geochronology.

2.4 THE RB-SR SYSTEM

The K-Ar system is exceptional in that we
can sometimes ignore or readily correct for
initial Ar. In the systems we’ll discuss in the
remainder of this chapter, both the initial ratio
and the age are always unknown, meaning we
must solve for both simultaneously through
the isochron method. Consequently, this is an
opportune time to briefly review and summa-
rize the conditions that must be met to obtain
a meaningful isochron.

The ratio of parent to daughter should
be large. When this is the case, variations
in the isotopic composition of the daugh-
ter will be large relative to our ability to
measure them. Under the best of circum-
stances, isotope ratios can be measured
with a precision of a few ppm. If the total
amount of radioactively produced daugh-
ter is small relative to the amount present
initially, for example if the proportion of
radiogenically produced daughter is only
a few tens of ppm or less of the total
amount of daughter, accuracy of “ages”
will be compromised.

The parent/daughter should have a large
range. A large range in parent/daughter
ratio leads to a large range in isotope
ratios in the daughter. The error on the
regression slope, and ultimately the age,
is a function of the range of values used
in the computation. So, given similar ana-
lytical precisions, we will obtain a more
precise date with a decay system where
the variations in parent-daughter ratio are
large than with one where these variations
are small.

Deviations from closed system bebavior
must be minimal subsequent to the event
we are attempting to date. This should
be considered when choosing both the
decay system and the samples we plan to
analyze. As we shall see, some elements
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tend to be more mobile than others, and
some minerals are less reactive than oth-
ers. Size also plays some role. A large
sample is more likely to meet the closed
system requirement than a small one (the
elements have further to diffuse). Often,
metamorphism will disturb a system on
the scale of mineral grains, but not a
scale of “whole rock” samples taken hun-
dreds of meters apart (however, whole
rocks will generally show less variation
in parent/daughter ratios than minerals).
One must also bear in mind that an atom
created by radioactive decay will gener-
ally be a misfit in the lattice site it occu-
pies (since the site was originally occupied
by the parent). Furthermore, the decay
process may damage the site. Such dam-
age is more likely in the case of alpha
decay than beta decay or electron capture
because of the high energy of the alpha
(typically 4 MeV), and the kinetic recoil
energy of the daughter nucleus. These fac-
tors all lead to higher mobility of the
daughter.

4. The isotopic composition of the daugh-
ter must have been homogeneous at the
time of the event we wish to date. On a
small scale, homogenization takes place
through diffusion, which, as we have
seen, is highly temperature dependent.
The higher the temperatures obtained
during the “event,” the more rapidly and
completely the system will be homoge-
nized. On scales larger than 10 m or so,
homogenization can only be achieved
through  convective-driven  advective
transport. This effectively means homog-
enization requires the presence of a liquid.
This might be a magma or a hydrous fluid
circulating through rocks undergoing
metamorphism. In any case, both convec-
tion and diffusion will be more efficient at
higher temperatures, so homogenization
is more likely to be achieved at high
temperatures than at low ones. Finally,
the larger the range in parent/daughter
ratios, and hence isotopic composition
at the time we measure them, the less
important will be any initial variations in
isotopic composition.

We will now continue with our con-
sideration of the various decay systems.

Rb-Sr geochronology does not differ in
principle from Sm-Nd geochronology or
Re-Os geochronology, however. Thus, our
discussion will focus mainly on the geochem-
istry of these elements and the behavior of
these systems with reference to the four points
listed previously.

2.4.1 Rb-Sr chemistry and geochronology

Both Rb and Sr are trace elements in the Earth:
their concentrations are generally measured in
ppm. Rb is an alkali element (Group 1) with a
valence of +1. Like other alkalis, it is generally
quite soluble in water and hydrous fluids. As a
result, it is among the more mobile elements.
Rb has an ionic radius of 148 pm. This large
ionic radius means it is excluded from many
minerals: it is simply too large to fit in the sites
available. Hence, it is among the most incom-
patible elements. However, its radius is suffi-
ciently similar to that of potassium (133 pm)
that it substitutes readily for K in K-bearing
minerals such as mica and K-feldspar. As a
result, no Rb minerals occur in nature: that
is, it is not a stoichiometric component of any
mineral. Because of its incompatible nature,
it is strongly concentrated in the Earth’s crust
and depleted in its mantle.

Sr is an alkaline earth element (Group 2)
with a valence of +2. The alkaline earths are
also reasonably soluble in water and hydrous
fluids, but not as soluble as the alkalis. Sr
is therefore a moderately mobile element. Its
ionic radius is 113 pm, which is still suffi-
ciently large for it to be excluded from many
minerals, and it is also an incompatible ele-
ment, but not a highly incompatible one. It
substitutes for Ca (ionic radius 99 pm) to
varying degrees. It is quite comfortable in
the Ca site in plagioclase, the solid/liquid
partition® coefficient being about 2. It seems to
be considerably less comfortable in the Ca site
in clinopyroxene; the Sr partition coefficient
being only about 0.1. Thus in most igneous
and high-grade metamorphic rocks, most Sr
will be in plagioclase (which typically con-
stitutes about 50% of mafic igneous rocks).
Sr can also substitute for Ca in other min-
erals such as calcite, apatite, gypsum, titan-
ite (CaTiSiOyg, also known as sphene), and so
on. Sr is also concentrated in the crust rela-
tive to the mantle, but not to the degree that
Rb is.
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The Rb/Sr in the Earth as a whole is in the
range of 0.021-0.029; we do not know this
ratio exactly.® The ratio is lower in the mantle,
and much higher in the crust. Mantle-derived
rocks such as basalts also have low Rb/Sr
ratios. Low ratios such as these violate con-
dition 1 previously; as a result, it is often dif-
ficult to obtain good Rb/Sr ages on mafic’
and ultramafic rocks. However, igneous dif-
ferentiation tends to increase the Rb/Sr ratio
because Sr is removed by fractional crystal-
lization of plagioclase while Rb remains in
the melt. In felsic or silicic igneous rocks,
the Rb/Sr ratio often exceeds 1 (a Rb/Sr
ratio of 1 corresponds to a 3Rb/3¢Sr ratio
of 2.9, depending somewhat on the 87Sr/%¢Sr
ratio). As a result, Rb/Sr dating can often be
applied successfully to felsic igneous rocks.
A large range in Rb/Sr ratio is also reason-
ably common. It may occur in whole rock
samples when the whole rocks represent vari-
ous members of a comagmatic differentiation
suite, or in mineral samples when both K-
and Ca-bearing minerals are present. Rb-Sr
geochronology can also be applied to meta-
morphic rocks, provided K-bearing, Rb-rich
minerals are present, as they typically are.
Figure 2.11 shows an example isochron of a
meteorite.

A serious disadvantage of the Rb-Sr sys-
tem is the mobility of these elements, par-
ticularly Rb. Because of their solubilities, Rb
and Sr are readily transported by fluids, and
may be moved into or out of the system.
Furthermore, some K-bearing minerals such
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Figure 2.11 A Rb-Sr isochron. Five analyses
from a clast in the Bholghati meteorite fall on
an isochron, whose slope is related to the age
of the system. The age in this case is 4.54 Ga.
Data from Nyquist et al. (1990). (Source:
White (2013). Reproduced with permission of
John Wiley & Sons.)

as micas are comparatively reactive, in the
sense that some or much of the Rb may be
present in exchangeable sites. These miner-
als are also subject to metamorphic resetting
or partial resetting at relatively low tempera-
tures. Thus, Rb-Sr is a good system for dating
acid igneous rocks where no intervening meta-
morphism or alteration has occurred, and for
metamorphic rocks.

Rb-Sr dating can in special instances be
applied to sedimentary rocks. Sedimen-
tary rocks are generally difficult to date
by any method because of the lack of the
high-temperatures necessary for homogeniza-
tion of initial Sr isotope ratios. But minerals
crystallizing from a homogeneous solution,
such as seawater, will all have identical ini-
tial ratios. Thus dates have been obtained
using minerals such as authigenic celadonite
(a K- and Rb-rich mineral) and calcite (a
Rb-poor, Sr-rich mineral). An additional
advantage is that the evolution of 37Sr/%6Sr
in seawater is known. Thus a reasonable
assumption about the initial 87Sr/%¢Sr ratio
may be made if the approximate age is known.
However, successful dates of sediments are
certainly rare.

2.4.2  Srisotope chronostratigraphy

Sr isotope ratios can, however, be used to date
sediments in another way. Sr has a long res-
idence time in the oceans, a consequence, in
part, of its relatively high solubility. Conse-
quently, it is uniformly mixed in the open
ocean. As a result of that, its concentra-
tion and isotopic composition in the mod-
ern ocean is uniform. Its isotopic composition
has, however, changed over geologlc time. The
change over the Phanerozoic is illustrated in
Figure 2.12.

Since seawater 37Sr/%¢Sr is geographically
uniform at any time yet varies through time,
the isotopic composition of material pre-
cipitated from seawater will be a function
of time. Sr is concentrated in calcite and
aragonite, which many organisms, most
notably mollusks, corals, and foraminifera,
precipitate to form shells. By comparing
the 8/Sr/%¢Sr of a particular shell with the
seawater curve in Figure 2.12, we can deter-
mine its age. This dating technique is called
Sr isotope chronostratigraphy. There are,
however, several caveats. First, 37Sr/%¢Sr is
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Figure 2.12  37Sr/8¢Sr in seawater through
Phanerozoic time determined from the analysis
of phosphate and carbonate fossils. (Source:
Adapted from McArthur et al., 2001).

uniform only in the open ocean; it can vary
in coastal areas due to continental inputs.
Thus, for example, oyster shells would not
be useful because oysters grow in brackish
water. Second, while the ratio in a pristine
shell should reflect the composition of the
water it precipitates from, this ratio may
change as a result of interaction with pore
water. Finally, a given value of 37Sr/%¢Sr does
not necessarily correspond to a unique age.
For example, the value of 0.7080 occurred
during Ordovician, Devonian, Mississip-
pian, Permian, and Cenozoic time. Thus,
the age of the fossil being dated needs to
be approximately known before Sr isotope
chronostratigraphy can be applied usefully.
Finally, the accuracy of this technique depends
on how accurately the 37Sr/%¢Sr value of sea-
water is known for any given time. For
much of the Cenozoic, particularly the late
Cenozoic, these values are very well known.
Consequently, Sr isotope chronostratigraphy
provides useful and accurate ages for these
times. Values are much less well known for
the Paleozoic.

The change in seawater 87Sr/3¢Sr shown in
Figure 2.12 has been very non-linear. Indeed,
there have been times, such as the Permian
and the Jurassic, when 37Sr/%Sr has actually
decreased in seawater. This is perhaps initially
surprising since the decay of 8’R to /Sr occurs
at a constant rate. This reflects the open sys-
tem nature of the oceans. Salts are continu-
ously added and removed from seawater; con-
sequently, the oceans inventory of Sr is con-
stantly, albeit slowly, renewed. Thus, the iso-
topic composition of seawater Sr reflects the
isotopic composition of Sr added to seawater,
that is, the isotopic composition of the sources
of Sr in seawater. We can broadly divide
these sources into “continental” and “man-
tle.” The continental source is dominantly the
riverine input, and secondarily wind-blown
and glacially derived particles that dissolve or
partly dissolve when they reach the sea. The
isotopic composition of the continental source
will vary with the nature of continental mate-
rial undergoing erosion at any time as well as
with the rate of erosion. The mantle source
consists primarily of hydrothermal fluids of
mid-ocean ridge hydrothermal systems. Sec-
ondary sources include erosion and weather-
ing (both subareal and submarine) of young,
mantle-derived basalts. We’ll discuss this fur-
ther in Chapter 7.

2.5 THE SM-ND SYSTEM

1476m decays to 3Nd by alpha decay with
a half-life of 106 Ga (4 = 6.54 x 10712a°1),
Because the half-life is so long, the result-
ing variations in Nd isotopic composition are
small and require precise measurement. Sm
and Nd are both intermediate rare earth ele-
ments (Figure 2.13). The distinctive feature of
the rare earth elements is that inner electron
shells (specifically the 4f and 5d shells) are
being filled as atomic number increases. Nor-
mally an electron is added to the outermost
shell when atomic number increases. It is the
outer electron shells that dictate the chemical
behavior of elements. Since the outer electron
shells of the rare earths have identical con-
figurations, we would expect them to behave
quite similarly. This is indeed the case. The
rare earths generally have a +3 valence, the
most important exceptions being Eu, which
is +2 under some conditions, and Ce, which
is +4 under some conditions. The primary
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Figure 2.13 Periodic Table highlighting the rare earths (gray background) and Nd and Sm.

chemical difference between the rare earth
elements is the ionic radius, which shrinks
systematically from 115 pm for La (A = 57)
to 93 pm for Lu (A =71). Since the rare
earths form predominately ionic bonds with
oxygen in the solid Earth, their ionic radius
is a key factor in their geochemical behav-
ior. Thus there is a systematic variation in
their abundances in rocks, minerals, and solu-
tions (see Box 2.1 on rare earth plots). The
ionic radii of Sm and Nd, which are sep-
arated by Pm (an element that has no sta-
ble or long-lived isotope), differ by only 4
pm (Nd =108, Sm = 104). The ionic radii
and relatively high charge of the rare earths
make them fairly unwelcome in many min-
eral lattices: they can be considered moder-
ately incompatible, with Nd being slightly
more incompatible than Sm. Ce is generally
the most abundant rare earth and forms its
own phase in rare instances. Some rare earths,
particularly the heavier ones, are accommo-
dated in lattice structures of common miner-
als; for example, the partition coefficient of
Lu in garnet is in the range of 4-10 (depend-
ing on the composition of the magma and
the garnet). In mafic minerals, the lighter rare
earths, which have the largest ionic radii,
tend to be excluded more than the heavies,
but in plagioclase, the heavies are the most
excluded (though partition coefficients gen-
erally are less than 0.1). The high valence
state of the rare earths results in relatively

strong bonds. This, together with their ten-
dency to hydrolyze (i.e., surround themselves
with OH™ radicals), results in relatively low
solubilities and low mobilities.

Although absolute concentrations vary sig-
nificantly, the rare earths have very nearly the
same relative abundances (that is, ratios to
each other) in all classes of chondritic mete-
orites and they all exhibit flat patterns on rare
earth plots such as Figure 2.15 (see Box 2.1).
This suggests that the rare earths were not
fractionated in the solar nebula, the cloud of
gas and dust from which solar system bodies,
including the parent bodies of meteorites and
the Earth, formed. This is also true of other
refractory® elements, such as Lu, Hf, Th, and
U, but it is not true of elements that condense
of lower temperatures. Much of the chemical
variation among chondritic meteorites relates
to volatility, and hence is apparently due to
elements evaporating or condensing from
nebular gas. That the relative abundance of
refractory elements does not vary suggests
nebular temperatures were never hot enough
for significant fractions of these elements to
evaporate.

Since the relative concentrations of rare
earths in chondrites are uniform and identical
(within analytical error) to those in the Sun,
the nebular dust from which the Earth formed
should also have had those same relative
concentrations of Sm and Nd. Thus, until
recently it was widely assumed that the Earth
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Box 2.1 Rare Earth Plots

The systematic contraction in the ionic radii of the rare earth elements leads to systematic variation in
their behavior. This is best illustrated by viewing their abundances on rare earth, or Masuda—Coryell,
plots. The plots are constructed by first “normalizing” the concentrations of the rare earth; that is,
dividing but the concentration of the element in a standard. Generally, this standard is the abundance
in chondritic meteorites, but other values are also used (for example, rare earths in sediments and
seawater are often normalized to average shale). This normalizing process removes the sawtooth
pattern that results from odd-even nuclear effects, and also the effect of decreasing concentration
with atomic number. Those concentration variations, illustrated in Figure 2.14, reflect differences in
nuclear stability and the nucleosynthetic process, and therefore affect the abundances of rare earths
in all matter. Removing these effects by normalization highlights differences in concentration due to
geochemical processes. After normalizing, the log of the abundance of each element is plotted against

atomic number, as is illustrated in Figure 2.15.
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Figure 2.14 Rare earth concentrations in the CI carbonaceous chondrite Orgueil. (Source: White
(2013). Reproduced with permission of John Wiley & Sons.)

also has chondritic relative abundances of
the rare earth elements. Consequently, the
1476 m/144Nd ratio of the Earth was assumed
to be equal to the mean chondritic value of
0.1960-0.1967 (corresponding to a Sm/Nd
of about 0.325; uncertainty in this number
reflects the small variation observed in chon-
drites and in determining a mean value).
Assuming further that the solar nebula was
isotopically homogeneous, we could also
infer that the initial Nd/'"*Nd ratio of
the Earth should be identical to the initial
143Nd/'"*Nd ratio of in chondrites. If the
initial *3Nd/'"**Nd ratio and the Sm/Nd ratio
of Earth are the same as chondrites, then the

€Nd =

present "Nd/'**Nd should also be the same
as the present ratio in chondrites.

These observations and assumptions led to
a useful notation, namely ey (epsilon-Nd),
which is the relative deviation from the chon-
dritic value (DePaolo and Wasserburg, 1976).
These deviations are small, so we write them
in deviations in parts in 10,000. Thus ey is
defined as follows:

143 Nd/144Ndsample
_143Nd/l44NdCHUR

143 Nd/l44NdCHUR

x 10000 (2.45)
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Figure 2.15 A rare earth plot showing rare earth patterns for Orgueil, average upper continental crust,
and average mid-ocean ridge basalt (MORB). (Source: White (2013). Reproduced with permission of

John Wiley & Sons.)

where CHUR stands for chondpritic uniform
reservoir; that is, (" Nd/'"**Nd)cyyr is the
value of the ratio in chondrites. We can cal-
culate an ey, for any point in time. For the
present, the value of (M3Nd/'"Nd)cyur is
0.512630 or 0.512638 when “*Nd/'"**Nd =
0.7219% and "7 Sm/'"**Nd is 0.1960 or 0.1966,
respectively (Jacobsen and Wasserburg, 1984;
Bouvier et al., 2008). To calculate ey, for
any other time, we need to use the chondritic
value at that time. One advantage of this nota-
tion is that eyy are small numbers of only
two or three significant digits, with the range
in eyy; among most terrestrial rocks being
+14 to —20. This same range corresponds to
146N d/"*4Nd from 0.5116 to 0.5132.

Recent work on the "?Nd/'**Nd ratio has
provided reason to question the assumption
that the Sm/Nd ratio of the Earth is chon-
dritic. "*Nd is produced by decay of #¢Sm,
which has a half-life of 68 Ma. Because of its
short half-life, '**Sm no longer exists in the
Solar System, but it did when the Solar System
first formed. Its decay led to variations in the
142Nd/'*4Nd ratio. Most notably, nearly all
terrestrial materials have **Nd/!**Nd ratio
about 0.2 epsilon units (0.002%) higher than
the chondritic value (Boyet and Carlson,
2005), the only exceptions being some early
Archean rocks (>3.5 Ga) that show vari-
able 2Nd/'**Nd ratios (e.g., Boyet et al.,
2003, O’Neil et al., 2008). This implies the

1476m/'*ONd ratio of the Earth is about 6—-8%
higher than the chondritic one (about 0.208),
corresponding to an ey, of about +7.

Why the Earth should not have a chondritic
Sm/Nd ratio is unclear. These two elements
are very similar to each other in chemical
behavior, having identical configurations of
electrons in bonding orbitals, and are both
refractory lithophile elements. Indeed, Nd
and Sm have 50% condensation temperatures
of 1602 and 1590 K, respectively. It is difficult
to see how processes operating in the solar
nebula could have fractionated these elements
significantly. Two primary hypotheses have
been proposed to explain this; both involve
formation of an early primitive, incompatible
element-enriched, and therefore low Sm/Nd,
crust by crystallization of a terrestrial magma
ocean. Boyet and Carlson (2006) suggested
that this enriched crust (what they call the
“Early Enriched Reservoir”) subsequently
sunk to the deep mantle where is remains.
The complimentary “Early Depleted Reser-
voir” is the part of the mantle sampled by
volcanism and gave rise to the present con-
tinental crust. In this model, the bulk Earth
does have chondritic Sm/Nd, although the
“observable” part does not.

Alternatively, Caro et al. (2008) and Caro
and Bourdon (2010) proposed that the prim-
itive incompatible element-enriched crust was
lost from the Earth by “collisional erosion”;
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as the Earth accreted from nebular material,
very large impacts of protoplanetary bodies
blasted the proto-crust into space. In sup-
port of this view, they point out that the
Moon, itself thought to have formed when a
large protoplanet impacted Earth, appears to
have the same non-chondritic Sm/Nd as the
Earth, as may Mars (although the case for
non-chondritic Sm/Nd is weaker for Mars). A
third proposed explanation is heterogeneous
distribution of *>Nd or, particularly, 1#*Sm
in the solar nebula. There is indeed some evi-
dence of isotopic heterogeneity in the solar
system and we will consider this in more detail
in Chapter 5.

Figure 2.16 illustrates how '**Nd/'"**Nd has
evolved in the Earth. If the Earth indeed
has chondritic Sm/Nd, it evolves along the
line labeled “CHUR.” If the '4/Sm/'*4Nd is
higher (0.208), it evolves along a steeper
trajectory labeled “Bulk (Observable) Silicate
Earth.” In either case, differentiation of the
Earth into a light rare earth-enriched crust
and light rare earth-depleted mantle results
in the mantle evolving along a steeper (high
Sm/Nd) trajectory, and crust evolving along
a less steep one (low Sm/Nd). Converting
143Nd/"*Nd to eyy (Figure 2.16b) the CHUR
value remains constant at eyg = 0 while the
observable Earth evolves toward an ey value
of about +7. The mantle evolves toward even
more positive eyy while the crust evolves
toward negative exg-

Perhaps the greatest advantage of Sm/Nd
is the lack of mobility of these elements.
The Sm-Nd chronometer is therefore rela-
tively robust with respect to alteration and
low-grade metamorphism. Thus the Sm-Nd
system is often the system of choice for mafic
rocks and for rocks that have experienced
metamorphism or alteration. An additional
advantage is relatively high closure tempera-
tures for this system making it useful for dat-
ing peak metamorphism.

There also are several drawbacks to the use
of the Sm-Nd system in geochronology. First,
the half-life of 147Sm is relatively long, leading
to relatively small variation in '*3Nd/'"**Nd
and imprecise ages, particularly for young
rocks. The second is the limited variation in
Sm/Nd. As things turn out, however, Sm-Nd
compliments Rb-Sr nicely. Sm/Nd variations
tend to be largest in mafic and ultramafic
rocks and smallest in acid rocks, exactly the
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Figure 2.16 (a) Nd isotope evolution in
CHUR, the chondritic uniform reservoir (bold
line), a bulk observable Earth with higher
Sm/Nd than CHUR (dashed), and crust and
residual mantle produced at 3.5 Ga, and the
evolution of a continuously depleted mantle.
(b) Evolution of bulk (observable) silicate
earth, crust, and mantle when "3Nd/"*4Nd is
transformed to eyy. Also shown are cartoons
of the corresponding rare earth patterns.
(Source: White (2013). Reproduced with
permission of John Wiley & Sons.)

opposite of Rb/Sr. One application that has
been highly successful has been to use the
Sm-Nd isotope system to date garnet bear-
ing rocks. Garnets incorporate HREE over
LREE as they grow, which lead to very high
Sm/Nd ratio in these minerals, Therefore,
garnet bearing rocks such as eclogites can
be dated to relatively high precision with the
Sm-Nd system. Figure 2.17 is an example of
a Sm-Nd isochron of a garnet-bearing gran-
ite from the Qinling—Tongbai—Dabie—Sulu
ultrahigh-pressure (UHP) metamorphic belt
in China (Cheng et al., 2011). The 394 Ma
age is younger than the 434 + 7 Ma zircon
age of the granite. The garnets likely formed
from incongruent breakdown of biotite.



DECAY SYSTEMS AND GEOCHRONOLOGY I 55

0.517

0.516 _ MSWD = 1.14

0.515 |

143Nd/144Nd

0.514

0513 |

WR. | ,

0.512 E

143Nd/™4Nd, = 0.512085+16

0 0.25 0.5

1 1.25 1.5 1.75

147Sm/144Nd

Figure 2.17 Sm-Nd isochron based on six garnet fractions, two whole rocks and a biotite fraction
from the Qinling metamorphic belt in China. Errors are smaller than the symbols. (Source: Adapted
from Cheng et al. (2011). Reproduced with permission of Elsevier.)

The age reflects time the granite cooled
through the closure Sm-Nd temperature, in
this case some 40 million years after crys-
tallization, suggesting it remained deeply

buried.

2.5.1 Sm-Nd model ages and crustal residence
times

A general assumption about the Earth is that
the continental crust has been created from the
mantle by magmatism. When a piece of crust
is first created, it will have the '3Nd/'*Nd
ratio of the mantle, though its Sm/Nd ratio
will be lower than that of the mantle (a
consequence of Nd being more incompatible
and partitioning more into the melt than
Sm). Let’s make the simplistic assumption that
the mantle has the same Nd isotopic history
as CHUR. This means a piece of crust will
have the same *3Nd/'"**Nd as the mantle and
as CHUR when it is created, that is, exg =
0. If we know the present-day Sm/Nd and
143Nd/"*Nd ratio of this piece of crust, we
can estimate its age. Figure 2.18 illustrates
how this is done graphically; let’s see how
this is done mathematically. What we want to
find is the intersection of line describing the
evolution of the sample and that describing
the evolution of the mantle. To do so, we
simply need to subtract one equation from
the other.
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Figure 2.18 Sm-Nd model ages. The
143Nd/'*4Nd is extrapolated backward (slope
depending on Sm/Nd) until it intersects a
mantle or chondritic growth curve. (Source:
White (2013). Reproduced with permission of
John Wiley & Sons.)

The closed system isotopic evolution of any
sample can be expressed as:

143Nd/l44Nd — 143Nd/l44Nd0

+ 198N, (e — 1)
(2.46)

The chondritic evolution line is:

143Nd/144NdCHUR — 143Nd/144Nd0
+ Y 8m /1M Nd cyr(e® = 1) (2.47)

The CHUR model age of a system is the
time elapsed, ¢t = 7, since it had a chondritic
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143N d/'"*4Nd ratio, assuming the system has

remained closed. We can find 7 by subtracting
Eqn. 2.47 from 2.46, which yields:

143Nd/144Nd5am _ 143Nd/144NdCHUR

_ {147sm/144Ndsam . 147Sm/144NdCHUR}
X (e’ —1) (2.48)

Another way of thinking about this problem
is to imagine a "3 Nd/'**Nd versus time plot:
on that plot, we extrapolate the sample’s
evolution curve back to the chondritic one.
In terms of these equations, this intersection
occurs at ("3 Nd/'"**Nd),,.

Solving eqn. 2.48 for z:

143Nd/144Nd .
_ 1 | _143Nd/144NdCHUR )
TcHur = 711 147§ /144 Nd +
—147Sm/144NdéZnUR

(2.49)

An age obtained in this way is called an
Nd model age (the model is that of chon-
dritic evolution of the mantle), or a crustal
residence age, because it provides an estimate
of how long this sample of Nd has been in
the crust. Note that we explicitly assume the
sample has remained a closed system, in the
sense of no migration in or out of Sm or Nd.
Because of the immobility of these elements,
the assumption often holds, although gener-
ally only approximately.

We can obtain somewhat better model ages
by making more a sophisticated assumption
about the Nd evolution of the mantle. Since
the crust is enriched in Nd relative to Sm,
the mantle must be depleted in Nd relative to
Sm (analyses of mantle-derived rocks confirm
this) and the mantle should evolve along a
line steeper than chondritic. Once we decide
on Sm/Nd and present-day *3Nd/"**Nd ratios
for this “depleted-mantle” (the latter can be
estimated from the 3Nd/!*Nd of MORB,
mid-ocean ridge basalts), we can calculate a
model age relative to the depleted mantle by
substituting the depleted-mantle terms for the
CHUR terms in 2.47 and 2.48.

To calculate the depleted mantle model
age, tpy, wWe use the same approach, but
this time we want the intersection of the
sample evolution line and the depleted mantle

evolution line. So Eqn. 2.49 becomes:

43N 4 /144Nd
143 144
—147Sm/144Nc;';mM

The depleted mantle (as sampled by
mid-ocean ridge basalts) has an average
eng of about 9, or *3Nd/*Nd = 0.51310.
The simplest possible evolution path, and
the one we shall use, would be a closed
system evolution since the formation of the
Earth, 4.55 Ga ago (i.e., a straight line on a
143Nd/"**Nd vs. time plot). This evolution
implies a '*7Sm/!*4Nd of 0.213.

Because the Sm/Nd ratio is so little affected
by weathering, and because these elements
are so insoluble, Sm/Nd ratios in fine-grained
sediments do not generally differ much from
the ratio in the precursor crystalline rock.
Thus, the system has some power to “see
through” even the process of making sed-
iment from crystalline rock. The result is
we can even compute crustal residence times
from Nd isotope ratio and Sm/Nd measure-
ments of fine-grained sediments. This gener-
ally does not work for coarse-grained sedi-
ments though because they contain accessory
minerals whose Sm/Nd ratios can be quite dif-
ferent from that of the whole rock.

2.6 THE LU-HF SYSTEM

Lu is the heaviest rare earth element, with
a valence of +3 and an ionic radius of 93
pm. It has two isotopes, '°Lu (97.4%) and
1761u (2.6%). As an odd-odd nuclei, 17¢Lu
is unstable relative to both 7Yb and !7°Hf.
However, there is some uncertainty as to
whether the decay to '7°Yb occurs at all, and it
certainly constitutes less than 3% of the decay.
Hf is a member of the group IVB elements,
which include Ti and Zr. As members of
the same periodic group, the three elements
show chemical similarity and this similarity
is quite strong in the case of Zr and Hf.
Hf has an ionic radius of 71pm in 6-fold
coordination (0.83 in 8-fold coordination)
and a valence of +4. The particularly strong
similarity between Hf and Zr results in part
from the similarity of ionic radii: the radius
of Zr** is 72pm in 6-fold and 84 pm in
8-fold coordination; the radius of Ti** is much
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smaller: 61pm. Lu can be considered a slightly
to moderately incompatible element; Hf is
moderately incompatible (its incompatibility
is very similar to that of Sm).

The Lu-Hf system shares many of the
advantages of the Sm-Nd system: both are rel-
atively insoluble and immobile elements, both
are refractory and hence we have reason to
believe that the Lu/Hf ratio is the Earth should
be the same as in chondrites. Indeed, we can
define an ey value in a manner exactly anal-

ogous to the exy:

(176Hf/177Hf)

sample
_(176H 177H) on
ey = | =2 f/m Pason | 10000
( Hf/ Hf)Chon
(2.51)

Isotopic analysis of Hf is made difficult by
its extremely limited aqueous solubility and
its nearly identical chemical behavior to Zr
(indeed, its chemical similarity to Zr is one
reason why Hf was the very last stable ele-
ment to be discovered and isolated — it was
discovered in X-ray spectra in 1923 and the
metal first purified in 1925). Although labo-
rious, standard techniques are available for
Hf purification. An additional problem is that
the temperatures required for ionization are
extremely high; as a result the ionization effi-
ciency by thermal ionization is low, mak-
ing analysis difficult by this method. This
problem has been overcome with the devel-
opment of multiple-collector magnetic sector
inductively coupled plasma mass spectrome-
ters (MC-ICP-MS), in which the analyte is ion-
ized in an Ar plasma rather than thermally.
Secondary ion mass spectrometry, in which
the Hf is ionized by an ion beam while being
heated (hot SIMS), has also been used with
some success but has now been abandoned
in favor of MC-ICP-MS Hf analysis, which
enjoys widespread use.

As the analytical problems with the Lu-Hf
system were overcome, other problems
emerged that needed to be resolved. Perhaps
most importantly, there was a worrisome
amount of uncertainty of the value of the
decay constant. Determining the decay rate of
a nuclide that decays as slowly as '7°Lu is not
easy. As we noted earlier, there are several pos-
sible approaches. These approaches produced
results that did not agree as well as one would

hope. Counting experiments performed
since 1975 have yielded a range of decay
constants ranging from 1.70x 10~a~! to
1.93x 107" a"! a 14% range. The “calibra-
tion” approach has also produced a range
of values. Tatsumoto et al. (1981) calculated
a decay constant of 1.94 x 10~"a~! from a
Lu-Hf isochron on eucrite meteorites assum-
ing an age of 4.55 Ga. Scherer et al. (2001)
performed a calibration experiment by obtain-
ing U-Pb and Lu-Hf isochrons on four rock
suites ranging in age from 0.91 to 2.06 Ga and
using the U-Pb ages to determine a decay con-
stant for 7®Lu of 1.865 +0.015 x 10~ a1,
Soderlund et al. (2004) calculated a decay
constant of 1.867+0.008 x 10''a~! by
comparing Lu-Hf and U-Pb isochrons of
Proterozoic dolorites from Sweden and Fin-
land. Bizzarro et al. (2003) determined a
decay constant of 1.983 x 10~ !'a~! from an
isochron on chondritic and eucritic meteorites
and an assumed age of 4.56 Ga. Although
the Bizzaro age was based on an isochron
that mixed different classes of meteorites with
different histories, it seemed that one value of
the decay constant applied to meteorites and
another to terrestrial samples, which hardly
seemed likely.

Subsequent studies of meteorites appear to
have resolved this issue in favor of the “terres-
trial” decay constant of Séderlund and Scherer
(1.867 x 10" a~! is the currently accepted
value). Amelin (2005) carried out a calibra-
tion study using phosphates (such as apatite)
in the Acapulco and Richardton meteorites.
Phosphates have the useful property that the
concentrate both U and the rare earths, such
as Lu while excluding Pb and Hf. The result-
ing high U/Pb and Lu/Hf ratios lead to good
chronometers (unfortunately, phosphates are
also rather soluble, hence isochrons are poten-
tially easily disturbed, although they were not
in this study). Comparing Lu-Hf isochrons
with previously determined U-Pb ages
of 4556.5+1.3Ma and 4550.7 + 2.6 Ma,
Amelin (2005) found decay constants of
1.864 +0.016 x 10" a~! and 1.832 + 0.029 x
10 a~!, in good agreement with the previ-
ously determined decay constants from
terrestrial samples. Subsequent work by Bou-
vier et al. (2008) found that the least thermally
metamorphosed chondrites (petrologic classes
1-3) showed much less scatter on an Lu-Hf
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Figure 2.19 Lu-Hf systematics of chondrite meteorites. Data of Bouvier et al. (2008) in gray, data
from Blichert-Toft and Albarede (1997), Bizzarro et al. (2003), and Patchett et al. (2004) in black.
Petrologic classes 4-6 (open symbols) considered “equilibrated” while classes 1-3 (closed symbols) are
considered “unequilibrated.” Red line is the isochron of Bouvier et al. (2008). The scatter is likely to
due to thermal and shock metamorphism and Lu mobility in phosphate compounds on the meteorite

parent bodies.

isochron plot than metamorphosed or “equi-
librated” chondrites (Figure 2.19). Using only
the most precise data and assuming an age
of 4568.5 Ma, they calculated a '7°Lu decay
constant of 1.884 (+0.060)x 10~''a~!, in
good agreement with the value obtained in
studies of terrestrial rocks.

In addition to questions about the decay
constant, there have also been questions about
the 17Lu/!””Hf ratio and the present and ini-
tial 176Hf/!”"Hf ratio of chondrites. A good
part of the problem is that there is a 28%
variation in the '*”Lu/!””Hf ratio in chondrites
(compared to only 3% variation in the Sm/Nd
ratio). Bouvier et al. (2008) found that when
only the least thermally metamorphosed chon-
drites are considered the scatter in 16”7 Lu/!'7"Hf
ratio reduces to only 3%, comparable to that
observed for Sm/Nd. They argued the prob-
lem likely relates to the presence of phosphate
phases in meteorites. These can have very
high '®"Lu/!'"7Hf ratios and easily mobilized
and recrystallized during thermal metamor-
phism. Using only the least thermally meta-
morphosed chondrites, Bouvier et al. calcu-
late a mean '7°Lu/'7Hf ratio of 0.0336 +
1 and a mean eHf/""Hf = 0.282785 + 11,
corresponding to an initial eHf/!7Hf =

0.27978 + 0.00004. However, the question of
the initial '7°Hf/'””Hf of the Solar System
persists. For example, Bizzarro et al. (2012)
reported a '7°Lu-!7°Hf internal isochron age
of 4869 + 34 Ma for a pristine achondritic
meteorite (the angrite SAH99555), which had
been precisely dated by U-Pb to 4564.58 +
0.14 Ma. Thus the Lu-Hf age is roughly
300 Ma too old. Their isochron yields an ini-
tial 76Hf/'7Hf of 0.279685 + 0.000019, 3.4
gy units lower than Bouvier et al.’s value,
which they argue is the initial eg; of the Solar
System. We’ll discuss this question in more
detail in the context of events of the early Solar
System in further detail in Chapter 5. In this
book we will continue to use the Bouvier et al.
(2008) value of the chondritic 17¢Hf/'""Hf for
calculation of efy. Nevertheless, there is some
uncertainty in the egy; of the silicate Earth, per-
haps several epsilon units, just as there is for
the enq of the silicate Earth.

The Lu-Hf system has several advantages,
in principle at least, over the Sm-Nd system.
First, because the half-life of 17°Lu is shorter
than that of Sm (37 Ga versus 106 Ga)
and because the range of Lu/Hf ratios in
common rocks and minerals is greater than
that of Sm/Nd, the variations in 7¢Hf/'"""Hf
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and gy are larger than of *3Nd/'**Nd and
eng- Second, because of the chemical similarity
of Hf to Zr, Hf is concentrated in zircon, a
very robust mineral that also concentrates U
and can be dated using the U-Pb system.

The general similarity between the Lu-Hf
system and the Sm-Nd system is demonstrated
by Figure 2.20, which shows that ey and
eng are well correlated in crustal rocks of
all ages. It also shows that the variations in
gy are about half again as large as those
of eng- The correlation holds for “terrige-
nous,” that is marine continent-derived sed-
iments, but breaks down for “hydrogenous”
sediments that contain a significant compo-
nent derived from seawater, which define a
shallower “seawater array.” This results from
two effects. The first is the “zircon effect”
(Patchett et al., 2004). When continental rocks
are weathered, the rare earths, including Sm,
Nd, and Lu concentrate in clays, but a signifi-
cant fraction of unradiogenic Hf remains con-
centrated in zircons, which resist both chem-
ical and mechanical weathering. The zircons
tend to remain in coarser-grained sediments
on the continents or continental shelves, thus
the Hf flux to the oceans from the continents

is more radiogenic than the continents them-
selves. Secondly, Hf is extremely insoluble
in stream and ocean water, but less so in
hydrothermal solutions where it forms soluble
complexes with fluorine (Bau and Koschinsky,
2006). As a result, the flux of radiogenic Hf
to seawater from the oceanic crust is larger
compared to the hydrothermal Nd flux (White
et al., 1986). One consequence of the differ-
ent behaviors of Hf and Nd during weathering
is that there would be little point to calculat-
ing Lu-Hf crustal residence times analogous
to Sm-Nd residence times. We can, however,
use initial egy¢ values of detrital zircons to trace
crustal evolution. We will return to all of these
topics in Chapter 7.

One important difference between Lu-Hf
and Sm-Nd is that whereas Sm/Nd ratios
usually do not change much in the weath-
ering of a crystalline rock to form a sed-
iment, Lu/Hf ratios do. In both cases, the
elements are reasonably insoluble, and lit-
tle is carried away by solution. Most of the
rare earths end up in clays, but much of
the Hf in felsic crystalline rocks of the con-
tinental crust is in zircon (ZrSiOy), which,
as we have already noted, is very resistant
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Figure 2.20 &; and ey in the Earth. The ey and ey in magmatic rocks of the continental and
oceanic crust define the “terrestrial array” (e = 1.21 + 1.55eyy; Vervoort and Blichert-Toft, 1999;
Vervoort et al., 2011). Terrigenous sediments also lie on this array. Hydrothermal and hydrogenous
sediments, including Mn-Fe crusts and nodules, define a shallower array, called the seawater array by
Albarede et al. (1998) described by the equation gy = 7.1 + 0.55ery (Vervoort et al., 2011). From the

database kindly provided by J. D. Vervoort.
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(a) Lu-Hf isochron for a garnet-mica schist from northern Idaho. The low MSWD

indicates a good fit. (Source: Adapted from Nesheim et al. (2012). Reproduced with permission of
Elsevier.) (b) Lu-Hf age for a blueschist from the Franciscan of California. The high MSWD indicates
the isochron fits the data poorly and suggests either open system behavior or the effect of zircon

inclusions. (Source: Adapted from Mulcahy et al.,

to both chemical and mechanical weathering.
The clays are, of course, quite fine and can
be carried great distances from their source.
Zircon remains in the coarse (and hence less
mobile) sand fraction. As a result, there are
large differences between Lu/Hf ratios in fine
and coarse sediments.

Figure 2.21 illustrates two recent examples
of Lu-Hf geochronology. The first (Figure
2.21a) is a garnet-mica schist from Snow
Peak in northern Idaho. Garnets strongly
concentrate Lu, as well as the other heavy
rare earths, while excluding Hf, making
garnet-bearing rocks good targets for Lu-Hf

2009.)

geochronology, as they are for Sm-Nd
geochronology. Nesheim et al. (2012) ana-
lyzed four garnet fractions and a whole
rock, with the data defining an age of meta-
morphism 1314 + 2.3 Ma. The low MSWD
indicates that all variation from the isochron
can be explained by analytical error alone.
The second example is blueschist facies
metamorphic rocks from the Ring Moun-
tain on the Tiburon Peninsula in California
(which projects into San Francisco Bay).
Blueschist facies metamorphic rocks are
formed in the high pressure, low temperature
regime of subduction zones and have been
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difficult to date by methods other than
K-Ar. Among their characteristic minerals
are glaucophane (Na,Mg;Al,SigO,,(OH),),
which gives blueschist facies rocks their
characteristic blue color, and lawsonite,
(CaAl,Si, O5(OH),-H,0). The latter can, in
some cases, incorporate heavy rare earths
such as Lu, while glaucophane preferentially
incorporates Hf. The ages reflect closure of
these to diffusion; the closure temperatures
are not known but are probably high relative
to the conditions typical of blueschist facies
metamorphism. Mulcahy et al. (2009) ana-
lyzed lawsonite and glaucophane separates, as
well as whole rock samples, and obtained the
isochron shown in Figure 2.21(b). In this case,
the MSWD is rather high, indicating the misfit
to the isochron is greater than expected from
estimated analytical errors alone. This may be
a consequence of open system behavior — the
lawsonite formed under retrograde conditions
while the rocks were being exhumed - or, in
this case, inclusion of Hf-rich phases within
the separates, such as titanite. The age never-
theless agrees well with other ages from the
Tiburon Peninsula, which range from 157 to
141 Ma.

2.7 THE RE-OS SYSTEM
2.7.1 'The Re-Os decay system

After early efforts by Hirt et al. (1963), the
Re-Os system was largely ignored due to
the analytical challenges it presented. The
problems are two-fold: (1) Os is an extremely
rare element, rarely present at concentrations
above the part per billion level (and often
much lower) and (2) Os metal is extremely
refractory, evaporating and ionizing only
at extremely high temperatures. This was
been overcome through analysis of the neg-
ative ion of OsOj-, which, in contrast to the
metal, evaporates and ionizes at quite low
temperature. This technique has proved to
be extremely sensitive, making it possible
to determine Os isotope ratios on extremely
small amounts of Os (Creaser et al., 1991).
Consequently, the Re-Os system has become a
useful geochronological tool over the past two
decades, although the applications are some-
what limited. Up to now, most of the elements
of the decay systems we have discussed have
been lithophile (derived from Greek words for
“rock” and “love”) elements (the exception

is Pb, which is chalcophile). Lithophile means
simply that, given the choice, the element
prefers a silicate or oxide phase (in fact a
better term would be oxyphile) to a sulfide
or metal phase. Chalcophile elements would
choose the sulfide phase and siderophile ele-
ments would choose a metal phase given the
same choices (a final group is the atmopbhile
elements: those elements preferring a gas
phase). Re and Os are both siderophile
elements, though both also have some chal-
cophile tendencies. Their siderophile nature
accounts for their low concentrations in the
crust and mantle: most of the Earth’s Re and
Os are in the core. Os is one of the platinoid,
or platinum-group, elements (the second and
third transition series members of Group VIII
elements) that include Ru, Rh, Pd, and Ir
and well as Os and Pt. Like the rare earths,
these elements behave coherently, though
their valences and ionic radii differ. The usual
valence state of Os is +4 at the Earth’s surface;
its ionic radius is 0.69. The valence of Re is
also +4; its ionic radius is 0.63. However, in
the mantle and in magmas, these elements
are likely in +1 or 0 valence states. Re is a
moderately incompatible element whereas Os
is highly compatible one: it partitions into
a melt only very sparingly. Hence, the crust
has a much lower Os concentration than the
mantle (the core, of course, should have a
higher concentration than both).

The older convention for Os isotope ratios,
established by Hirt et al. (1963) reports the
isotope ratio as '370s/!3¢Os (normalized for
fractionation to *20s/!830s of 3.08271). The
difficulty is with this normalization is that
186Qs is itself radiogenic, being the product
of a-decay of OPt. 1POPt is sufficiently rare
and its half-life sufficiently long (450 billion
years) that in most cases the amount of radio-
genic '3¢Os is insignificant. However, measur-
able amounts of radiogenic 13¢Os have been
observed, as discussed next. This discovery
prompted a shift in the convention and now
all laboratories report Os isotope analyses as
1870s/1880s. 1870s/18¢Os ratios may be con-
verted to 137Qs/!188Os ratios by multiplying by
0.12035.

Figure 2.22 illustrates the evolution of Os
isotope ratios in the crust and mantle. As
expected from the difference in compatibili-
ties of Re and Os, much higher 1870s/'88Os
ratios are found in the crust than in the mantle.
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Figure 2.22 (a) Schematic evolution of Os

isotope ratios in the mantle and crust. (b)
1870s/188 Qs evolution in the mantle. The
mantle root of continents (lithospheric mantle)
appears to have been particularly strongly
depleted in Re by melt extraction. (Source:
White (2013). Reproduced with permission of
John Wiley & Sons.)

Interestingly, the Re/Os ratio of the mantle,
and therefore presumably the silicate Earth,
is nearly chondritic (Allégre and Luck, 1980),
but unlike the Sm-Nd and Lu-Hf system, there
is no theoretical expectation that it should
be. This is a bit surprising if most of Re
and Os have been extracted to the core. If
the core and mantle are in equilibrium, then
mantle concentrations will be determined by
metal-silicate partition coefficients, which are
large for both elements. Since the partition
coefficients of these two elements are different,

the ratio of the two in the mantle should be
quite different from chondritic. The approx-
imately chondritic Re/Os ratio of the mantle
is, however, consistent with models in which
core formation is complete before the Earth
entirely accretes. In these models, the highly
siderophile elements, such as Re and Os, are
quantitatively extracted by core formation.
The inventory of highly siderophile elements
in the crust and mantle comes from the last
1% of material to accrete to the Earth, which
occurs after core formation. An alternative
explanation has been proposed by Snow and
Schmidt (1998). They argue that the nearly
chondritic Re-Os ratio of the mantle results
from mixing of a small fraction of the outer
core back into the mantle.

Since the silicate Earth appears to have a
near-chondritic 87Qs/133Os ratio, it is useful
to define a parameter analogous to exy and ey
that measures the deviation from chondritic.
Walker et al. (1989) defined y(, as:

(18705/18805>5mple

_<187Os/18805)Ch
Yos = 2 x 100
%705/ 08) 0,

(The present day chondritic '#0s/'#80s is
taken to be 0.1270.) Thus, the gamma param-
eter is exactly analogous to the epsilon one,
but where the latter is deviations in parts per
10,000, the former is percentage deviations.

Since the mantle '370s/'%0s evolution
curve is known, at least to a first approx-
imation, an estimate of age, or model age,
analogous to Sm-Nd model ages, can be
obtained simply by comparing the measured
1870s/1880s ratio with the mantle evolution
curve. Platinoid metal deposits association
with mantle-derived ultramafic rocks would
be one example of where such model ages
could be obtained. The PGM’s (platinum
group metals) occur as very fine (down to a
pm or so) metal alloys and sulfides. Os occurs
principally as osmiridium (Oslr) and laurite
(Ru[Os,Ir]S,). These minerals have Re/Os
close to zero. As a result the 870s/'%8Os ratio
ceases to change once these minerals form
(a model age would still be possible even if
a small correction for radiogenic growth of
18705 were necessary).

There has also been considerable interest
in the Os isotope composition of seawater.

(2.52)
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The ¥70s/1%80s ratio of modern seawater
is about seawater is about 1.07. Like that
of ¥/Sr/8¢Sr, 1870s/1880s depends on the
balance of continental fluxes (e.g., rivers,
with 1370s/1880s ~ 1.4) and oceanic crustal
fluxes (e.g., hydrothermal activity, with
1870s/1880s ~ 0.13). In addition, however,
cosmic fluxes (%70s/1%80s ~ 0.13), which
include both cosmic dust, which contin-
ually settles through the atmosphere into
the oceans, and large meteorite impacts,
may be significant for Os. Variations in the
proportions of these fluxes have resulted in
systematic changes in the 870s/!%8Qs ratio
through time. We’ll return to this topic and
discuss these changes in Chapter 7.

2.7.2  Re-Os geochronology

Because of the differences in compatibility,
Re/Os variations are huge, at least by com-
parison to the other systems we have con-
sidered. The mantle has a Re/Os ratio on
the order of 0.1 whereas the crustal mate-
rials can have Re/Os ratios of 100 or even
more. The ¥70s/'¥80s ratio of the mantle
is about 0.128 whereas the crustal ratio is
thought to be between 1.1 and 1.3. Despite
these large variations, strictly geochronologi-
cal applications of Re-Os are limited because
of the very low concentrations of Os in most
minerals. Yet in specialized circumstances,
such as iron meteorites, a variety of ore
deposits, hydrocarbons, and for some ultra-
mafic rocks such as komatiites (komatiites
are very MgO-rich lavas that occur almost
exclusively in the Archean, i.e., before 2.5 Ga),
Re-Os geochronology has proved quite valu-
able. Figure 2.23 is an example of an isochron
obtained on a komatiite from Monro Town-
ship in Ontario. Re is strongly concentrated
in some sulfides and arsenides, making the sys-
tem ideal for dating a variety of ore deposits,
including sulfides and gold deposits (e.g., Arne
et al., 2001). Let’s consider a few examples.

2.7.2.1 Re-Os dating of diamonds

One novel application of the Re-Os system
is dating diamonds by dating sulfide inclu-
sions within them. Since Re and Os are
somewhat chalcophile, they can be concen-
trated in mantle sulfide minerals such as
pyrrhotite (FeS), chalcophyrite (CuFeS,), and

18705/18605
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Figure 2.23 Re-Os isochron for a komatiite
from Monro Township. (Notice this uses the
older convention of 1370s/18¢Os.) (Source:
Adapted from Walker et al. (1988).
Reproduced with permission of Elsevier.)

Figure 2.24 A sulfide inclusion in diamond.
Fractures result because the sulfide expands
more than the diamond as it is decompressed
during ascent in the kimberlite eruption.
Carnegie Institution of Washington. (Source:
Photo J. W. Harris. Reproduced with
permission.)

pentlandite ((Fe,Ni)gSg). These minerals are
sometimes found as small inclusions in dia-
mond (Figure 2.24). Encapsulated in dia-
mond, individual inclusions become closed
systems and accumulate 87 Os is proportion to
the amount of '8”Re they contain. Figure 2.25
shows a 2.9 Ga Re-Os isochron derived from
inclusions in diamonds from the Kimberley
mine in South Africa. Studies such as these
have shown that diamond formation in the
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Figure 2.25 2.9 Ga Re-Os isochron from
high-Os sulfide inclusions in diamonds from

the Kimberley mine, South Africa. (Source:
Adapted from Richardson et al., 2001.)

mantle occurs in discrete events, most likely
related to subduction (Shirey et al., 2004).

2.7.2.2  Re-Os dating of hydrocarbons

There is, perhaps, no geologic material that is
as essential to modern society as petroleum.
Petroleum, however, consists almost exclu-
sively of hydrocarbons, that is, compounds
of C and H, making its formation a chal-
lenge to date. Economic petroleum deposits
can form if a series of conditions are met:
an environment in which relatively high con-
centrations of organic matter are preserved
in sediment as kerogen during deposition of
the source rock; subsequent burial and conver-
sion of the kerogen to hydrocarbons through
gentle heating, and migration and concentra-
tion of the petroleum thus produced in a suffi-
ciently porous reservoir rock. Through a vari-
ety of methods (some of which involve iso-
topic analysis), it is often possible to iden-
tify the source rock, and standard correlation
techniques can determine the age of source
rock deposition. The age of other steps in
the process, particularly the timing of gener-
ation and migration, have been much harder
to determine. Researchers have recently had
some success in dating hydrocarbon migration
using Re-Os.

Perhaps surprisingly, noble metals, and Re
and Os in particular, can be present in rela-
tively high concentrations in petroleum. Work
by Selby et al. (2007) found that Re and Os
are primarily present in asphaltene fraction
of petroleum. Asphaltenes are heavy (molecu-
lar masses around 750 u) polycyclic aromatic
hydrocarbons. Although detailed studies have
not been done, it seems likely that Re and
Os are bound in porphyrins in the asphal-
tene fraction. Porphyrins are rings of pyrro-
line and pyrole groups (five-sided hydrocar-
bon rings containing N or NH) that can com-
plex a metal ion in the center of the ring. Such
organometallic complexes play vital biologi-
cal roles. In the chlorophyll porphyrin, essen-
tial for harvesting photic energy in plants, Mg
occupies this site; in the porphyrin structure
that is part of the hemoglobin protein, essen-
tial for oxygen transport in blood, Fe occupies
this site. Porphyrins in hydrocarbons can have
high concentrations (up to a ppm or so) of
transition metals such as Ni, V, and Mo. Re
concentrations in petroleum can be as high as
50 ppb, and it is more strongly concentrated
than Os, whose concentration reaches only
300 ppt. Consequently, 37Rb/!88Os ratios can
exceed 1000, and that in turn results in high
1870Qs/188 Os ratios.

Selby and Creaser (2005) used Re-Os to
“date” petroleum of the Western Canada
Sedimentary Basin (WCSB). As may be seen
in Figure 2.26, apparent isochrons yield
ages of 111-121Ma, depending on which
samples are included. We say “apparent”
isochrons because the mean square weighted
deviation (MSWD) is greater than 1, indicat-
ing that not all deviations from regression
can be accounted for by analytical error.
In other words, there is real geologic vari-
ation from the isochron model. Selby and
Creaser (2005) argue that, given the regional
scale involved, this is more likely due to
incomplete homogenization of the initial
isotope ratio than to subsequent distur-
bances of Re/Os ratios. Precisely what event
is being dated here is, however, somewhat
unclear. Hydrocarbons in the WCSB are
thought to have been derived from source
rocks on the western side of the basin and
then migrated east. It seems reasonable that
hydrocarbon generation and migration could
homogenize !370s/!380s ratios, although
perhaps imperfectly, but it is unclear what
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(a) Re-Os isochron diagram for 24 samples of oil from the WCSB. The slope when all

data are included corresponds to an age of 116 + 27 Ma. A slightly older but more precise age is
obtained when the Prevost data is excluded. (b) Including just those samples whose calculated
1870s/1880s at 110 Ma is 1.4 to 1.5 yields a yet more precise age of 111.6 + 5 Ma. (c) Location map
for samples. (Source: Selby and Creaser (2005). Reproduced with permission of AAAS.)

mechanism produced the high 37Re/'80s
ratios observed. Selby and Creaser (2005)
noted the high initial 870s/!%8Os compared
to 370s/1%80s in Mesozoic seawater suggests
that the source rocks are of Paleozoic age.

2.7.3 'The OPt-186Qs decay

As noted earlier, 13¢Os is the decay product of
190P¢, Significant amounts of radiogenic '¢Os
were first observed by Walker et al. (1991)
in copper ores from Sudbury, Ontario. The
chondritic 8¢Qs/!1880s ratio is 0.119828 + 6;
the value in most terrestrial materials is
indistinguishable from this value. In Sudbury
sulfide copper ore, however, Walker et al.
(1991) measured a '3¢O0s/!880s ratio of

greater than 0.3. This is a result of the strongly
chalcophile nature of Pt, and its consequent
concentration in sulfides; Os by contrast, is
only weakly chalcophile. More recently, Bran-
don et al. (1998) have reported measurable
variations in the '¢0s/'8Os ratio in man-
tle materials. They found that most mantle
materials have 1%¢Qs/!1%8QOs ratios indistin-
guishable from the chondritic value, but
samples of komatiite (a rare ultramafic lava
type) and a xenolith from Kilbourne Hole,
Colorado had ratios as high as 0.119842.
Excess '8¢Os has also been found in some
Hawaiian basalts, prompting the sugges-
tion that the Hawaiian plume might contain
a small core-derived component (Brandon
et al., 1998).
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NOTES

We’ll discuss the small variations that occur in
this ratio in the next chapter.

Note that this equation implies that diffusional
loss will be inversely related to crystal size:
larger crystals will lose less.

The Solver, an add-in tool available for
Microsoft Excel™ can be used to solve
problems such as this. Programs such as
Mathematica™ and MatLab™ also have tools
for indirect solution built-in.

This is the newly determined value (Mark
et al., 2011). The older, more widely accepted
value is 295.5.

The solid-liquid partition (or distribution)
coefficient is a useful parameter is igneous
trace element geochemistry. It is defined
simply as the equilibrium ratio of the con-
centration of the element in the solid phase
(e.g., a mineral such as plagioclase) to the
concentration in the magma. The partition
coefficient provides a means of quantifying the
term “incompatibility”: the lower the partition
coefficient, the higher the incompatibility.

A reasonable compositional model for the
Earth is that of chondritic meteorites, which we
consider representative of the concentrations
of non-gaseous elements in the solar system.
However, the Earth is demonstrably depleted
in the more volatile of the non-gaseous ele-
ments, so that this model of the Earth is valid
only for the more refractory elements. The

alkalis, including Rb are among the volatile
elements, for which this model is not valid.
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PROBLEMS

1. Use Dodson’s equation (Eqn. 2.38) to calculate the closure temperatures of biotite for
the cases of a slowly cooled intrusion discussed in Section 2.3.1, namely at 10°/Ma and
100°/Ma. Use the data given in Figure 2.1, which correspond to E, = 196.8 k]J/mol and
D, = —0.00077 m?/ sec. Assume a = 140 pm and A = 27. The value of R is 8.314 J/K-mol.
If we were to do K-Ar dating on these biotites long after they cooled (say 100 Ma later), how
much different would the two ages be assuming the intrusion cooled at these rates from an
initial temperate of 600°C? (Hint, you can easily do this in Excel, either using the solver, or
iterating manually following an initial guess of the closure temperature — you can base that on
the discussion in the text. Be careful to use consistent units).

2. You measure the following K,O and *°Ar on minerals from a small pluton. Calculate the age
for each. What do you think the ages mean? Use the following:
branching ratio is 0.1157, e = 0.58755x 10710 yr=1, A ., = 5.5492x 10710 yr=1, (These
are newly recommended values.)
40K /K = 0.0001167, atomic weight of K is 39.03983.

K,O (wt. %) Radiogenic “°Ar, mole/g

biotite 8.45 6.016 x 10710
hornblende 0.6078 0.4642 x 10710

Are the ages the same? If not, speculate on why not?

3. Use following data to answer this question:
Agp 1.42 x 107 y; 86Sr/88Gr: 0.11940; 84Sr/88Sr: 0.006756, 8Rb/8’Rb = 2.59265, atomic
weight of Rb: 85.46776
Atomic masses of Sr:

88Gr: 87.9056
87Sr: 86.9088
86Sr: 85.9092
84Sr: 83.9134

Calculate the abundances of the isotopes and atomic weight of Sr given that 87Sr/%¢Sr =
0.7045.

4. The following *°Ar”/3° Ar ratios were measured in step-heating of lunar Basalt 15555 from
Hadley Rile. The flux monitor had an age of 1.062 x 10%yrs and its “°Ar*/3°Ar ratio after
irradiation was 29.33. The *°K/**K ratio is 0.000125137. Calculate the age for each step and
plot the ages versus percentage of release. From this release spectrum, estimate the age of the
sample.
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Cumulative % Ar released 40Ar*/39Ar

3 58.14
10 61.34
27 72.77
61 80.15
79 8§3.32
100 79.80

5. The following data were obtained on three minerals from a pegmatite. Calculate the age of
the rock using the isochron method (you may use conventional regression for this problem).
The data and approach used in Problem 3 will prove useful.

Rb, ppm Sr, ppm 87Sr/86Sr

Muscovite 238.4 1.80 1.4125
Biotite 1080.9 12.8 1.1400
K-feldspar 121.9 75.5 0.7502

6. The following data were measured on phlogopites (P) and phlogopite leaches (LP) from a
kimberlite from Rankin Inlet area of the Hudson Bay, Northwest Territories, Canada. What
is (1) the age of the rock, (2) the uncertainty on the age, (3) the initial 87Sr/%¢Sr ratio, and (4)
the uncertainty on the initial ratio? The relative uncertainty on the 87Sr/%¢Sr is 0.005% and
that of the 8’Rb/%Sr is 1%. (Hint: this is best accomplished using the Isoplot.xla Excel add-in
written by Ken Ludwig and available at http://bgc.org/isoplot_etc/isoplot.html).

Sample 87Rb/8¢Sr 87Sr/86Sr

P1 46.77 0.848455
P2 40.41 0.828490
P3 34.73 0.810753
P4 33.78 0.807993
PS 0.1829 0.706272
P6 0.1373 0.705616
P7 1.742 0.710498

7. The following were measured on a coarse grained metagabbro from Cana Brava complex in
central Brazil. Plot the data on an isochron diagram, calculate the age, errors on the age, and
the initial exy and the error on the initial. The errors on the /Sm/"*Nd are all 0.0001 (2
sigma absolute). Two sigma errors on the *3Nd/"**Nd shown below are in the fifth digit.

147Sm/144Nd 143Nd/144Nd

pyroxene 0.1819 0.51234 +2
plagioclase 0.0763 0.51183 +4
whole rock 0.1678 0.51227 + 4
plagioclase 0.0605 0.51173 + 4

biotite 0.1773 0.51232 +4
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8. The following data apply to whole rocks and separated minerals of the Baltimore Gneiss.
Interpret these data by means of suitable isochron diagrams. Determine dates and initial
87Sr/86Sr ratios and errors on both using simple linear regression. Speculate on the geologic
history of these rocks and minerals.

87Rb/%6Sr 87Sr/86Sr

Rock 1 2.244 0.7380
Rock 2 3.642 0.7612
Rock 3 6.59 0.7992
biotite 289.7 1.969

K feldspar 5.60 0.8010
plagioclase 0.528 0.7767
Rock 4 0.2313 0.7074
Rock 5 3.628 0.7573
biotite 116.4 1.2146
K feldspar 3.794 0.7633
plagioclase 0.2965 0.7461

9. The following data were obtained on a Egyptian diorite:

87Rb/86Sr 87Gr/36Sr

plagioclase 0.05124 0.705505
amphibole 0.13912 0.706270
biotite 0.95322 0.713847
alkali feldspar 0.58489 0.710418
whole rock 0.33975 0.708154

Assume that the analytical error on the 87Sr/8¢Sr ratio was 0.006 % and that the analytical error
on the 87Rb/8¢Sr ratio was 0.1% in each case, and that these errors are uncorrelated. Use the
two-error regression method to calculate the age and initial ratio and the errors on both.
(HINT: this is best accomplished using the Isoplot.xla Excel add-in.)

10.A sample of granite has **Nd/"**Nd and '*"Sm/'"**Nd of 0.51196 and 0.12990, respectively.
The present chondritic "**Nd/'**Nd and */Sm/'"**Nd are 0.512638 and 0.1967, respectively.
The decay constant of 147Sm is 6.54 x 10~ 12a~1. Calculate the 7R, that is, crustal residence
time relative to a chondritic mantle, for this granite.

11.The following data were obtained on sulfide inclusions in diamonds from the Keffiefontein
mine in South Africa. Calculate the age of the diamonds assuming all analyzed samples are
cogenetic.

187Re/18808 18708/18805

K310 104 2.19
K309 5.24 0.346
K308 116 2.28
K307 6.31 0.411

K305 80.6 1.78




Chapter 3

Decay systems and geochronology II:

U and Th

3.1 INTRODUCTION

The U-Th-Pb system is certainly the most pow-
erful tool in the geochronologist’s tool chest.
While we can use the three decay systems inde-
pendently, the real power comes in using them
in combination, particularly the 23U-207Pb
and 233U-298Pb systems, as it allows a check of
the fidelity of the age calculated and, in some
circumstances, to obtain accurate ages despite
disturbances to the system that violate the con-
ditions we discussed in Chapter 2. We’ll begin
by discussing U-Th-Pb dating, which is useful
on a wide range of time scales, from hundreds
of thousands to billions of years. Indeed, as
we will see in this and subsequent chapters,
U-Pb dating provides the definitive ages of the
Solar System and the oldest rocks on Earth.
Without question, it is the “gold standard” of
geochronology.

Rather than decaying directly to lead, ura-
nium and thorium decay through a chain of
intermediate daughters, some of which have
half-lives of tens or hundreds of thousands
of years. Measuring the ratios of intermedi-
ate radioactive parents and daughters enables
an entirely new set of geochronological tools
for use on those time-scales. We’ll devote the
second half of this chapter to uranium decay
series geochronology.

3.1.1 Chemistry of U, Th, and Pb

U and Th are, strictly speaking, rare earth ele-
ments, although they belong to the actinide

series instead of the lanthanide series. The other
rare earths we have met so far, Lu, Nd and
Sm, are lanthanides. As in the lanthanide rare
earths, an inner electron shell is being filled as
atomic number increases in the actinides. Both
U and Th generally have a valence of +4, but
under oxidizing conditions, such as at the sur-
face of the Earth, U has a valence of +6. In
6-fold coordination, U** has an ionic radius
of 89 pm' (100 pico meters = 1 A); U* hasan
ionic radius of 73 pm in 6-fold and 86 pm in
8-fold coordination. Th** has an ionic radius
of 94 pm. These radii are not particularly large,
butthe combination of asomewhatlarge radius
and high chargeisnotreadily accommodated in
crystal lattices of most common rock-forming
minerals,sobothUand Thare highly incompat-
ible elements. Th is relatively immobile under
most circumstances. In its reduced form, U*+
is insoluble and therefore fairly immobile, but
in the U®* form, which is stable under a wide
range of conditions at the surface of the Earth,
U forms the soluble oxyanion complex, UOi_.
As a result, U can be quite mobile. U and
Th can form their own phases in sedimentary
rocks, uraninite and thorite, but they are quite
rare. In igneous and metamorphic rocks, U
and Th are either dispersed as trace elements
in major phases, or concentrated in accessory
minerals (when they are present) such as zircon
(ZrSi04) thatconcentrates Umore than Th,and
monazite ([La, Ce, Th]PO,) that concentrates
Th more than U. These elements may be also
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concentrated in other accessory phases such
as apatite (Cas(PO,4);(OH)), xenotime (YPO,)
and titanite (or sphene, CaTiSiOs). However,
zircon is by far and away the most important
from a geochronological perspective.

U and Th are refractory elements, and we
can therefore expect the Th/U ratio of the
Earth to be the same as chondrites or nearly
so. There is, however, some debate about the
exact terrestrial Th/U ratio, and we can be no
more precise than to say it is 4 + 0.22. This
ratio is 3.8 in the CI chondrite Orgueil, but
may be low due to mobility of U in hydrous
fluid in the CI parent body.

The geochemical behavior of Pb is more
complex than that of the elements we have
discussed so far and consequently, less well
understood. It is a relatively volatile element,
so its concentration in the Earth is certainly
much lower than in chondrites. It is also a
chalcophile element. If the core contains, as
some believe, substantial amounts of S, it
is possible that a significant fraction of the
Earth’s Pb is in the core (it is, however, difficult
to distinguish loss of Pb from the Earth due to
its volatility from loss of Pb from the silicate
portion of the Earth due to extraction into the

core). Pb can exist in two valence states, Pb*
and Pb*". Pb*" is by far the most common

state; the Pb** state is rare and restricted to
highly alkaline or oxidizing solutions. The

ionic radius of Pb** is 119 pm in 6-fold coor-
dination and 129 pm in 8-fold coordination.
As a result of its large ionic size, Pb is an
incompatible element, though not as incom-
patible as U and Th (incompatibility seems to
be comparable to the light rare earths). The
most common Pb mineral is galena (PbS). In
silicates, Pb substitutes readily for K (ionic
radius 133 pm) in potassium feldspar, but
less so in other K minerals such as biotite.
Most naturally occurring compounds of Pb
are highly insoluble under most conditions.
As a result, Pb is usually reasonably immo-
bile. However, under conditions of low pH
and high temperature, Pb forms stable and
somewhat soluble chloride and sulfide com-
plexes, so that Pb can sometimes be readily
transported in hydrothermal solutions.
Although Pb is clearly less incompatible that
U and Th, these three elements have been
extracted from the mantle and concentrated
in the crust to approximately the same degree.
The reason for this is not yet completely

understood, and we will discuss this problem
in more detail in Chapter 6.

3.1.2 The #®U/?°U ratio and uranium decay
constants

Until the last few years, it had been assumed
that the 233U /23U ratio was constant. In this
case, the 207Pb* /29Pb” ratio is a function only
of time (and the decay constants). The con-
ventionally accepted value of this ratio was
138.88 (Jaffey et al., 1971; Steiger and Jager,
1977). However, as precision in isotopic mea-
surements has improved, it became apparent
(1) that this value varied somewhat, and (2)
that mean value in terrestrial materials is actu-
ally a little lower (e.g., Stirling et al., 2007;
Weyer et al., 2008; Amelin et al., 2010; Mat-
tinson, 2010; Hiess et al., 2012). Stirling et al.
(2007) found a range of about 4 per mil in
this ratio in natural terrestrial materials, while
Weyer et al. (2008) found a range of about 1.4
per mil. Hiess et al. (2012) demonstrated a
variation of 5 per mil in uranium-bearing min-
erals commonly analyzed in geochronological
work (zircon, apatite, monazite, xenotime,
baddeleyite, titanite), but this range is defined
by relatively few “outliers” and almost all
zircons fell within a much smaller range of
137.77 to 137.91, a 0.1 per mil variation.
These variations result in slight differences in
bond strength and diffusivity that result from
the mass differences of the two U isotopes.
We will postpone discussion of the causes of
isotopic variations resulting from chemical
effects such as these until Chapter 8, where
we will discuss them at length. Somewhat
greater variations occur Iin meteorites as
a consequence of very slight chemical and
isotopic heterogeneity in the solar nebula
and the decay of the short-lived, and now
extinct, radionuclide *”Cm (more on that in
Chapter 3).

Amelin estimated the mean terrestrial
23817 /235U to be 137.821 + 0.014; Hiess et al.
(2012) estimated it to be 137.818 + 0.045.
There is excellent agreement between these
two values, but both differ from the conven-
tional value. Goldmann et al. (2013) have
proposed a slightly lower value of 137.79 +
0.03 based on measurements of meteorites.
In this text, we will adopt a value for the
2381 /235U of 137.82 and we will assume the
value to be constant. However, you should
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Table 3.1 Parameters of the U-Th-Pb system.

Parent Decay Mode A Half-life Daughter Ratio

232Th a,p 4.948 x 10~ 11y~! 1.4x10'% 208ph, 8 “He 208ph /204Ph, 3He/*He
235y a, B 9.8571x10-0y~1*  7.07x10%  2UPb, 7*He  207Pb/2%Pb, *He/*He
2138y a, p 1.55125x 107 10y~1  447x10%  296Pb, 6*He  206Pb/204Pb, 3He/*He

*Value recommended by Mattinson (2010). “Official” Steiger and Jager value is 9.8485 x 10~10y~1

be aware that, at least as of this writing, a
value of 137.88 remains the “official” value
(the one recommended by the IGC Subcom-
mission on Geochronology) and that almost
all the ages in the literature are based on
that value. Furthermore, the highest precision
geochronology may require in the analysis of
the 233U/?3°U as well as Pb isotope ratios.
Finally, this value of 137.82 is the present-day
value; it changes through time as a result of
the two isotopes decaying at different rates.
If we need to know the ratio at some other
time (e.g., Problem 1), we need to calculate it
based on Eqn. 2.4.

As Mattinson (2010) noted, a change in
the accepted value of the 233U /233U ratio will
require a re-evaluation of U half-lives, particu-
larly that of 233U, hence further refinement of
these values can be expected in the future.

3.2 PB-PB AGES AND ISOCHRONS

Table 6.1 summarizes this decay system. If
the “Mad Men” of Madison Avenue were
given the task of selling the U-Th-Pb sys-
tem, they would probably say that you get
four dating methods for the price of one. We
can calculate three ages using the conven-
tional isochron approach, one for each for the
2381J.206pp 235U /207Ph, and 232Th/2%8Pb sys-
tems. This proceeds exactly as for the decay
systems we discussed in Chapter 2. However,
we can also combine the 238U and 233U decays
to calculate an additional age, known as a
Pb-Pb age. If you bought the Madison Avenue
sales pitch, you would probably discover that
the conventional isochron approach for the
first two systems mentioned was not partic-
ularly powerful, at least in comparison to
either the Pb-Pb technique or when several
approaches are used in combination. The rea-
son for the power is simply that there are three
parents decaying to three isotopes of Pb, and
in particular, there are two isotopes of U which
decay to Pb with very different half-lives. This

is important because chemical processes will
generally not change the ratio of the two U
isotopes to each other significantly and will
not change the ratio of the two Pb daugh-
ter isotopes to each other. The point is best
illustrated as follows. First we write the decay
equation for each of the two U decay systems:

207pp* =235y (ehst — 1) (3.1)
206 pp* = B8 (ehsst — 1) (3.2)
where the asterisk designates radiogenic >°°Pb
and 2°’Pb (we will use the same designation
in subsequent equations), and 4,35 and 4,34

are the decay constants for 23U and 233U
respectively. If we divide 3.1 by 3.2, we have:

27ppt BIyY(etast — 1)
206Pb* - 238U(e,1238t 1)

(3.3)

Let’s consider this in more detail. Assuming
the present day 2°*U/?3U ratio is indeed
constant, Eqn. 3.3 can be written as:

207Pb* 3 (8/1235t _ 1)
206pp*  137.82(etst — 1)

(3.4)

The nice thing about Eqn. 3.4 is that the
only variable on the right hand side is time;
in other words the 27Pb* /29°Pb" is a function
only of time.

In practice what this means is that the age is
independent of the parent/daughter ratio; that
is, we not need to measure the parent/daughter
ratio. We shall see that this property actually
allows us to somewhat relax our requirement
that the system remain closed. We can also
see that although we could write an equation
similar to 3.3 using 232Th and 2%8Pb instead
of 23U and 2%7Pb, there would be little
advantage to doing so because Th and U are
different elements and could well be lost or
gained in different proportions.

The Pb-Pb method, as it is called, can
be quite useful when applied independently,
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particularly where there is reason to believe
that there has been some recent change in the
parent/daughter ratio.

The slope on a plot of 297Pb/?4Pb vs.

206pp /204Ph is proportional to age since:
A (207Pb/204pb) (6123525 _ 1)

A (°°Pb/**Pb)  137.82 (efant — 1)
(3.5)

Equation 3.5 is very similar to Eqn. 3.4. We
would use 3.4 when either the initial Pb is
insignificant, or the amount of initial Pb is suf-
ficiently small that we can make a reasonable
estimate of its isotopic composition and make
a correction for it. We would use 3.5 when
initial Pb is present in significant quantities
and has an unknown composition. Figure 3.1
shows an example of a Pb-Pb isochron that
yielded a reasonably precise age based on
Eqn. 3.5. Unlike a conventional isochron,
the intercept in the Pb-Pb isochron has no
significance, and the initial isotopic compo-
sition cannot be determined without some
additional information about parent/daughter
ratios. As in the isochron approaches we dis-
cussed in Chapter 2, the slope is determined
by regression.

There are a couple of reasons why we
might suspect U/Pb ratios have changed, and
hence might prefer the Pb-Pb approach to a
conventional U-Pb isochron approach. First,
the solubility of U under oxidizing conditions

often leads to mobility (open-system behavior)
in the zone of weathering. It has often been
found that U-Pb ages are spurious, yet Pb-Pb
ages seem correct. This circumstance appears
to result from recent U mobility as erosion
brings a rock into the weathering zone. A
second situation where parent/daughter ratios
would have experienced recent change is in
magma generation. When melting occurs, the
U and Pb isotope ratios in the magma will be
identical to those in the source (because the
isotopes of an element are chemically identi-
cal), but the U/Pb ratio (and Th/Pb) ratio will
change, as the chemical behaviors of U and Pb
differ. So, conventional dating schemes can-
not generally provide useful geochronological
information about sources of magmas. How-
ever, the Pb-Pb dating method can, at least in
principle, provide useful information, because
the Pb isotope ratios of a magma are represen-
tative of the source and the method does not
depend on parent/daughter ratios. Essentially,
what we are doing is allowing volcanism to
“sample” the source, generally the mantle,
but sometimes the lower continental crust.
The sample is representative of the isotopic
composition of the source, but not representa-
tive of the elemental chemistry of the source.
The relationship between Pb isotope ratios in
mantle-derived magmas has led to the conclu-
sion that heterogeneities in the mantle must
have existed for times on the order of 1-2 Ga.
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Figure 3.1
deposit. Data from Vervoort et al. (1993).

A Pb-Pb isochron obtained on volcanic rocks hosting the Noranda (Quebec) Cu-Zn sulfide
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This is an extremely important constraint not
only on the chemical evolution of the mantle,
but also on its dynamics.

3.2.1 Total U-Pb isochrons

The U-Pb system achieves its greatest power

when we use the 233U-206Pb,235U-207Ph, and
207ph-206Ph methods in combination. In the
ideal case where the system was isotopically
homogeneous at time 0 and has remained
closed since, the 238U-206Pb, 235U-29Pb, and
207ph-206Ph ages should agree. In this case, the
age obtained is said to be “concordant.” Even
when the three ages do not agree, it can be
possible to “see through” open system behav-
ior and obtain an age of initial crystallization.
In this section, we’ll consider an approach
that is useful when the amount of initial
Pb, often referred to as “common lead,” is
significant. Since 2°Pb is non-radiogenic, this
is the case where significant amounts of 2%4Pb
are present and 2%°Pb/?%*Pb and ratios are
207Ph /204Pb relatively low. We’ll consider the
case where nearly all the Pb is radiogenic in the
subsequent section on zircon geochronology.

Tera and Wasserburg (1972), working
with lunar samples, developed a graphical
approach to evaluate the degree to which

238-206Pb and 297Pb/2%°Pb ages agree, that
is, are concordant. On a Tera- Wasserburg dia-
gram, or as Ludwig (1998) calls it, a semi-total
Pb isochron diagram, measured 2°7Pb/2%4Pb
ratios are plotted against 238U/2%¢Pb ratios.
Ratios are corrected for any contribution
from analytical blank, but not for initial, or
common, Pb. On such a diagram (Figure 3.2),
purely radiogenic Pb will have unique
207ph* /206Ph* and 233U /2%°Pb” ratios at any
given time and hence define the black “concor-
dia” curve in Figure 3.2. If we measure a series
of samples with different U/Pb values contain-
ing common Pb and if those samples meet the
conditions of (1) isotopic homogeneity at time
0 and (2) no disturbance since, they will plot
along a straight line that intercepts the “con-
cordia” curve at a point where 2°”Pb/2%Ph
and 233U /29Pb ages are equal. The intercept
of the regression line is the initial 2°’Pb/2%Pb
(because a sample with a 233U /2%¢Pb ratio of 0
will retain its initial Pb isotopic composition).

The equation for the concordia line can
readily be derived from Eqn. 3.1 through 3.4
(see Problem 2) and is:

*7pb* (el — 1)
206 pp* B 137.82(238U /206 Pb~)

(3.6)

207ppy/206py

200 Ma

10

15

20 25 30 35

238U/206Pb

Figure 3.2 The Tera-Wasserburg, or Semi-Total Lead Isochron Diagram. The black line is the
concordia curve where the 207Pb*/2%€Pb* age equals the 238U/29Pb* age, with ticks indicating the
ages. A hypothetical data set with an age of 935Ma and (2°’Pb/?%°Pb); = 0.8857 is illustrated. The
initial 207Pb/2%¢Pb ratio is given by the y-intercept while the age is given by the intersection of the slope
and the concordia curve and by the slope of the line (Eqn. 3.7).
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The slope of the line through the data, which
in practice would be determined by regres-
sion, Is:

d (27Pb/2% Pb)
T d (238U /206 Pb)

235U 207Pb
= XTI (3/1235t — 1) — <206Pb>i (3/123873 — 1)
(3.7)

(Tera and Wasserburg, 1972). Thus this line
is an isochron since its slope depends on ¢. The
goodness of fit of the data to a straight line,
of which the MSWD is a measure, depends
on the degree to which conditions (1) and
(2) here have been met. An analogous and
more complete approach involves computing
207Pb/206Pb, 238U/206Pb, and 235U/207Pb iso-
chrons simultaneously, which Ludwig (1998)
calls total Pb/ U isochrons. It is, however, diffi-
cult to represent this graphically, both because
it is three-dimensional and because the rela-
tionship between 2°7Pb/2%€Pb and 235U /2°7Pb
is non-linear (however, the 2°Pb/2%7Pb —
235U/2%7Pb relationship is linear). Ludwig
(1998) explains that approach in detail.

3.2.2 Th/U ratios

Provided Th/U ratios are constant and known
in a set of samples we wish to date, we can
calculate ages from 298Pb/204Pb—20¢Ph /294Ph
isochrons just as we can using 2°’Pb and 2°¢Pb.
However, although U and Th are geochemi-
cally similar and the Th/U ratio is not likely to
vary much, it would not be prudent to assume
the ratio is actually constant for geochrono-
logical purposes. Furthermore, there is little
reason to do so, since we can already compute
the age using 2°’Pb and 2°°Pb. But it may be
useful in some circumstances to turn the prob-
lem around and compute the Th/U ratio from
the age and the slope of the data on a plot of
208ph /204Ph versus 29°Pb/2%4Pb. The basis of
this is as follows. We write the usual growth
equations for 2°°Pb and 2°3Pb,

206Pb/2041)b

— (206Pb/2041)b)0 + 238 U/204Pb (e/1238t _ 1)
(3.8)

2081)b/204pb

— (2081)b/204pb)0 +232Th/204pb (612321‘ _ 1)
(3.9)

Subtracting the initial ratio from each side
of each equation and dividing 3.9 by 3.8 we
have

A (208Pb/204pb) 232Th/204Pb (612321 _ 1)
A (206Pb/204Pb) - 23877 /204 py, (e,lmt _ 1)
(3.10)
208 py, 1204 ot _
ACTPb/7"Pb) k(e 1) (3.11)

A(206Pb/ZO4Pb) - (et — 1)

where x is used to designate the 232Th/
238U ratio. Using u to designate the 233U /294Pb
ratio, the parent-daughter ratio of the Th-Pb
system is the product ux.

Equation 3.11 tells us that the slope of a line
on a plot of 28Pb/2%4Pb versus 2°°Pb/2%4Pb
is proportional to time and «, provided that
k does not vary. If we can calculate ¢ from
the corresponding 2°7Pb/2%4Pb-206Pb /294Pb
slope, we can solve 3.11 for k. If, however, k
varies linearly with p, a straight line will still
result on the 2°%Pb/2%4Pb versus 2°°Pb/2%4Pb
plot and our estimate of « will be incorrect.

3.3 ZIRCON DATING

Zircon (ZrSiOy4) is a mineral with a num-
ber of properties that make it extremely use-
ful for geochronologists (Figure 3.3). First
of all, it is very hard (hardness 71/), which
means it is extremely resistant to mechanical
weathering. Second, it is extremely resistant to
chemical weathering and metamorphism. For

Figure 3.3 Zircon grains viewed under
cathode luminescence, which reveals zoning.
(Source: Photograph by J. D. Vervoort,
Washing State University. Reproduced with
permission.)
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geochronological purposes, these properties
mean it is likely to remain a closed system.
Third, it concentrates U (and Th to a lesser
extent) and excludes Pb, resulting in typically
very high 238U/204Pb ratios. It is quite possi-
bly nature’s best clock. Finally, it is reasonably
common as an accessory phase in a variety
of intermediate to siliceous igneous and meta-
morphic rocks.

The very high 23%U/2%4Pb ratios in zir-
con (and similar high p minerals such as
titanite and apatite) provide some special
geochronological opportunities and a special
diagram, the concordia diagram, first intro-
duced by Wetherill (1956), was developed to
take advantage of them. The discussion that
follows can be applied to any other minerals
with extremely high 233U /2%4Pb ratios, but in
practice, zircons constitute the most common
target for Pb geochronologists.

A concordia diagram is simply a plot of
206ph* /238U versus 2°’Pb*/233U; that is, the
ratios of the number of atoms of radiogenic
daughter produced to the number of atoms of
radioactive parent. You should satisfy your-
self that both of these ratios are proportional
to time. In essence, the concordia diagram
is a plot of the 233U—-2%°Pb age against the
235U~207Pb age. The concordia curve on such
a diagram that is the locus of points where the
238J-206ph age equals the 233U-20"Pb age.
Such ages are said to be concordant. Figure 3.4
is an example of a concordia diagram.

1.2

The best way to think about evolution of
Pb/U ratios is to imagine that the diagram
itself evolves with time, along with its axes,
while the actual data point stays fixed. Let’s
take a 4.0 Ga old zircon as an example. When
it first formed, or “closed,” it would have
plotted at the origin, because had anyone been
around to analyze it, they would have found
the 297Pb*/23°U and 2°°Pb*/>38U ratios to be
0. Initially, 2°”Pb*/?3°U would have increased
rapidly, while the 2°°Pb*/238U would have
been increasing only slowly. This is because
4.0 Ga ago there was a lot of 2*’U around
(recall that 23U has a short half-life). As
time passed, the increase in 2°’Pb*/233U would
have slowed as the 235U was “used up.” So
imagine that the diagram initially “grows” or
“expands” to the left, expanding downward
only slowly. Had someone been around 3.0 Ga
ago to determine “zircon” ages, they would
have drawn it as it appears in Figure 3.5 (of
course, they would have labeled the 3.0 Ga
point as 0, the 4.0 Ga point as 1.0, etc.).

In a zircon that has remained as a com-
pletely closed system since its crystallization
the %°Pb*/>33U versus 2°’Pb* /233U will change
as a function of age in such a way that it will
always plot on the concordia line. What hap-
pens when a zircon gains or loses U or Pb?
Let’s take the case of Pb loss, since that is the
most likely type of open-system behavior in
zircons. The zircon must lose 2°/Pb and 2°°Pb
in exactly the proportions they exist in the

0 20

40 60 80 100
207P b* I235U

Figure 3.4 The concordia diagram. We use the asterisk to denote radiogenic Pb. In many concordia
plots, the asterisk is not used, but it is nevertheless only radiogenic Pb in these ratios.
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Figure 3.5 A concordia diagram as it would have been drawn at 3.0 Ga.

zircon because the two are chemically identi-
cal. In other words, a zircon will not lose 2°°Pb
in preference to 2°’Pb or vice versa.

Let’s take the specific case of a 4.0 Ga zir-
con that experienced some Pb loss during
a metamorphic event at 3.0 Ga. If the loss
were complete, the zircon would have been
reset and would have plotted at the origin in
Figure 3.5. We could not distinguish it from
one that formed 3.0 Ga. Suppose now that
that zircon had lost only half its Pb at 3.0 Ga.
Because 2°°Pb and 2’Pb would have been lost
in the same proportions in which they were
present in the zircon, both the 2°°Pb/>3%U and
207pb/?35U would have both decreased by half.

Consequently, the point would have migrated
half way along a straight line between its orig-
inal position and the origin. At 3.0 Ga, there-
fore, it would have plotted on a “cord,” that
is, a straight line, between its initial position
on the concordia curve, the 4.0 Ga point, and
the origin at 3.0 Ga. Had other zircons lost
some other amount of Pb, say 30% or 80%,
they would have plotted on the same cord, but
further or nearer the origin and our concordia
plot would appear as it does in Figure 3.6(a).
The line is straight because the loss of 27Pb
is always directly proportional to the loss
of 20°Pb. The origin in Figure 3.6(a) corre-
sponds to the 3.0 Ga point on the concordia in

as56a _—\ 2

0.4 )
> 0.3 4.0 Ga
3
S
g 0.2
©
&

0.1

3.0 Ga
0.0 s s s s s s ' 0 1 1 1 1
0 10 20 30 40 50 60 70 0 20 40 60 80 100

(a) 207ppy*/235 (b) 207ppy*/235y

Figure 3.6 (a) Concordia diagram as it would have appeared at 3.0 Ga. Three zircons that experience

variable amounts of Pb loss move from the 4.0 Ga point on the concordia curve (their crystallization

age) toward the origin. (b) The same three zircons as they would plot at present. The three define a
cord between 3.0 and 4.0 Ga. A possible interpretation of this result would be that 4.0 Ga is the
crystallization age and 3.0 Ga is the metamorphic age.
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Figure 3.6(b), which shows how those zircons
would plot today assuming they had remained
closed subsequent to the Pb loss at 3 Ga. So,
in Figure 3.6(b), the zircons would lay on
a cord between the 4.0 Ga and the 3.0 Ga
point. We would say these are “discordant”
zircons.

The intercepts of this cord with the con-
cordia give the ages of initial crystallization
(4.0 Ga) and metamorphism (3.0 Ga). So if
we can determine the cord on which this dis-
cordant zircon lies, we can determine the ages
of both events from the intercepts of that cord
with the concordia. Unfortunately, if our only
data point is a single zircon, we can draw an
infinite number of cords passing through this
point, so the ages of crystallization and meta-
morphism are indeterminate. However, we
can draw only one line through two points. So
by measuring two zircons (or populations of
zircons) that have the same crystallization ages
and metamorphism ages, but have lost differ-
ent amounts of Pb, and hence plot on different
points on the same cord, the cord can be deter-
mined. The closure age and partial resetting
ages can then be determined from the inter-
cepts. As usual in geochronology, however,
we are reluctant to draw a line through only
two points since any two points define a line;
so at least three measurements are generally
made. In practice, different zircon popula-
tions are selected based on size, appearance,
magnetic properties, color, etc. While zircon

1.2

Crystallization age

0.8

0.6

206Pb* ,238U

0.4

0.2

is generally a trace mineral, only very small
quantities, a few milligrams, are needed for a
measurement. Indeed, it is possible to analyze
single zircons and even parts of zircons.

U gain, should it occur, would affect the
position of zircons on the concordia diagram
in the same manner as Pb loss; the two pro-
cesses are essentially indistinguishable on the
concordia diagram. U loss, on the other hand,
moves the points away from the origin at the
time of the loss (Figure 3.7). In this case, the
zircons lie on an extension of a cord above
the concordia. As is the case for Pb loss, the
upper intercept of the cord gives the initial age
and the lower intercept gives the age of U loss.
Such U loss is far less common than Pb loss,
however. This is true for two reasons. First, U
is compatible in the zircon, Pb is not. Second,
Pb occupies a site damaged by the alpha decay
process, particularly the recoil of the atom as it
undergoes alpha decay, making diffusion out
of this site easier. Radiation damage to the
crystal lattice is a significant problem in zircon
geochronology, and one of the main reasons
ages can be imprecise. U-rich zircons are par-
ticularly subject to radiation damage. Heavily
damaged crystals are easily recognized under
the microscope and are termed metamict.

Pb gain in zircons is not predictable because
the isotopic composition of the Pb gained need
not be the same as the composition of the Pb
in the zircon. Thus Pb gain would destroy any
age relationships. However, Pb gain is much

4.0 Ga

Metamorphic age

0 | |

0 20 40
207 Pb* /235 1]

60 80 100

Figure 3.7 A concordia plot showing hypothetical zircons that crystallized at 4.0 Ga and lost U during

metamorphism at 3.0 Ga.
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less likely than other open system behaviors,
of which Pb loss is by far the most common.

Zircons that have suffered multiple episodes
of open system behavior will have U-Pb sys-
tematics that are difficult to interpret and
could be incorrectly interpreted. For example,
zircons lying on a cord between 4.0 and 3.0 Ga
that subsequently lose Pb and move on a sec-
ond cord toward the 2.0 Ga could be inter-
preted as having a metamorphic age of 2.0 Ga
and a crystallization age of between 4.0 and
3.0 Ga.

Continuous Pb loss from zircons can also
complicate the task of interpretation. The
reason is that in continuous Pb loss, zircons
do not define a straight-line cord, but rather a
slightly curved one. Again imagining that the
concordia diagram grows with time, a zircon
losing Pb will always move toward the origin.
However, the position of the origin relative to
the position of the zircon moves with time in a
non-linear fashion. The result is a non-linear
evolution of the isotopic composition of
the zircon.

Krogh (1982) showed that metamict regions
of zircons could be removed abrasively using
small air abrasion chambers designed and
built expressly for this purpose. He demon-
strated that abraded zircons were typically
much more concordant than unabraded ones.
Consequently, age uncertainties were consid-
erably reduced. In addition to physical abra-
sion, numerous attempts have been made to
“chemically abrade,” or leach, zircons, the
idea being to remove the radiation damaged
regions of the crystal. The most successful
of these methods has been that of Mattinson
(2005), which involves first annealing the crys-
tals at 800-1000°C for 48 h (this repairs the
radiation damage) before step-wise partial dis-
solution in acid at progressively higher tem-
peratures. This step-wise dissolution allows
for an approach similar to step-wise heating in
40Ar-39Ar dating, as illustrated in Figure 3.8.
The uncertainty in this age is less than 0.1%,
a level of accuracy otherwise unattainable.
Figure 3.9 shows another example of how
this technique improves accurate determina-
tion of crystallization ages. Three different
fractionations of untreated zircons from a
Finnish tonalite are discordant, but define a
cord with an upper concordia intercept of
about 1870 Ma. The chemically abraded zir-
con fraction is nearly concordant at this age,
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Figure 3.8 (a) Ages calculated from step-wise
dissolution of zircons from the Sierra Nevada
batholith that had been abraded, then annealed
at 850°C for 48 h. (b) Corresponding U
concentrations in the step-wise dissolution.
The outer zones of the zircons are the most
U-rich and consequently the most radiation-
damaged and discordant. (Source: Mattinson
(2005). Reproduced with permission of
Elsevier.)

allowing a much more precise determination.
In this diagram, the analyses are plotted by
ellipses in order to represent analytical errors.
The analytical errors in on the 2°’Pb/?35U and
206ph/238U ratios are highly correlated, hence
the elliptical shape. This “chemical abrasion”
technique is now widely used in conventional
thermal ionization analysis of zircons.

A variety of analytical methods have
evolved for zircon analysis. The oldest is ther-
mal ionization mass spectrometry (TIMS),
in which U and Pb concentrations are deter-
mined by isotope dilution along with their
isotope ratios (these techniques are discussed
in the appendix). Chemical abrasion is rou-
tinely done in connection with this method.
This produces the most precise analyses.
However, the technique lacks spatial resolu-
tion so ages can be less precise if the zircons
are zoned (although it is possible to analyze
grain fragments of zircon crystals).

Multi-collector secondary ionization mass
spectrometers (MC-SIMS) work by firing an
ion beam at the polished surface of a sample.
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Figure 3.9 Concordia diagram for zircons from Tiirismaa tonalite in Finland. Untreated zircon
analyses are shown as open error ellipses, while the chemically abraded zircon analysis is shown as a
filled error ellipse. The elliptical shape of the error representation results from the correlation in
analytical errors of 207Pb/235U and 2°¢Pb/238U ratios. (Source: Lahtinen and Nironen (2010).

Reproduced with permission of Elsevier.

Atoms on the surface are ionized and swept
into a double-focusing mass spectrometer (see
Appendix) for isotopic analysis. Both U and
Pb can be analyzed simultaneously on spots
~30pum in diameter and 2-3 pm deep. Iso-
tope ratios are measured less precisely than
with TIMS, but ages are often more precise
because a single zone of the zircon can be
analyzed. There are only a handful of lab-
oratories around the world doing this work
due to the expense and complexity of these
instruments.

The newest technique is laser-ablation
inductively coupled mass spectrometry (LA-
ICP-MS), in which a laser is fired at a small
spot on the zircon, ablating the surface. The
ablated material is then swept into a mass
spectrometer and analyzed. LA-ICP-MS has
somewhat less spatial resolution, but is faster
and cheaper than SIMS instruments and pro-
vides reasonable precision. The availability of
these instruments has resulted in an explosion
of zircon dating in the past decade.

U-Pb dating has now improved to the point
where uncertainty in decay constants now
constitutes a major part of the uncertainty
in zircon ages. Because it is far less abun-
dant, the decay constant for 23U is the
most uncertain. Based on highly concordant
zircon analyses obtained through the chemical

abrasion technique, Mattinson (2010) has
recently proposed that the 233U decay con-
stant should be revised from the convention-
ally accepted value of 0.98485 +0.00135 x
10-7yr ! t0 0.98571 + 0.00012 x 10-"yr~!.

Given the mechanical and chemical stability
of zircon, it should not be surprising that
the oldest terrestrial material yet identified
is zircon. Work published in 1989, revealed
that the Acasta gneisses of the Slave Province
(Northwest Territories, Canada) are 3.96 Ga
old (Bowring et al., 1989). These ages were
determined using an ion probe to date the
cores of zircon crystals extracted from these
gneisses. The next oldest rocks are those of the
Isua gneisses in Greenland. These are roughly
3850 Ma old.

Zircons having ages in the range of 4100—
4260 Ma have been identified in quartzites
in the Jack Hills of the Yilgarn cratorn in
Western Australia (e.g., Compston and Pid-
geon, 1986). The Jack Hills are located in
the Narryer terrane a geologically complex,
multiply metamorphosed region. The deposi-
tional age of the old zircon-bearing quartzites
is constrained to be between 2.65 Ga, the U-Pb
age of metamorphic monazite in the quartzite,
and the 3.08 Ga age of the youngest detri-
tal zircons (Rasmussen et al., 2010). The first
>4.0 Ga zircons were analyzed by a specially
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built secondary ionization mass spectrometer
at the Australian National University nick-
named “SHRIMP.” Its success led to instru-
ments of this type becoming commercially
available and installed in several other labo-
ratories around the world. As we noted, the
great advantage of these instruments over con-
ventional analysis is spatial resolution so that
small areas the zircons can be analyzed. As
can be seen in Figure 3.3, zoning in zircon is
not uncommon and this zoning often reflects
multiple episodes of growth. This was the case
with the Jack Hills zircons, which had com-
plex histories suffering multiple metamorphic
events between 4260 and 2600 Ma. The prin-
cipal effect was the growth of rims of new
material on the older cores around 3500 Ma.
Conventional analysis of these zircons would
not have recognized the older ages. The cores
of these zircons, however, proved to be nearly
concordant at the older ages. These deter-
mined by ion probe ages were initially highly
controversial. By and large, however, the com-
munity has come to accept them as reliable,
when performed carefully.

Subsequently even older zircons (would be
more correct to say parts of zircons) were dis-
covered in the Jack Hills of Australia (Wilde,
et al., 2001). Ion probe ages of one of these
zircons, including one area giving an age of
4.404 + 008 Ga, are shown in Figure 3.10.

-

- 4,364 £ 3 Myr
4,355 £ 2 Myr \

4,283 + 4 Myr

Thus the oldest known terrestrial materials
are approaching the oldest ages from other
planetary bodies, including the Moon, Mars,
and asteroids (as represented by meteorites).
They remain, however, significantly younger
than the age of the Solar System, which is
4.568 Ga. Nevertheless, these very old ages
seem to demonstrate that it is zircons, not dia-
monds that “are forever.”

3.4 U-DECAY SERIES DATING

Up to now, we have been discussing decay
schemes that are based on measuring the
amount of a stable daughter nuclide relative
to the amount of the radioactive parent. Since
the decay of the parent takes place at an invari-
ant rate, this ratio of daughter to parent is
proportional to time (in a closed system). In
addition to Pb, decay of U and Th also pro-
duces “He, and thus the accumulation of “He
in crystals can also be used for dating. Since
4He is a noble gas and not chemically bound
in minerals, it begins to diffuse out at low
temperatures, that is, the “closure tempera-
tures” for the U-Th-He system is quite low.
Consequently, it is often used in combina-
tion with fission track dating and K-Ar dat-
ing to determine cooling and erosion rates,
a field known as thermochronology (Reiners
and Brandon, 2006), which we’ll discuss in

4,288 + 4 Myr

4,284 + 3 Myr

4,404 + 4 Myr

Figure 3.10 Photomicrograph of the oldest zircon known. Light areas are regions of ion probe
analysis. Ages determined on these areas are shown. (Source: Wilde et al. (2001). Reproduced with

permission of Nature Publishing Group.)
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the following chapter. In the remainder of this
chapter, we will consider a method of dat-
ing based on the intermediate decay prod-
ucts of U and Th and where both parent and
daughter are radioactive. U-decay series dat-
ing differs in a very fundamental way from
the conventional techniques we have been dis-
cussing. It does, however, share two features.
First, the time we are measuring is the time
since the system closed, and second, an accu-
rate date requires the system to have remained
closed. U-decay series are also useful in infer-
ring the rate and extent of melting in the man-
tle. We’ll examine that application in a later
chapter.

3.4.1 Basic principles

The fundamental principal involved in U
decay series dating is that, in a closed sys-
tem, the ratio of parent to daughter will tend
toward an equilibrium state in which the rate
of decay of the parent is equal to the rate
of decay of the daughter. A closed system
will approach this equilibrium state at a pre-
dictable rate with the ratio of the parent to
daughter being proportional to time, provided
equilibrium has not been reached. Once equi-
librium has been achieved, the ratio of parent
to daughter no longer depends on the time
elapsed, and we can calculate only a mini-
mum age.’

U and Th do not decay directly to Pb;
rather the transition from U and Th to Pb
passes through many intermediate radioactive
daughters (Figure 3.11). Most of these daugh-
ters have very short half-lives, ranging from
milliseconds to hours, and are of little use in
study of the Earth. However, a number of the
intermediate daughters have half-lives ranging
from days to hundreds of thousands of years
and do provide useful information about geo-
logical processes. Of these, the U decay chains
are of greatest interest because the longest
lived 23°Th product, 228Ra, has a half-live of
only 5.75 years. Table 3.2 lists half-lives and
decay constants of some of the most useful of
these isotopes. As one might guess from the
short half-lives, U-decay series isotopes are
used to date relatively recent events.

The half-lives of all of these daughter
nuclides are short enough so that any atoms
present when the Earth formed have long
since decayed (to Pb). They exist in the Earth

(and in all other bodies of the Solar System)
only because they are continually produced by
the decay of the long-lived isotopes of U and
Th. The abundance of such a nuclide depends
on the balance between its own radioactive
decay and the rate at which it is produced by
the decay of its parent:

dN

d_tD = 4pNp — ApNp
where subscripts P and D refer to parent and
daughter respectively. This equation says sim-
ply that the rate of change of the abundance
of the daughter isotope is equal to the rate of
production less the rate of decay. This can be
integrated to give:

_ A
~ Ap—Ap

(3.12)

NO

Np b

(e—zpt _ e—/lDt) n Nlo)e—/lDt

(3.13)
Scientists dealing with the intermediate
daughters of U and Th (it is the daughters
of 238U that are of the most interest), gener-
ally work with activities rather than atomic
abundances. By activity, we mean rate of
decay, dN/dt, measured in disintegrations
per unit time.* One reason for this is that the
abundance of these isotopes was traditionally
determined by detecting their decay. Today,
abundances of the longer-lived nuclides can
be measured by mass spectrometry, but the
shorter-lived ones are so rare that they are
still most readily detected by their decay. The
other reason we work with activities will
become apparent shortly. We will follow the
standard convention of denoting activities
by enclosing the isotope or isotope ratio in
parentheses. Thus, (23°Th) denotes the activity
of 239Th, and (23°Th/?*%U) denotes the ratio
of activities of 239Th and 23%U. Activities are
related to atomic (or molar) abundances by
the basic equation of radioactive decay:

dN _ N (1.12)
dt
Hence if we know the activity, the molar
abundance can be calculated and vice versa.
The radioactive equilibrium state of the
daughter and the parent is the condition where
their activities are equal, that is:

Ny _ dN,

= 3.14
dt dt ( )



DECAY SYSTEMS AND GEOCHRONOLOGY II: UAND TH 85

iy | sy 28
246 ka | 0.7 Ga 4.47 Gal
o oo
%1pa 234pa
32.8 kal 6.7h
o B
27Th | 25Th ZTh [ 2'Th | 22Th %Th
18.7d| 1.9a 75ka | 1d [14Ga 24.d
o o o B o B
27 Ac [ Ac
218al62h
o p ] @B
Ra | 2 Ra 25Ra %Ra
11.4d| 37d 16ka 58a
o o o -
25y [ 20,
22m | 30m
Brol B
“*Rn | 2°Rn | =Rn =Rn’
3sms| 39s| 56 38d
o o o o
Z 25 At 2ent [ 219AL
0.1ms 16s | 50s
o ap | B .o
>"Po |7Po | 27Po T"Po ) 75Po | 76Po TP
138d | 055 | 03ps 163ps | 2ms [0.15's 31m
o o o o B o o o, B~
20Bi [21Bi [ 22Bi BI| 2B
5d |24m| 1n 20m | 7m
0B JoB ) o B B
= p5 |77Pb | *Pb Topb |PD [*7PE .
223al36m |106h 27m
oBd B B B
2071 | 20771 | 2087] 207
42m|48m[3m 1.3 m
B B B B
5 Hg
82m

N*>

Figure 3.11 Part of the chart of the nuclides showing the series of decays that occur as 238U, 233U, and 232Th are transformed to 2°°Pb, 2°7Pb, and
208ph, respectively.
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Table 3.2 Half-lives and decay constants of
long-lived U and Th daughters.

Half-life, Decay constant,
Nuclide yrs yr—1 Series
2347 245,250 2.826x107° 38y
231p,y 32,670 2116 x107° 35y
230Th 75,690 9.158x107° B8y
226Rq 1600 4332x 107 238y
228Ra 6.7 1.06 x 107! 232Th
210p}, 22.23 3.118x 1072 238y
210pg 0.3789 1.829 38y

Source: 23*U and 239Th from Cheng et al. (2000); others are
from Laboratoire National Henri Becquerel
(www.nucleide.org)

This is the state that will be eventually
achieved by any system if it is not perturbed
(remains closed).

We can demonstrate that this is so in
two ways. The first is a simple mathemat-
ical demonstration. The equilibrium state is
the steady state where the abundance of the
daughter does not change, that is, where the
left hand side of 3.12 is zero:

O:/IPNP_lDND (315)

We substitute the dN/dt for the AN terms
in 3.14, rearrange and we obtain 3.15; QED.

The second demonstration is a thought
experiment. Imagine a hopper, a grain hop-
per for example, with an open top and a door
in the bottom. The door is spring-loaded such
that the more weight placed on the door, the
wider it opens. Suppose we start dropping
marbles into the hopper at a constant rate. The
weight of marbles accumulating in the hopper
will force the door open slightly and marbles
will start falling out at a slow rate. Because the
marbles are falling out more slowly than they
are falling in, the number and weight of mar-
bles in the hopper will continue to increase.
As a result, the door will continue to open.
At some point, the door will be open so wide
that marbles are falling out as fast as they are
falling in. This is the steady, or equilibrium,
state. Marbles no longer accumulate in the
hopper and hence the door is not forced to
open any wider. The marbles falling into the
door are like the decay of the parent isotope.
The marbles in the hopper represent the popu-
lation of daughter isotopes. Their decay is rep-
resented by their passing through the bottom

door. Just as the number of marbles passing
through the door depends on the number of
marbles in the hopper, the activity (number of
decays per unit time) of an isotope depends on
the number of atoms present.

If the rate of marbles dropping into the
hopper decreases for some reason, marbles
will fall out of the hopper faster than they fall
in. The number of marbles in the hopper will
decrease, as a result the weight on the door
decreases and it starts to close. It continues
to close (as the number of marbles decreases)
until the rate at which marbles fall out equals
the rate at which marbles fall in. At that point,
there is no longer a change in the number of
marbles in the hopper and the position of the
door stabilizes. Again equilibrium has been
achieved, this time with fewer marbles in the
hopper, but nevertheless at the point where
the rate of marbles going in equals the rate of
marbles going out. The analogy to radioactive
decay is exact.

Thus when a system is disturbed by addition
or loss of parent or daughter, it will ultimately
return to equilibrium. The rate at which it
returns to equilibrium is determined by the
decay constants of the parent and daughter. If
we know how far out of equilibrium the sys-
tem was when it was disturbed, we can deter-
mine the amount of time that has passed since
it was disturbed by measuring the present rate
of decay of the parent and daughter.

In the past, activities were measured by
alpha-counting and fairly large quantities of
material were necessary. But improvements
in mass spectrometry over the past several
decades have made it possible to measure
the longer-lived radionuclides, including 234U,
230Th, and 23'Pa by mass spectrometry on
small quantities of material and with better
precision than by a counting, although the
shorter-lived nuclides, such as 2!°Pb are still
measured by decay counting. Over the last
decade or so, it has become possible to also
measure these radionuclides on the scale of
tens of microns using the kinds of ion micro-
probes used for zircon dating.

3.4.2 P4U-28U dating

The equilibrium, or more precisely the lack
thereof, between 23*U and 23%U can be used
to date carbonates precipitated from seawater.
As it turns out, (2**U) and (*33U) in seawater
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are not in equilibrium, that is, the (23*U/>38U)
ratio is not 1. It is uniform,’ however, with
a ratio of about 1.145 + 0.03. The reason the
ratio is higher than 1 is that 23*U is prefer-
entially leached from rocks because 234U is
located in crystals of rocks in damaged lattice
sites. It occupies the site of a 238U atom that
has undergone a-decay. The a-particle and the
recoil of the nucleus damage this site. Since
it occupies a damaged site, it is more easily
removed from the crystal by weathering than
238(J. The oceans collect this “leachate,” hence
they are enriched in 23*U. When U precipi-
tates from seawater into, for example, the cal-
cium carbonate in a coral skeleton, it will ini-
tially have the same (**U/?3%U) as seawater,
but 234U will decay faster than it is created
by decay of 238U, so (23*U/238U) will slowly
return to the equilibrium condition where
(234U/238U) = 1. Deviations of the (234U/>38U)
ratio from the equilibrium value (1) are usu-
ally expressed in per mil units and denoted
as 8%3*U. Thus a (2*4U/238U) value of 1.145
would be expressed as 234U = 145.

Let’s see how we can take advantage of this
to determine geologic time. We can divide the
activity of 23*U in a sample into that which
is supported by 238U, that is, that amount in
radioactive equilibrium with 238U and that
amount which is excess, that is, unsupported
by 23817,

(234U) — (234U)S + (234U)u

where we are using parentheses to denote
activity and subscripts s and u denote
supported and wunsupported abundances
respectively. The activity of the excess 23*U
decreases with time according to equation
2.04, which we can rewrite as:

(234U) — (234U)Oe—1234t

where the superscript o denotes the initial
activity (at time ¢ = 0). We can also write:

(234U)z — (234U)0_ (234[])S (318)

which just says that the initial unsupported
activity of 23*U is equal to the total initial
activity of 23*U less the (initial) supported
activity of 23*U. Since to a very good approx-
imation the activity of the parent, *3%U,
does not change over times on the order of
the half-life of 23*U or even 10 half-lives
of 23*U, the present 238U activity is equal

(3.16)

(3.17)

to the activity att =0 (we make the usual
assumption that the system is closed). And
by definition the supported activity of 23*U is
equal to the activity of 233U, both now and at
t = 0. Hence, 3.16 can be expressed as:

(234U) — (238U) + (234U)u (319)
and 3.18 becomes
(234U)Z — (234U)O _ (238U) (3.20)

Substituting 3.20 into 3.17 yields:
(234U)u — [(234U)0 _ (238U)] 6—1234t (321>
Substituting 3.21 into 3.19, we have:

(234U) _ (238 U) + [(234U)0 _ (238U)] oot
(3.22)
Just as for other isotope systems, it is gener-
ally most convenient to deal with ratios rather
than absolute activities (among other things,
this allows us to ignore detector efficiency pro-
vided the detector is equally efficient at all
energies of interest®), hence we divide by the
activity of 233U:

234 234 0 (238
238 U (238 U)
X g~Pset (3.23)

or since 23%U = 238U° ;

234 234 °
v =1+ v —1 3 e it
23877 23877
(3.24)

Thus, the present activity ratio can be
expressed in term of the initial activity ratio,
the decay constant of 234U, and time. For
material such as a coral, in (isotopic) equi-
librium with seawater at some time = 0,
we know the initial activity ratio was 1.14.
Carbonates, for example, concentrate U. If
we measure the (234U/2%8U) ratio of an ancient
coral, and assume that the seawater in which
that coral grew had (**U/?3%U) the same
as modern seawater (1.14), the age of the
coral can be obtained by solving Eqn. 3.22
for t. The age determined is the time since
the material last reached isotopic equilibrium
with seawater.




88 ISOTOPE GEOCHEMISTRY

The application of 23*U/*33U has been
largely restricted to corals. It is not generally
useful for freshwater carbonates because of
uncertainty in the initial activity ratio. Mol-
lusk shells and pelagic biogenic carbonate
(e.g., foraminiferal ooze) often take up U
after initial deposition of the carbonate and
death of the organism, thus violating our
closed system assumption. The technique is
typically useful up to about four times the
half-life of 23*U when alpha spectrometry is
the analytical method, but can be applied to
longer times with mass spectrometry because
of higher precision.

3.4.3 BOTh-23U dating

The 2**U-?38U technique does not have high
temperature applications, because at high
temperature, 2>*U and 23U do not fractionate
as they do at low temperature. The reason is
that radiation damage, which is the reason
234U is removed in weathering more eas-
ily than 238U, anneals quite rapidly at high
temperature. Disequilibrium between 23°Th
(the daughter of 23*U) and its U parents can,
however, provide useful geochronological and
geochemical information in both high- and
low-temperature systems. We start with an
equation analogous to Eqn. 2.4:

(230Th>u _ <230Th>oe—/1230t

u

(3.25)

As is the usual practice, we normalize to a
non-radiogenic isotope:

2307y, 2307y, 0 L
= e 230
232y, ) 232y, )

(332Th, although non-radiogenic, is radioac-
tive, of course. However, with a half-life of
14 Ga, its abundance will not change on time
scales comparable to the half-life of 23°Th.)
In seawater, and in its oxidized state gen-
erally, U is quite soluble. Th, however, is
quite insoluble: its seawater residence time
is 300 years or less compared to about
500,000 year for U. (It should be noted here
that solubility in seawater does not control
concentrations or residence times. Neverthe-
less solubility is a good guide to both of
these.) Once a 23*U atom decays to 23°Th,
it is quickly absorbed onto particles that in

(3.26)

turn are quickly incorporated into sediment.
As a result, relatively high concentrations
of unsupported 23°Th can be removed (by
leaching) from some sediments (mainly rel-
atively slowly accumulating ones). In cases
where the amount of leached 23*U is negligi-
ble and where the (2**Th/?32Th)? is known
(from, for example, zero-age sediment at
the seawater-sediment interface), Eqn. 3.26
can be used to determine the age of the
sediment.

Let’s consider a specific example. The tops
of manganese nodules grow by precipitation
of Mn — Fe oxides and hydroxides from sea-
water. They are known to grow very slowly,
but how slowly? If we assume the rate of
growth is constant then depth in the nodule
should be proportional to time. If z is the
depth in the nodule, and s is the growth (sed-

imentation) rate, then:
t=2z/s (3.27)

and 3.26 becomes:
230 230 0
_Th = Th 6—12302/5
2327y, 2327y,

238U dyni/
+ 1 — g~ hawd/s
232Tb ( )

(3.28)

At the surface of the nodule, z= 0, so
the exponential terms both go to 1 and the
measured activity ratio is initial activity ratio.
Having a value for (33°Th/?32Th)°, Eqn. 3.29
can then be solved for s, the growth rate if
measurements are made at some other depth.

In practice, however, it is difficult to obtain a
sample exactly at the surface: a finite amount
of material is required for analysis, and this
often translates into a layer several millimeters
thick. Equation 3.28 is solved in that instance
by less direct means. For example, consider
the data shown in Figure 3.12 on a Pacific
manganese nodule reported by Huh and Ku
(1984). In this plot of log (33°Th/?32Th) versus
depth, the initial ratio is the intercept of the
best-fit line through the data. A growth rate
was obtained by obtaining an initial guess
of the initial (>3°Th/?32Th), then iteratively
refining the solution to 3.28 by minimizing the
difference between computed and observed
activity ratios. A growth rate of 49.5 mm/Ma



DECAY SYSTEMS AND GEOCHRONOLOGY II: UAND TH 89

100

(80Th/232Th)° = 77.7 + 18.6
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Figure 3.12  239Th/>32Th as a function in
depth in a manganese nodule from MANOP
Site H. (Source: Adapted from Huh and Ku
(1984). Reproduced with permission of
Elsevier.)

and a (239Th/?3?Th) of 77.7 was found to best
fit the observations.

Some of the most successful applications
of 23°Th dating have been in determining
the age of carbonates, such as corals, mus-
sel shells, and speleothems (carbonates pre-
cipitated from water moving through lime-
stone caves including stalactites, stalagmites,
and flowstone). As we noted, carbonates con-
centrate U and exclude Th. This leads to
(#39Th/?38U) ratios much smaller than 1 (the
equilibrium value); indeed, (**°Th/*3¥U) in
many modern carbonates approaches 0. How-
ever, the problem of determining ages, specif-
ically the mathematics, is complicated by
the disequilibrium that will generally exist
between 234U and 238U. The relevant equation,
which we give without derivation, is:

230Th _ 1 — g_’1230t " 1230
Bty (PrU/PPU)  Aaso — Aass

X 1 — ;
(234 U/238 U)
x (1 - e—Uzso—ﬁm)f) (3.29)

(see Ivanovich et al., 1992 for the derivation).
This is yet another example of an equation
that must be solved indirectly. This equation
assumes that the initial (339Th/?38U) ratio was
0 (rarely the actual case). One can correct
for any 23°Th initially present by measuring

the 232Th the assuming an initial value of
(339Th/?32Th); for example, a value equal
to the modern value of the solution from
which the calcite precipitated, such as modern
seawater or modern cave water.

Studies of spelothems have provided use-
ful paleoclimatic information as the rate and
composition of water flowing through caves
has varied with past climate. Caves are also
interesting because they contain some of the
oldest examples of art. The ability to pro-
duce and appreciate art seems to be a uniquely
human trait, and one that apparently devel-
oped rather late in our evolution. The question
of how late is where geochronology comes in.
Where the pigment is an organic substance
such as charcoal, carbon-14 dating can be
used. But many cave painting are done with
mineral pigments such as red ocher, which
cannot be so dated. Pike et al. (2012) sam-
pled thin layers of calcite flowstone that pre-
cipitated over Paleolithic cave paintings and
engravings in a variety of caves in northern
Spain and found ages ranging from 22,000 to
41,000 years (see Problem 7). The age of the
flowstone coating provides a minimum age of
the painting that it covers. The 41,000 year
age is the oldest example of art in Europe
and likely dates the arrival of modern humans
in Spain, as the artistic achievements of the
indigenous Neanderthals appear to have been
quite limited.

230Th dating of fossil reef corals has proved
extremely useful in a number of ways; for
example, it has been used to calibrate the *C
time-scale (we’ll discuss '*C dating and why it
must be calibrated in the next chapter) and has
provided a time scale for Pleistocene climate
change. One of the most important aspects
of Pleistocene climate change has been the
rise and fall of sea level driven by retreat-
ing and advancing glaciers. These are, of
course, driven by climate change, which we
will discuss extensively in Chapter 10. Since
sea level changes are directly driven by climate
change, placing a time-scale on sea level allows
us to place a time-scale on climate change.
Reef-building corals contain photosynthetic
symbiotic algae, which require they grow near
the ocean surface to maximize light. Thus,
dating reef corals allows us to date change
in sea level. This approach was pioneered by
Edwards et al. (1987) and many other groups
of scientists have expanded on this work (e.g.,
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Bard et al., 1990; Fairbanks et al., 2005). One
of the more recent is that of Peltier and Fair-
banks (2006) who produced a late Pleistocene
sea level curve by dating coral samples recov-
ered from drill cores on the island of Bar-
bados. These studies have revealed that the
last glacial maximum occurred around 26,000
years ago when sea level was 140 m below the
present one, that the glacial episode began to
end around 14,000 years ago and was briefly
interpreted by the Younger Dryas event at
around 12,000 years ago, and that sea level
has been comparatively stable over the last few
millennia. We’ll return to the topic of Pleis-
tocene climate in Chapter 10.

In systems where we can assume (*3*U) =
(*3%U), high-temperatures systems for ex-
ample, the mathematics simplifies some-
what. With this assumption, we can treat the
production of 23°Th as if it were the direct
decay product of 233U. We write an equation
analogous to 3.13 and from it derive:

2307y, 2307y, 0 o
— )= — ] g0
327y, 327y,
238
+ (1 = ety (3.30)
(23277:

(the tricks to this derivation are to make
the approximations A,30—4,33 = 4,39 and
e *3s' = 1; that is, assume A4 ~ 0; this is
the mathematical equivalent of assuming the
activity of 238U does not change with time).
The first term on the right describes the decay
of unsupported 23°Th while the second term
describes the growth of supported 3°Th.
Note that this equation has the form of a
straight line in (*3°Th/?32Th) — (238U/>32Th)
space, where the first term is the intercept and
(1 — e~*230%) is the slope. This is illustrated in
Figure 3.13.

Now let’s consider an example of a high
temperature application. Imagine a crystalliz-
ing magma with homogeneous (*3°Th/>32Th)
and (#*8U/***Th) ratios. Th and U will par-
tition into different minerals to different
degrees. The minerals will have homoge-
neous (239Th/?32Th), (assuming crystallization
occurs quickly compared to the half-life of Th)
since these two isotopes are chemically iden-
tical, but variable (2*3U/>32Th) ratios. Thus
the minerals will plot on a horizontal line
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Figure 3.13 (a) 23°Th - 238U isochron
diagram. The (*33U/?32Th) of the source is
given by the intersection of the isochron with
the equiline. (b) shows how the slope changes
as a function of time. (Source: Faure (1986).
Reproduced with permission of John Wiley &
Sons.)

in Figure 3.13. After the system closes, 2*3U
and 23°Th will begin to come to radioactive
equilibrium (either 23°Th will decay faster
than it is produced or vice versa, depending
on whether (23°Th/?38U) is greater than or
less than 1, the equilibrium value). Thus,
the original horizontal line will rotate, as
in a conventional isochron diagram. The
rotation occurs about the point where
(3%Th/?32Th) = (3*%U/*2Th) known as
the equipoint. As t approaches infinity, the
exponential term approaches 1 and:

230 238
Th U
lim - (3.31)
1= \ 23277, 232y,
Thus, the equilibrium situation, the situa-

tion at t=o0, is (?*°Th/?32Th) = (**%U/
232Th). In this case, all the minerals will fall
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on a line, having a slope of 1. This line is
known as the equiline.

Figure 3.14 shows a 23°Th-233U mineral
isochron obtained on a peralkaline lava from
the African Rift Valley in Kenya (Black et al.,
1997) yields an age of 36,200 + 2600 years.
However, the eruption of age of this lava is
constrained by stratigraphy and '*C dating to
be less than 9000 years. Other lavas in the area
yielded similarly precise, but anomalously old,
U-Th ages. Black et al. interpreted the ages to
reflect the time of crystallization of the phe-
nocrysts, which in this case predates eruption
by >25,000 years.

In most cases, however, concentrations of
Th and U are so low that accurate measure-
ment of Th-U disequilibria on mineral sep-
arates remains challenging. Some minerals,
however, such as zircon, allanite ((Ca,Ce,Y,
La),(ALFe*?); (SiO4);(OH)), pyrochlore (Na,
Ca),Nb, O, (OH,F)), and baddeleyite (ZrO,),
concentrate uranium and/or thorium suffi-
ciently that they can be analyzed with the
ion microprobe and U-Th ages determined not
only on individual grains, but also of individ-
ual zones of mineral grains. The zones develop
as a consequence of changing conditions dur-
ing crystallization; in igneous minerals cooling
and fractional crystallization as well as injec-
tion of new magma and associated heating
can produce zonation. How long does this go
on? What is the residence time of magma in a
magma chamber?

1.1

One of the largest eruptions over the period
of human existence was the eruption of Toba
volcano in Sumatra, Indonesia, 73,000 years
ago, which erupted 3000 km? of magma. The
resulting caldera, now filled by Lake Toba,
is enormous, 100x30km. How long had
that magma resided in the magma chamber?
Using ion probe 23°Th—238U dating of allan-
ite crystals from in the pyroclastic products
of the 73 Ka BP eruption, Vazquez and Reid
(2004) found that allanite cores had crystal-
lized between 100 and 225 thousand years
ago, whereas most rims had ages identical
with error of the eruption age. Simultane-
ous chemical analysis of the allanite zones
revealed that between 255ka and 110Kka,
allanite composition, and therefore magma
composition, was relatively restricted. Sub-
sequent to that time, compositions became
much more diverse. Vazquez and Reid inter-
preted this as less efficient magma mixing as
the reservoir increased in size and suggested
that merging of magma in the Toba reservoir
could have catalyzed the cataclysmic eruption.

3.4.4 P1Pa-2U dating

As Figure 3.11 shows, *3'Pa is the grand-
daughter of 23°U, but the intervening nuclide
231Th has a sufficiently short half-life that we
can always assume it is in equilibrium with
its parent and hence can ignore it. Protac-
tinium is typically in the 5+ valance state with
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Figure 3.14 23°Th-233U mineral isochron on a commendite lava from Kenya. (Source: Black et al.
(1997). Reproduced with permission of Oxford University Press.)
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ionic radii of 92pm and partitions readily
into the same igneous and metamorphic acces-
sory minerals that concentrate U and Th, but
like Th, it is excluded from carbonates. Also
like Th and unlike U, Pa is generally immo-
bile. Precisely the same principles apply to
231P4-2351 dating as to 233U decay series dat-
ing. We can derive the following relationship
of the dependence of the (>3'Pa />3 U) ratio on
age from Eqn. 3.13:

231
< Pa) = 4231 (3—123# _ 6—12311)
2350 31 — 4235
0
. 231p, it
B35y

In almost all instances, we can take 4,35 to
be 0, so that 3.32 simplifies to:

231p, ~ 231p,\°

(3.33)

Compared to dating based on the 23U
to 23Th decay series, the 231Pa-235U decay
has a few advantages: there is no long-lived
intermediate comparable to 234U, the half-life
of 233U is less than a sixth of that of 233U and
thus it decays more rapidly, and 2*!Pa decays
more rapidly 23°Th. These are outweighed by
a number of disadvantages: the abundance

(3.32)

1-

of 23U is less than 1% of that of 238U,
231P3 is less abundant than 239Th, 23'Pa decay
constant is less well known than that of 234U
or 239Th, and the short half-life means it is
useful over a smaller range of time. So why
would anyone bother?

The answer is that, just as for the 233U->"Pb
chronometer, its power comes not from using
it in isolation, but by using it in combination
with the 23U decay chain (Edwards et al.,
1997; Grin et al., 2010). Just as was the
case for U-Pb, we expect ages based on the
235U decay to be the same as those based on
the 238U decay if the system is undisturbed.
Indeed, we can create a diagram (Figure 3.15)
that has many similarities to the concordia
diagram in Figure 3.4. The curved line on
Figure 3.15 is the concordia curve, the locus
of points where the 231Pa*/?35U age equals the
230Th*/234U age (as is the case in of the con-
cordia diagram in Figure 3.4, the ratio is cor-
rected for any initially present daughter). The
231pa#/235U~230Th*/23*U concordia diagram
is similar to the 2071Pb*/233U-206ph* /2387
one in that U-loss will move points away from
the origin and U-gain will move them toward
the origin. However, Pa and Th need not be
lost or gained in proportions in which they
are present in the specimen, so loss or gain of
daughters can result in points moving in any
direction. However, at low temperature at
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Figure 3.15 A 231Pa*/235U-230Th*/23*U concordia diagram. The line is the locus of points were the
231pa* /235U age equals the 239Th*/23*U age. Inset is the rectangular region blown up and shows a
black concordia curve for (23*U/238U)° = 1.0 and a red one (234U/233U)% = 1.145. Also shown are coral

data from Araki Island from Chiu et al. (2006).
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least, U is more mobile than either Pa or Th,
so U-disturbance is probably the most likely
form of open system behavior.

One other difference with the U-Pb con-
cordia diagram is that the concordia curve
depends on the (23*U/*33U) initial ratio,
because the 23°Th*/23*U age depends on it.
This is illustrated in the inset in Figure 3.15:
the black curve is for a (2**U/*%U)° = 1.0,
as might be relevant to a magmatic sys-
tem, while the gray curve is drawn for a
(334U /?380)° = 1.145, relevant to carbonates
precipitated from seawater, such as corals.
The difference is not great; indeed, at the
scale of the larger diagram, the two curves are
virtually indistinguishable.

The key feature of the diagram is that Pa-
Th-U ages should, if undisturbed, plot on the
concordia curve. Shown in the inset are data
from corals from the Araki Island, Vanuatu,
New Hebrides archipelago, analyzed by Chiu
et al. (2006). The data plot within error on
the concordia diagram, assuring us that the
corals are likely undisturbed and the ages
accurate. To date, there are still few examples
of combined 231 Pa*/233U-230Th* /234U dating,
largely because of the challenges of measuring
231pa accurately. As analytical techniques
continue to improve, however, we can expect
to see these systems used in combination more
commonly.

3.4.5 ?¥Ra dating

226Ra is another relatively long-lived nuclide
(t1/2 = 1600 yr) that has proved useful in dat-
ing igneous rocks. The fundamentals are pre-
cisely analogous to those we have discussed
for 234U and 23°Th, with one exception. Unfor-
tunately, Ra has no stable isotope to which one
can ratio *2°Ra, so the assumption is made
that Ra behaves as Ba (which sits directly
above Ra in the periodic table), and the abun-
dance of Ba is used to form a ratio.

Figure 3.16 shows a 2?°Ra—23Th whole
rock isochron on obtained on a sequence
of trachytic lavas from Longonot volcano
in the Gregory Rift of Kenya. The samples
represent roughly 5 km? of lava. The degree of
igneous fractionation increases upward in the
sequence, resulting in a range of whole rock
compositions and Th/Ba ratios. The age of
4274 years dates this igneous differentiation
and falls within the range of eruption ages,
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Figure 3.16 22°Ra—239Th whole rock isochron
on trachyte lavas from Longonot volcano in
Kenya. (Source: Hawkesworth et al. (2000).
Reproduced with permission of Oxford
University Press.)

5650 to 3280 years BP, inferred from '*C
dating.

3.4.6 *1°Pb dating

210Ph has a much shorter half-life (22.3 yrs)
than the nuclides we have discussed thus far,
so it is useful for much shorter time inter-
vals. It is the great, great . . . granddaughter
(six intermediate nuclides) of 22°Ra, but all
the intermediate nuclides are quite short-lived,
222Rn, with a half-life of 3 days being the
longest-lived. Its existence in the decay chain is
significant because it is a noble gas and hence
can diffuse out of soils and into the atmo-
sphere. 21°Pb, produced by decay of atmo-
spheric radon, will quickly be removed from
the atmosphere by absorption onto aerosols
and find its way into sediments, either through
wet or dry deposition. Consequently, young
sediments commonly have 21°Pb activities in
excess of that in equilibrium with its long-lived
parent, 22°Ra. The decay of this “excess” or
“unsupported” 21°Pb thus provides a con-
venient means of dating young sediments
(including snow and ice), that is, those less
than 100-200 years old. Because its abun-
dance is low, its activity is always determined
by counting rather than mass spectrometry.
Because its pathway into sediments can dif-
fer from that of stable Pb, it is not useful
to ratio 2!Pb to one of the other isotopes

of Pb.
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We can write an equation analogous to
the one equation we wrote for unsupported
230Th (3.25):

(2'°Pb), = (*'°Pb) e (3.34)

We might continue by using the same simple
approach we used in the case of 23°Th dat-
ing of a manganese nodule, but there are sev-
eral reasons why we should not. First, detri-
tal sediments, unlike chemical ones such as
manganese nodules, inevitably undergo com-
paction as they accumulate, meaning that den-
sity will increase downward in a core and
hence the sedimentary mass above a given
depth, say z;, will not be a linear function
of z. Thus, in attempting to calculate ages or
sedimentation rates of accumulating detrital
sediments, we need to correct for compaction
by measuring and take account of down-core
changes in density (or, equivalently, porosity).
To correct for compaction, we replace depth,
2, with a function called mass-depth, which
has units of depth per unit area. We define Am;
as the mass of sediment in the core in depth
interval Az; and the mass-depth, #1,, at depth
z; as the total mass (per cross-sectional area of
the core) above z;.

Next, we need to think about how 21°Pb
accumulates in sediment. In the case of the
manganese nodules previously, we assumed
a constant sedimentation rate and a constant
flux of 23°Th to the surface of the nodule.
These might be reasonable assumptions in
this case, because the process of Mn nodule
growth is one of chemical precipitation and
adsorption and occurs in the remote areas of
the deep ocean where environmental condi-
tions are constant. Accumulation of 2!°Pb in
detrital sediments in lakes and coastal areas
might not meet those conditions. For example,
if the 219Pb in the sediment derived entirely or
nearly so from dry or wet deposition of atmo-
spheric 2'1°Pb on the surface of the lake, we
might assume that the flux of 21°Pb to the sed-
iment surface is constant and independent of
the rate at which sedimentary mass accumu-
lates. This is known as the Constant Flux or
Constant Rate of Supply model. Alternatively,
if Pb absorbed onto sedimentary particles car-
ried into the lake by streams was the primary
210ph source, we might assume that these par-
ticles always had the same concentration of
210pb, This is known as the Constant Activity

or Constant Initial Concentration model. Yet
another possibility is that the sedimentary
flux (mass accumulation rate) is constant, but
the Pb flux varies, known as the Constant
Sedimentation model (Sanchez-Cabeza and
Ruiz-Fernandez, 2012). Yet another possibil-
ity is the Constant Flux—Constant Sedimenta-
tion model. This is the simplest model because
it predicts a simple exponential decrease of
activity with depth, once compaction has been
accounted for. The advantages and disadvan-
tages of these approaches have been discussed
by a number of workers over the years (e.g.,
Appleby and Oldfield, 1983; Sanchez-Cabeza
and Ruiz-Fernandez, 2012). Let’s briefly
review them in a bit more detail.

In the Constant Activity model, the activity
at the surface, (*!°Pb)?, is constant, so that
the activity in any layer i at depth is given by
eqn. 3.34, and the age of that layer may be
calculated as:

210pp,)°
= 1, (0P0) (3.39)
A (210Pb).

1

(In this and subsequent equations we will
explicitly state we are interested only in
unsupported activity and we will drop the u
subscript.) The initial activity can be found
by regressing In(>'°Pb) versus (compaction-
corrected) depth and finding the intercept at
0 depth.

In the Constant Flux model, we assume that
the flux of 21°Pb to the surface of the sediment,
f, is constant and independent of the mass
accumulation rate, r. Thus, at the time of
deposition of layer i, the total accumulated
210pb in the sediment column below it, A(0),
will be constant, where A(0) is defined as:

A(O) = /oo (210Pb)d7’7’l
0

where 1 is mass-depth as defined above. The
total activity below layer i is then:

(3.36)

AG) = / (*'°Pb) dm; (3.37)
It follows that:
AG)=A0)e (3.38)
and the age of layer i is then:
N R ) (3.39)

T AG)
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This model requires determining the entire
inventory of 21°Pb in the core. In practice,
this would mean over the last 100-200 years
(depending on the sensitivity of the analytical
method used). If the this entire interval is not
sampled, it may be possible to extrapolate to
the depth where (21°Pb), is 0.

In the Constant Flux—Constant Sedimen-
tation model, the initial concentration is
assumed to be constant and activity will
decrease exponentially with mass-depth. With
r as the mass accumulation rate and m as
mass-depth, in a manner analogous to
Eqn. 3.27, we let t = m/r, we have:

(210Pb) _ (210Pb)oe—/1210m/r

Thus we would expect the unsupported
210pb to decay exponentially with depth. Tak-
ing the log of both sides, we have:

(3.40)

In (*'°Pb). = In (*'°Pb)° + A, (3.41)
r

Equation 3.40 is the equation of a straight
line on a plot of In(*'°Pb) versus mass-
depth, where In(*'°Pb)° is the intercept and
—Ay10/7 1s the slope. Applying linear regression
to the data in this form, we can determine both
the slope and the intercept. From the slope,
we can easily solve for 7, the mass accumula-
tion rate.

Let’s consider an example from Sanchez-
Cabeza and Ruiz-Fernandez (2012) based
on the data of Ruiz-Fernandez (2010).
Figure 3.17 shows the measured unsup-
ported or excess (>'°Pb) as function of mass
and mass-depth. The data clearly do not
show a simple exponential decrease in depth
and suggest at least two times when sedi-
mentation rates changed significantly. Using
the constant flux model, Sanchez-Cabeza
and Ruiz-Fernandez (2012) date the changes
to about 1972 and 1930. Breaking the
core into three sections applying the con-
stant flux-constant sedimentation model to
each Sanchez-Cabeza and Ruiz-Fernandez
(2012) calculated mass accumulation rates
of 0.66, 0.22, and 0.11g/cm?-yr for the
upper, middle, and lower sections of the core.
Ruiz-Fernandez et al. (2011) attribute these
changes in sedimentation rates to significant
changes in land use, demographic changes
and channelization of the Tehuantepec River
over this time.
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Figure 3.17 Unsupported 2!1°Pb activity
measured on sediment samples from
Tehuantepec Gulf, Mexico as a function of
mass depth (depth is shown on the right).
Three mass accumulation rates for three parts
of the core calculated using the constant
flux-constant sedimentation model are shown
as solid lines. Data from Ruiz-Fernandez et al.
(2009); model from Sanchez-Cabeza andd Ruiz
Fernandez (2012).

3.4.7 *9Po-219Pb dating

210pb, f—decays through 219Bi (t1/2 = 5 days)

o 219Pb, which then a-decays to 2°°Pb with
a half-life of 138.4 days or 0.379 years,
sufficiently short that it has few geological
applications. It has proved useful in dating
unobserved submarine eruptions when those
eruptions occurred shortly before sample
collection. 2!1°Po is quite volatile and appears
to be nearly quantitatively lost through
degassing during eruption (probably as halide
species such as PoCl;). We can write the
following equation:

(2101)0)
(210pb)

(2101)0) 0
(210pb)

—A210p,t

= (1 - e_'lml’ot) +

(3.42)
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Figure 3.18 Measured 2'°Po activities as a
function of time for two samples from the East
Pacific Rise. A curve through the data shows
the best fit assuming (*!°Po) = 0. The
intersection gives the maximum age; the
collection date gives the minimum age.
(Source: Rubin et al. (1994). Reproduced with
permission of Nature Publishing Group.)

To determine ¢, the eruption age, we
need to know (?'°Po/219Pb)°, the initial
polonium-lead disequilibrium, and we do not.
A simple assumption is that it is 0, which
corresponds to complete degassing. An age
calculated on this assumption will be a maxi-
mum. Rubin et al. (1994; 1998) made a series
of measurements of (2!°Pb) over a period of
years following sample collection, then using
non-linear regression to fit the data under
the assumption that (?'°Po/?'°Pb)? = 0. The
minimum age is, of course, the date of sample
collection, but Rubin et al. (1994) consid-
ered the most likely “eruption window”
corresponded to 75-100% degassing of Po.
Figure 3.18 shows the data for two samples

collected from 9°N on the East Pacific Rise
in 1991 and analyzed in this way. The results
in these cases indicate the eruptions occurred
within 3—4 months prior to collection. Inter-
esting, these samples were collected from the
same area about a month apart, yet their
“eruption windows” don’t overlap, suggest-
ing two separate eruptions occurred in the
area. Subsequently, several other recent erup-
tions, most recently in 2005-2006, occurred
in this area. Po dating of samples collected
after that event also suggested several erup-
tions occurred over a period of 6 months or
so (Tolstoy et al., 2006).

NOTES

1. In 8-fold coordination, the effective ionic
radius of U*t is 1.00 A. In zircon, a mineral
which highly C, U, U is in 8-fold coordination.
This is probably a pretty good indication that
8-fold coordination is the preferred configu-
ration. The figure for 6-fold coordination is
given for comparison to other radii, which
have been for 6-fold coordination. Th has a
radius of 1.05 A in 8-fold coordination.

2. The uncertainty results from the mobility of U.
The CI carbonaceous chondrites experienced
mild alteration in hydrous conditions on the
parent body. U was mobilized under these
conditions and thus the U/Th ratio varies in
these meteorites. For this reason, they cannot
be used to precisely determine the U/Th ratio
of the Solar System and the Earth.

3. In principle, a system will approach equilib-
rium asymptotically, and will only achieve
equilibrium after an infinite amount of time.
In practice, an effective equilibrium is achieved
when the difference between the measured
ratio of parent to daughter is less than the
analytical uncertainty of the measurement.
This typically will occur after a maximum of
5-10 half-lives of the nuclide with the shortest
half-life.

4. The SI, and therefore official, unit of radioac-
tivity is the Becquerel (abbreviated Beq), and
is equal to one disintegration per second. An
older and still used unit is the Curie (abbre-
viated Ci) equal to 3.7 x 10'° disintegrations
per second. Because concentrations of these
elements in nature are generally low, activ-
ity is often expressed in disintegrations per
minute (dpm).
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5. The ratio is uniform in space, but there is evi- the energies of « particles are approximately
dence to suggest it has varied slightly with inversely proportional to half-life. From our
time, particularly between glacial and inter- discussion of a decay, you should be able to
glacial periods. surmise why.

6. In the case of 238U and 234U the a energies are
quite similar (4.2 and 4.7 MeV). Interestingly,
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PROBLEMS

1. Assuming present ratio of 233U to 23°U in the Earth is 137.82, what was this ratio 1.7 billion
years ago when the Oklo natural reactor was operating?
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2. Derive Eqn. 3.6.

3. The following were measured on whole rock samples from the Seminoe Mountains of
Wyoming. Plot the data on an isochron diagram and calculate the age and errors on the age.
Assume that the errors on both isotope ratios are 0.1% and that there is a 50% correlation in
the errors.

206Pb /204 Pb 207Pb /204 Pb
30.09 18.03
31.49 18.30
32.02 18.40
32.20 18.43
34.04 18.86
36.80 19.41

4. The following data were reported on zircons separated from a Paleozoic granite that gave a
Rb-Sr age of 542 million years. The granite is located in Archean terrane that was reactivated in
the early Paleozoic/late Precambrian. Calculate the age using a concordia diagram. You should
obtain both a lower and an upper intercept with concordia. What is your interpretation of the
ages?

(Hint: you will need to correct for the initial Pb isotopic compositions shown here).

Zircon 206Pb/2041)b 238U/204Pb 207Pb/2041)b 235U/204Pb
1 796 6800 88.46 49.3

2 1563 6649 257.1 48.2

3 1931 6432 340.1 46.6

4 2554 6302 481.7 45.7

5 2914 6250 560.3 45.3
Initial ratios 16.25 15.51

5. The following data were reported for zircons from the felsic norite of the Sudbury Intrusive
complex. Using these data, calculate the crystallization age and the error on the age of the
intrusion. Also determine the age of the lower intercept.

Sample Fraction 207pp*/235U 26 20°Pb*/233U 26 Error Correl.
DWDS5538  eq, 1h HF 0.4385 0.0036 0.028 0.0001 0.61098
DWDS5537  frag, 5h Hf 3.1073 0.0096 0.1991 0.0006 0.92907
ADS eq, 1Th HF-HCI 2.4352 0.0205 0.1561 0.0013 0.99179
AD4 anneal 2h HF-HCI 2.8698 0.024 0.1841 0.0015 0.99165
AD3 anneal 2h HF-HCI 4.0724 0.0189 0.2614 0.0012 0.97925
AD1 anneal 1h HF-HCI 3.0066 0.0093 0.1932 0.0004 0.84911

AD2 anneal 1h HF-HCI 2.0764 0.008 0.1343 0.0004 0.83521
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6. The 2'°Pb data shown were measured on a core from coastal pond. Determine the

sedimentation rate.

Depth, cm (219Pb), pCi
0-2 3.9
4-6 3.7
8-10 3.3
14-16 2.6
18-20 2.2
24-26 1.8
28-30 1.8

7. Pike et al. (2012) measured the following activity ratios on flowstone covering two examples
of Paleolithic art from the El Castillo cave in northern Spain. Calculate the ages of the two

flowstones.

Sample (234U/238U) (230Th/234U)
O-87 2.7432 0.29052
0-69 2.7072 0.27748

8. Given the following data on a Mt St Helens lava flow, calculate the age. You may use either
simple linear regression in obtaining your solution, or the Isoplot Excel plug-in.

(238U/232Th) (230Th/232Th)

Whole rock 1.245 1.184
Plagioclase 1.128 1.126
Magnetite 1.316 1.205
Groundmass 1.335 1.214




Chapter 4

Geochronology III: other dating

methods

4.1 COSMOGENIC NUCLIDES

4.1.1 Cosmic rays in the atmosphere

As the name implies, cosmogenic nuclides
are produced by cosmic rays colliding with
atoms in the atmosphere and the surface of
the solid Earth. Nuclides so created may be
stable or radioactive. Radioactive cosmogenic
nuclides, like the U decay series nuclides,
have half-lives sufficiently short that they
would not exist in the Earth if they were
not continually produced. Assuming that the
production rate is constant through time, then
the abundance of a cosmogenic nuclide in a
reservoir isolated from cosmic ray production
is simply given by:

N = Nye ™ (4.1)

Hence, if we know N, and measure N, we
can calculate ¢. Table 4.1 lists the radioactive
cosmogenic nuclides of principal interest.
As we shall see, cosmic ray interactions can
also produce rare stable nuclides, and their
abundance can also be used to measure
geologic time.

A number of different nuclear reactions
create cosmogenic nuclides. “Cosmic rays”
are high-energy (several GeV up to 107 eV!)
atomic nuclei, mainly of H and He (because
these constitute most of the matter in the
universe), but nuclei of all the elements have
been recognized. To put these kinds of ener-
gies in perspective, the previous generation
of accelerators for physics experiments, such
as the Cornell Electron Storage Ring produce

energies in the tens of GeV (10'°eV); while
CERN’s Large Hadron Collider, mankind’s
most powerful accelerator, located on the
Franco-Swiss border near Geneva produces
energies of ~10TeV range (10" eV). A sig-
nificant fraction of cosmic rays originates
in the Sun, although these are mainly of
energies too low to generate cosmogenic
nuclides. The origin of the remainder is
unclear; most likely originate in supernovae
or similar high-energy environments in the
COSMOS.

The cosmic ray flux decreases exponentially
with depth in the atmosphere as these parti-
cles interact with matter in the atmosphere.
This observation has an interesting history.
Shortly after the discovery of radioactivity,
investigators noticed the presence of radiation
even when no known sources were present.
They reasonably surmised that this resulted
from radioactivity in the Earth. In 1910, an
Austrian physicist named Victor Hess carried
his detector (an electroscope consisting of a
pair of charged gold leaves: the leaves would
be discharged and caused to collapse by the
passage of charged particles) aloft in a bal-
loon. To his surprise, the background radi-
ation increased as he went up rather than
decreased. It thus became clear that this radi-
ation originated from outside, rather than
inside, the Earth.

The primary reaction that occurs when cos-
mic rays encounter the Earth is spallation, in
which a nucleus struck by a high energy parti-
cle shatters into two or more pieces, including
stable and unstable nuclei, as well as protons
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Table 4.1 Data on cosmogenic nuclides.

Half-life, Decay constant,

Nuclide years yr!

14C 5730 1.209x 107*
SH 12.33 5.62x 1072
10Be 1.500 x 106 4.62x1077
26A1 7.16 x 10° 9.68x107°
36| 3.08 x 10° 225%x107°
32g; 276 2.51x1072

and neutrons. Short-lived particles such as
muons, pions, and so on are also created. The
interaction of a cosmic ray with a nucleus sets
of a chain reaction of sorts as the secondary
particles and nuclear fragments, which them-
selves have very high energies then strike other
nuclei producing additional reactions of lower
energy. *C is actually produced primarily by
reactions with secondary particles, mainly by
the *N(n, p)!'*C reaction involving relatively
slow neutrons.

4.1.2 'C dating

Carbon-14 is by far the most familiar and
useful of the cosmogenic dating schemes. Its
usefulness results from its relatively short
half-life, a relatively high production rate,
and the concentration of carbon in biological
material. The short half-life has the advantage
of producing accurate dates of young (geo-
logically speaking) materials and events and
easy determination by counting the decays.
The traditional method of *C determination
is counting of the f rays produced in its decay.
14C decays without emitting a gamma, which
is unfortunate because y-rays are more readily
detected. Difficulties arise because the rate of
decay of a reasonable sample of carbon (a few
grams) is low. One of the first problems that
had to be solved was eliminating “counts”
that arose from cosmic rays rather than the
decay of the carbon sample. This is done with
a combination of shielding and “coincidence
counting.”! Counting techniques make use
of either liquid scintillation counters or gas
proportional counters. A gas proportional
counter is simply a metal tube containing
a gas, with a negatively charged wire (the
anode) running through it. The emitted beta
particle causes ionization of the gas, and the
electrons released in this way drift to the wire
(the anode), producing a measurable pulse

of current. In this technique, carbon in the
sample is converted to CO,, and purified (in
some cases it is converted to methane) and
then admitted into the counting chamber. Sev-
eral grams of carbon are generally required.
In liquid scintillation counting, the carbon is
extracted from a sample and converted into
CO,, purified, and eventually to converted
to benzene (CsH¢) and mixed with a liquid
scintillator (generally an organic liquid).
When a carbon atom decays, the beta particle
interacts with the scintillator, causing it to
give off a photon, which is then detected with
a photomultiplier, and the resulting electrical
pulse sent to a counter. Liquid scintillation
is the new and more sensitive of these two
techniques and it has now largely replace gas
proportional counting. Liquid scintillation
analysis can be done with less than 1g of
carbon.

In the last 30 years or so, a newer method,
accelerator mass spectrometry (AMS), has
been used with considerable success. Greater
accuracy is achieved with considerably less
sample (analysis requires a few milligrams to
tens of milligrams). Initially, this work was
done with accelerators built for high-energy
physics experiments, but subsequently acceler-
ators have been designed and built exclusively
for radiocarbon dating. Although these instru-
ments are expensive, there are now dozens of
them in the world. While most radiocarbon
dating is still done by beta counting, use of
AMS is increasing.

Because of the way in which it was tradi-
tionally measured, *C is generally reported in
units of specific activity, or disintegrations per
minute per gram carbon rather than as a ratio

o 2C or BC (in SI units, 1 unit of specific
act1v1ty is equal to 1/60 0.017 Beq/g C).
Atmospheric carbon and carbon in equilib-
rium with the atmosphere (carbon in living
plant tissue and the surface of the oceans) has
a specific activity of 13.56 dpm/g. This is, in
effect, the value of N, in Eqn. 4.1. By histori-
cal convention, radiocarbon ages are reported
in years before 1950 (the year the first 1*C
age determination; the abbreviation BP thus
means not before present, but before 1950)
and assuming a half-life of 5568 years (instead
of the currently accepted value of 5730 years).

The actual reaction that produces '*C is:

BN+ n=MC+p
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This is a charge exchange reaction in which
the neutron gives up unit of negative charge
to a proton in the nucleus and becomes a
proton. The neutron involved comes from a
previous interaction between a cosmic ray and
a nucleus in the atmosphere; in other words,
it is a secondary particle. As charged particles,
cosmic rays interact with the Earth’s magnetic
field and are deflected by it (but not those
with energies above 10'*eV). Consequently,
the production rate of C is higher at the
poles. However, because the mixing time of
the atmosphere is short compared to the res-
idence time of '*C in the atmosphere, the '*C
concentration in the atmosphere is uniform.
Can we really assume, however, that the
atmosphere specific activity today is the same
as in the past? From Eqn. 4.1, we can see that
knowing the initial specific activity is essential
if an age is to be determined. To investigate
the variation of the specific activity of *C
with time in the atmosphere, the specific
activity of '*C in wood of old trees has been
examined. The absolute age of the wood is
determined by counting tree rings, a proce-
dure known as dendrochronology. The result
of such studies shows that the specific activity
has indeed not been constant, but has varied
with time (Figure 4.1). There are a number
of effects involved. Since 1945 injection of
bomb-produced '*C into the atmosphere has
raised the specific activity. Then, over the past
200 years, the specific activity has decreased
because of addition of “old” (i.e., "#C-free)
carbon in CO, produced by fossil fuel burning

(the Suess effect). Similar variations occurred
further back in time. Indeed, between 33,000
and 45,000 years ago, atmospheric specific
activity appears to have been twice what it was
in 1950 (Beck et al., 2001). These changes in
atmospheric specific activity almost certainly
occurred as a consequence of the changing
balance between CO, in the atmosphere
and the ocean. Far more CO, is dissolved in
the ocean, particularly in deep water, than
in the atmosphere. Shifting CO, from the
atmosphere to the ocean increases the specific
activity of *C in the atmosphere. These are
termed reservoir effects.

There are also century-scale variations in
14C, known as the deVries events that result
from variation in the cosmic ray flux that in
turn result from variations in solar activity.
Changes in solar activity, whose most obvi-
ous manifestation is the sunspot cycle, pro-
duce changes in the intensity of the solar wind,
particles (again, mainly H and He nuclei and
electrons) blown off the surface of the Sun.
At the height of the sunspot cycle, the solar
wind is greatly enhanced, up to a factor of 10°.
The solar wind in turn modulates the solar
magnetosphere, which deflects galactic cos-
mic rays at the outer edge of the solar system
(the heliopause). A stronger solar wind results
in few high-energy cosmic rays reaching the
Earth. On longer time-scales, variation in the
Earth’s magnetic field also affect the cosmic
ray flux and consequently cosmogenic nuclide
production. As Figure 4.2 shows, as the geo-
magnetic field increased between 40,000 and
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Figure 4.1 Variation of initial specific activity of *C in the past 1000 years. (Source: Faure (1986).

Reproduced with permission of John Wiley & Sons.)
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Figure 4.2 Low latitude (<60°) production
rate of 1°Be (black line) compared with
geomagnetic field strength (red line) over the
last 40,000 years. Magnetic field intensity
based on paleomagnetic intensity
measurements of volcanic rocks compiled by
McElhinny and Senanayake (1982). 1°Be
production rates based on Frank et al. (1997).
(Source: Adapted from Bard (1998).
Reproduced with permission of Elsevier.)

10,000 years ago, production of '°Be at low
latitudes declined (there was no apparent
decline at the pole) as the increasing strength
of Earth’s magnetic field deflected a greater
fraction of cosmic rays.

Because of these variations in the specific
activity of atmospheric carbon, a correc-
tion must be applied to *C dates because
of the variation in initial specific activity
with time. Calibration of '*C through den-
drochronology has now been done over the
last 11,000 years using waterlogged oaks in
swamps and bogs of Germany and Ireland
and bristlecone pines in the US and has be
extended to 45,000 years through compari-
son of *C and 238U/%3° Th ages, for example
in corals, as we’ll discuss shortly. Computer
programs are available for converting radio-
carbon ages to calendar years, for example,
the CALIB program available from the
Queens University Belfast (http://calib.qub.ac
.uk/calib/).

The variation in initial specific activity
makes the conversion from radiocarbon

ages to calendar years somewhat complex.
Figure 4.3 illustrates the case of a hypothet-
ical radiocarbon age of 3000 years BP with
a 1o uncertainty of 30 years. On the left, is
shown the uncertainty histogram in gray. The
pair of nearly parallel black curves encloses
the uncertainty on the calibration between
radiocarbon age and calendar years. The
black histogram on the bottom shows the
probable correspondence of calendar dates
to this radiocarbon age. The irregularity of
the histogram reflects the irregularity of the
calibration curve, which in turn reflects the
variation in reservoir effects, cosmic ray flux,
and so on mentioned previously. In this case,
the 26 uncertainty encompasses a range of
calendar dates from 1390 BC to 1130 BC.

On longer time scales, carbon-14 ages have
been calibrated to U-Th ages of carbonates,
primarily corals and spelothems, as we dis-
cussed in Chapter 3. Figure 4.4 shows the
data and calibration curve of Fairbanks et al.
(2005), which extends the calibration back
45,000 years. As may be seen in this figure,
carbon-14 and U-Th ages diverge increas-
ing backward in time, due to the reservoir
and magnetic field effects discussed above. At
45,000 years, C-14 ages are almost 4000 years
too young. A web-based radiocarbon to calen-
dar age conversion for this calibration is avail-
able at www.radiocarbon.LDEO.columbia
.edu/.

Most of the applications of *C dating are
probably in archaeology, but geological appli-
cations include volcanology (*C dating is
an important part of volcanic hazard assess-
ment), Holocene stratigraphy, paleoclimatol-
ogy, and oceanography. It is also used exten-
sively in paleoseismology to determine the
time of prehistoric earthquakes, and thus part
of earthquake hazard assessment. Knowing
the frequency of past earthquakes is useful in
predicting future earthquake probabilities. In
oceanography, the age of bottom water (age
meaning the time since the water last equi-
librated with the atmosphere) can be deter-
mined with *C. Typically, this age is of the
order of 1000 yrs.

One oceanographic application, which uti-
lizes accelerator mass spectrometry, is the
determination of paleo-bottom water ages.
The ice ages affected ocean circulation, but
the exact nature of the effect is still uncer-
tain. Of particular interest are the changes


http://calib.qub.ac.uk/calib
http://calib.qub.ac.uk/calib
http://www.radiocarbon.LDEO.columbia.edu/

GEOCHRONOLOGY III: OTHER DATING METHODS 105

3150

3100

3050

3000

2950

2900

Radiocarbon Age, BP

2850

2800

2750
1400 BC 1300BC 1200BC 1100BC 1000 BC
Calandar Date

Figure 4.3 Conversion of radiocarbon dates to calendar years. The gray curve at left shows the
uncertainty histogram for a radiocarbon age of 3000 + 30 (1c) years BP. The set of curves shows the
calibration between radiocarbon age and calendar date. The black histogram at the bottom shows the
probably corresponding calendar date for this radiocarbon age.
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Figure 4.4 Comparison of '#C and U-Th ages of Fairbanks et al. (2005) based on dating of corals
from Barbados, Kiritimati Atoll in the central equatorial Pacific, and from Araki Island in the
southwest Pacific. Red line is the calibration of Fairbanks et al. (20035); black line is the tree ring
calibration. Data from Fairbanks et al. (2005).
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in the ocean circulation pattern that occurred
as the last glaciation ended. Because plank-
tonic foraminifera live in the upper part of the
ocean, which is in equilibrium with the atmo-
sphere, one can date a sedimentary stratum
by measuring '*C in planktonic foraminiferal
tests. Benthic foraminifera live at the bottom
of the ocean, and build their tests from CO,
dissolved in bottom water. Thus a *C date of
a modern benthic foram would give the age of
the bottom water. By comparing the '*C ages
of planktonic and benthic foraminifera, one
may determine the “ages” of bottom waters
in the past. This in turn reveals something of
paleocirculation patterns.

4.1.3 19Be, %A1, and 3°Cl

We now consider some of the other nuclides
produced by cosmic ray interactions with
atmospheric gases. These include '°Be, 2°Al,
and 3°Cl. These nuclides have much longer
half-lives than 'C and thus are be applied
to longer time-scale problems, such as Pleis-
tocene chronology and dating of groundwa-
ter. Of these, 'Be has been the most exten-
sively utilized, for several reasons. First, its
production rate is higher (107>=10"3atoms/

cm?/ sec versus 107°-107° for 26 Al and**C).
Second, it has the advantage over 3°Cl that,
once absorbed onto clays, it is relatively
immobile, and third, while a small amount of
36Cl will be produced within the earth by neu-
tron capture on > Cl (with neutrons arising
from fission of U, as well as secondary neu-
trons produced by (a,n) reactions), there is
effectively no internal “nucleogenic” produc-
tion of 1Be in the Farth.

10Be is created by spallation reactions
between cosmic rays and N and O nuclei.
Since these are the most abundant nuclei in
the atmosphere, the production rate of °Be
is comparatively high. 2°Al is produced by
spallation of *°Ar, and 3°Cl is produced by
4OAr(p,a)>°Cl reactions (probably mainly
with secondary protons). Unlike carbon, Be,
Cl, and Al do not form gases under ambi-
ent conditions at the surface of the Earth,? so
residence time of °Be, 2°Al, and 3°Cl in atmo-
sphere are quite short. Once they form, they
are quickly extracted from the atmosphere by
rain. Since we know the cosmic ray flux varies
latitudinally, we might expect latitudinal vari-
ation in, for example, the '°Be production rate

and flux to the surface of the Earth. Subareal
variations '°Be show the expected latitudi-
nal dependence. However, the distribution
in oceans is uniform because '°Be spends
sufficient time in oceans that its distribution
is homogenized (the residence time of Be is
somewhat uncertain, but seems to be about
4000 vyears). Be is readily scavenged and
absorbed by clay particles, both subareally
and in the oceans. The concentration in soils is
quite high. In the oceans '°Be is extracted from
seawater by adsorption on suspended clay par-
ticles. Because of its low activity, '°Be is ana-
lyzed primarily by accelerator mass spectrom-
etry. The applications include dating marine
sediments, paleosols, Mn nodules, and so on.

Let’s now consider some examples of how
these nuclides can be used for geochronology.
We will begin with 1°Be dating of sediments
and they go on to show how ages can be
improved if we use both 1°Be and 2° Al. We will
then consider how 3¢Cl and bomb-produced
3H are used in hydrology.

Let’s now see how 'Be can be used for age
determination. The relevant equation is

10Be = 10Bg e~ (4.2)

For simplicity, we start by assuming the flux
of 1°Be to the sediment, £, is constant, hence,

["Be] o« fe=* (4.3)

where A is the flux of '°Be to the sediment
surface and the bracket denotes the number
of atoms of °Be. Even if the flux is con-
stant, the concentration of '°Be in a given
amount of sediment may nonetheless vary
because it can be variably diluted depending
on how fast other components in the sediment
are deposited. In other words, we must also
consider the sedimentation rate. The amount
of 1°Be in a given amount of sediment then
becomes:

[""Be| = f gt (4.4)

s

where s is the sedimentation rate. If both the
flux and sedimentation rate are constant, then
the depth, z, of a given horizon in the sediment
is given by

X t (4.5)

~ N
Il

(2SI

and
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We can substitute Eqn. 4.6 into 4.4 to
obtain:
[""Be] = f s (4.7)
s
Figure 4.5 shows some actual data from the
western tropical Pacific illustrating this expo-
nential decrease with time in '°Be concentra-
tion. Taking the log of both sides, we have:

In [°Be] = In <f> A 48

N N

From this we can see that the slope of a
plot of In['°Be] versus depth will be inversely
related to sedimentation rate (see Problem 1).

In a more general case, the sedimentation
rate will not be constant, but will be a function
of time. A general equation will then be

["Be] = S(—t)e—ﬁz/s (4.9)

In a sedimentary sequence such as a piston
core, we do not necessary know ¢ (indeed,
that is what we wish to determine), but we do
know the depth in the core, which we know
is some function of time. It is convenient then
to transform Eqn. 4.8 to a function of depth
rather than time:

['Be] (z) = Le"”@

o (4.10)

5

The sedimentation rate s is simply

_d®)

= (4.11)

Substituting for s and integrating, we obtain:
‘ f
/ ['Be| (2)dz = —2EO -1 (4.12)
0
This equation in turn can be solved for #(z):

tz) = —%m [1 —~ % /0 ['Be] (z)dz] (4.13)

The integral is simply the sum of the concen-
tration of 1°Be down the core to any depth z.
Like many rare radionuclides, the amount of
10Be is sometimes expressed in activity rather
than atoms or moles. Expressed in terms of
activity, Eqn. 4.13 is:

t(z) = —% In [1 -~ %/Oz (""Be) (z)z] (4.14)

This method has been used successful to
date sediments. However, since there are a
number of ways of determining the age of
young marine sediments, a more interesting
application is determination of growth rates
of manganese nodules, for which age determi-
nation is quite difficult.

10Be, 109 atoms/cc

0 100 200 300
Depth, cm

400 500 600 700

Figure 4.5 !"Be as a function of depth in a sediment core from the western tropical Pacific. Black line
shows the expected exponential decrease in °Be for a constant sedimentation rate. Data from Tanaka

and Inoue (1979).
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In the previous, we have assumed a constant
production rate for °Be, but Frank et al.
(1997), as we saw in Figure 4.2, derived
the production rate curve by calibrating °Be
dates against 23°Th dates in marine sediments.
One can account for variation in production
rate by replacing @ in the Eqn. 4.14 with a
function ®(t) that describes this variation.

An alternative is to remove the produc-
tion rate term altogether. This can be done
by simultaneously using two cosmogenic
nuclides. For example, '°Be and 2°Al. In this
case we can write two equations:

19Be = 19Beje* (4.2)
2041 =20 Al (4.15)
Dividing one by the other, we obtain
26 26
Al — Al e(A10=420)? (4.16)
lOBe 10Be

0

The advantage of this approach is that the
initial 26Al/'°Be ratio should be independent
of the cosmic ray flux. Although this method
is, in principle, quite attractive, it has not been
applied because of the difficulty of simultane-
ous measurement of 26 Al. Exploratory studies
suggest that it could be used in the future (e.g.,
Shibata et al., 2000).

4.1.4 Cosmogenic and bomb-produced
radionuclides in hydrology

Determining the age of water in underground
aquifers is an important problem because of
the increasing demands placed in many parts
of the world on limited water resources. A
prudent policy for water resource manage-
ment is to withdraw from a reservoir at a rate
no greater than the recharge rate. Determi-
nation of recharge rate is thus prerequisite to
wise management. Cosmogenic radionuclides
are swept out of the atmosphere by rain and
into the groundwater system. If we know the
concentration of a radionuclide in rainwater
whose initial activity is also known and if
we can assume that it is not produced within
the Earth or lost from solution (this is our
closed system requirement), then the “age” of
water in an aquifer is determined simply from
Eqn. 4.1, where we define age as the time since
the water left the atmosphere and entered
the groundwater system. This term can be

misleading, however. As Bethke and Johnson
(2008) emphasize, water may enter an aquifer
at different points along a flow path; con-
sequently water within an aquifer can be a
mixture of water added to it at different times.
Consequently, a short-lived radionuclide such
as *C can be present and indicate one age,
while a longer-lived one such as 3°Cl can indi-
cate an older age. It is perhaps best to think
in terms of “residence time,” the average time
a molecule has resided in an aquifer.

In addition to cosmogenic production, *H
and other radionuclides were produced in sig-
nificant quantities during atmospheric ther-
monuclear tests between 1952 and 1963.
The pulse of *H in precipitation during this
period is illustrated in Figure 4.6. Tritium is
readily detected by beta counting, and there-
fore bomb-produced tritium is potentially use-
ful for tracing precipitation that fell during
the 1950s and 1960s through groundwater
systems. There are limitations on using it
as a geochronological tool because the pre-
cipitation history of 3H is not well known
in most areas. In most cases, tritium has
been used simply to distinguish pre-bomb
from post-bomb waters. Older ground waters
would be essentially free of atmospherically
produced 3H because of its short half-life
(12.3 years), but contain some *H produced
in situ by fission-generated neutrons. The
usefulness of this approached has dimin-
ished significantly, however, as most of the
bomb-produced tritium has now decayed.

14C has been used successful for dating
groundwater for decades. Since the concentra-
tion of *C in the atmosphere is uniform, its
concentration in precipitation is also uniform.
However, there are several problems with *C
dating. The first is that *C is present in water
principally as HCO;~ and CO5?~. Both iso-
topic exchange reactions with carbonates in
soils and the aquifer matrix and precipitation
and dissolution of carbonates will alter the
concentration of *C in groundwater. This,
of course, violates the closed-system require-
ment. A second disadvantage is its relatively
short half-life, which restricts the use of #C
dating to waters less than 25,000 years old.
While this is sufficient for shallow, localized
groundwater systems, regional systems often
contain much older water.

In contrast to *C, 3¢Cl is essentially con-
servative in groundwater solutions, and has a
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Figure 4.6 >H in precipitation recorded at Ottawa, Canada from 1950 to 1986. Vertical scale is in
“Tritium Units,” which are 10-8 atoms *H/atom 'H.

half-life suitable for dating water in regional
aquifers as old as 1 Ma. The disadvantage is
that it has a much lower production rate in the
atmosphere than *C, and its analysis requires
accelerator mass spectrometry.

In the atmosphere, the primary means of
production of 3°Cl are spallation of *°Ar
and neutron capture by °Ar. The former
process has been estimated to produce about
11 atoms-m~2-s~!, while the latter produces
about half that, for a total production of
about 15 atoms-m~2-s~!. The residence time
of 3¢Cl in the atmosphere (about 1 week) is
not long enough to homogenize its concen-
tration, so the fallout varies with latitude as
shown in Figure 4.7.

As usual, dealing with just the number, or
concentration, of 3®Cl atoms can have disad-
vantages, and can be misleading. Evaporation,
for example, would increase the number of
36Cl atoms. Thus the 3°Cl/Cl ratio (Cl has
two stable isotopes: 33Cl and 37Cl) is gener-
ally used. Stable chlorine can be leached from
rocks. This chlorine will be nearly, but not
entirely, free of 3°Cl. Some 3°Cl is produced
naturally by 3°Cl capturing neutrons gener-
ated by fission and (a, n) reactions on light
elements. Further complications arise from the
bomb-produced 3¢Cl. Dissolved chlorine can
also capture neutrons. Thus 3°Cl will build up
in groundwater water according to:

b.f [P Cl]

| =
] =—5-

(1—ehe) (417
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Figure 4.7 Latitudinal dependence of the
fallout of atmospheric 3°Cl. (Source: Adapted
from Bentley et al. 1986). Reproduced with
permission of John Wiley & Sons.)

where [3¢Cl] is the 3°Cl concentration (num-
ber of 3¢Cl atoms per mole, [3*Cl] is the con-
centration of 33Cl target atoms, ¢, is the neu-
tron flux, and f is the fraction of neutrons cap-
tured by 3*Cl. The secular equilibrium value,
that is, the concentration at #= oo, is simply:

36Cl
[ ] =0.7576 x uf
[Cl] A36

(4.18)

where 0.7576 is the fraction of Cl that is 3*Cl.
This in situ production must be taken into
account.
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Stable Cl derived from sea spray is also
present in the atmosphere and in precipita-
tion. Its concentration decreases exponentially
from coasts to continental interiors. Thus, the
initial 3°Cl/Cl ratio in precipitation will be
variable and must be determined or estimated
locally before groundwater ages can be esti-
mated. The age of groundwater may then be
determined from:

1] (*ciycr->cyci,)
t=—In
A e, (36(:1/c1O _ 36Cl/Clse>

(4.19)

where [Cl] is the chloride concentration and
the subscripts “0” and “se” denote initial and
secular equilibrium values respectively.
Bentley et al. (1986) used this approach
to determine the age of groundwater in the
Great Artesian Basin aquifer. The Great Arte-
sian Basin aquifer is one of the largest arte-
sian aquifers in the world and underlies about
a fifth of Australia (Figure 4.8). The pri-
mary aquifer is the Jurassic Hooray sandstone,
which outcrops and is recharged along the
eastern edge of the basin. Bentley et al. (1986)
sampled 28 wells from the system. They esti-
mated an initial 3¢CI/Cl ratio of 110 x 10~1
and a secular equilibrium value of 9 x 107"
atoms per liter. Some well samples showed evi-
dence of 3¢Cl addition, probably from upward
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Figure 4.8 Extent of the Great Artesian Basin
aquifer in Australia. (Source: Adapted from
Bentley et al. 1986). Reproduced with
permission of John Wiley & Sons.)
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leakage of water from evaporate-bearing
Devonian sediments beneath the aquifer.
Other wells, particularly those in the recharge
area, showed evidence of evaporation, which
increases Cl concentrations before the water
penetrated the groundwater system, not sur-
prising in an arid environment. On the whole,
however, 3°Cl ages were comparable to cal-
culated hydrodynamic ages, as illustrated in
Figure 4.9.

“He data can provide a useful compliment
to 3°Cl studies. *He accumulates in rocks as
a consequence of a-decay. Instead of decay-
ing, we expect “He to accumulate linearly with
time. Assuming that water flows uniformly
through an aquifer as though it were pushed
along by a piston (“piston-flow”), accumula-
tion of *He may be described by:

R,t
¢

where [*He], is the initial concentration,
R, is the production rate (a function of the
Th and U concentration), ¢ is the aquifer
porosity (volume fraction of the aquifer not
occupied by rock), and ¢ is time. In the Great
Artesian Aquifer, however, Torgensen et al.
(1992) found that *He appears to accu-
mulate non-linearly, as in Figure 4.10(a).
Bethke and Johnson (2008) explain this
with a model in which *He diffuses into the
aquifer from underlying crystalline basement
(Figure 4.10b). Beds of fine-grained, low
porosity rocks within the aquifer (which con-
sists mainly of sandstone as noted previously),
limits the upward mobility of “He, resulting in
a strong vertical gradient within the aquifer.
Eventually upwelling of water near the down-
stream end of the aquifer allows the “He to
be mixed vertically.

[*He] = [*He], +

(4.20)

4.1.5 In-situ produced cosmogenic nuclides

A few cosmic rays and secondary particles
manage to pass entirely through the atmo-
sphere where they interact with rock at the
surface of the Earth. These interactions pro-
duce a great variety of stable and unsta-
ble nuclei. Because the atmosphere is a very
effective cosmic ray shield, these cosmogenic
nuclides are rare and difficult to detect, so
most of the nuclides of interest are unstable
ones that otherwise do not occur in the Earth.
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Figure 4.9 Comparison of 3°Cl ages with “hydrodynamic age,” that is, the age estimated from
hydrologic flow parameters. (Source: Adapted from Bentley et al. 1986). Reproduced with permission
of John Wiley & Sons.)
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Figure 4.10 (a) Concentration of *He measured by Torgersen et al. (1992) as a function of distance
from source in the Great Artesian Aquifer of Australia. Rather than the linear increase predicted by
water ages shown in Figure 4.8, concentrations appear to increase exponentially. (b) Model of “He
concentrations in the Great Artesian Aquifer (red shading). *He diffuses in from below, and then is
confined to the bottom of the aquifer until water upwells toward the surface. (Source: Adapted from
Bethke et al. (1999). Reproduced with permission of John Wiley & Sons.)

Those nuclides are that geologically useful can be produced by reactions with lower
are listed along with approximate production energy secondary particles, including neu-
rates in Table 4.2. The most important of trons, muons, and alpha particles. The most
these are 3¢Cl, 26Al, and '°Be. In addition to important of these reactions are also listed

cosmic ray-induced spallation, these nuclides in Table 4.2. Stable cosmogenic nuclides can
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Table 4.2 TIsotopes with appreciable production rates in terrestrial rocks.

Half-life Spallation Thermal neutrons ChismG
Isotope  (years) Target(s) Rate (atoms/g-yr)  Target Reaction Target
SHe stable 0O, Mg, Al, Si, Fe 100-150 Li (n, )
10Be 1.6x10° O, Mg, Al Si, Fe - - 10, C, N, O
14C 5730 0, Si, Mg, Fe “N, 70 (n,p),(n,a) N,O
21Ne stable Mg, Al, Si, Fe 80-160 - - Na, Mg, Al
2671 71%10° Mg, Al, Si, Fe - - $i, S
36Cl 3.0x10° K, Ca, Cl BSCLY¥K (), (n,0) K, Ca, Sc
1291 1.6 x10° 128Te (n,7) 130Te, Ba

also provide useful geological information. To
be of use, the cosmogenic production must
be large relative compared to the background
abundance of such nuclides. Thus, only 3He
and 2'Ne have been studied to date. In the
following examples, we will see how the cos-
mogenic production of a rare stable nuclide,
3He, can be used to estimate erosion rates, and
how 3¢Cl can be used to determine the time
material has been exposed to cosmic rays.

4.1.5.1 Determining erosion rates from
cosmogenic >He

The penetration of cosmic rays decays expo-
nentially with depth according to:

e/l (4.21)
where z is depth, / is a constant that depends
on the nature and energy of the particle
and on the material it penetrates, and p is
the density. For the nucleonic component of
cosmic rays, [ is approximately 160 g/cm?.
For a material, such as a typical rock, having
a density of 2.5g/cc, the ratio p/l is about
64 cm™!. Thus, at a depth of 64 cm the cosmic
ray flux would be 1/e or 0.36 times the flux
at the surface. This is referred to as the
characteristic penetration depth. For the p
(muon)® component, [ is about 1000 g/cm?,
and for neutrinos [ is nearly infinite (because
neutrinos interact so weakly with matter).
Most of the cosmic ray interactions are with
the nucleonic component. The meaning of
all this is that cosmogenic nuclides will be
produced only on the surface (the top meter
or two) of a solid body. As in the atmosphere,
cosmic ray interactions produce both stable
and unstable nuclei. If we consider the case of
the production of a stable nucleus, the number

of stable nuclei produced at the surface of the
body over some time ¢ is simply given by:

N=P¢ (4.22)

where P is the production rate at the surface,
which is in turn a function of the cosmic ray
flux, depth, elevation, geomagnetic latitude,
and reaction cross section. If we know the
production rate, we can solve 4.19 for ¢, the
length of time the surface has been exposed to
cosmic rays.

Despite being the second most abundant
element in the cosmos, He is very rare on
Earth because it is too light to be retained - it
escapes from the atmosphere readily. Of
helium’s two isotopes, *He is some 7 orders
of magnitude less abundant than *He. This
is partly because *He is continually produced
by a-decay. Hence the Earth’s supply of *He
is continually replenished, whereas 3He is
not.* In 1986 M. D. Kurz found extraordi-
narily high 3He/*He ratios in basalts from
Hawaii. The origin proved to be cosmogenic
(Kurz, 1986a). Most of the He is produced
by spallation of abundant elements such as
O, Mg, and Si, with a minor component
produced by °Li(n, a) and “Li(p, o) reactions.
Figure 4.11 shows the decrease in cosmogenic
SHe with depth in a core from Haleakala
(Maui, Hawaii) compared with the predicted
decrease for [ =165g/cm?. The dashed line
show the depth dependence of the p stop-
ping rate needed to explain the discrepancy
between the predicted and observed depth
dependence. Ignoring the small contribution
from muon interactions, the concentration of
3He as a function of depth, z, and exposure
time, t, is given by:

t
Cz,t) = / Pe=2Wrll gy (4.23)
0
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Figure 4.11 Variation of cosmogenic *He with
depth in a core from Haleakala volcano in
Hawaii. (Source: Kurz (1986). Reproduced
with permission of Elsevier.)

If the depth is not a function of time, this
simply integrates to

C(z,t) = Pe~/!t (4.24)

If erosion occurs, then z will be a function of
t. We obtain the simplest relationship between
time and depth by assuming the erosion rate is
time-independent:

=2y — €t (4.25)

where ¢ is the erosion rate and z;, is the original
depth. Substituting for z in Eqn. 4.23 and
integrating, we have
Clz, 1) = Pie-w/’(effﬂ/’ -1 (4.26)
ep
Substituting zy = z + €t, Eqn. 4.26 simplifies
to:
Clat) = PLesoll(1 — gmetolly  (4.27)
p
For a sample at the surface, z = 0 and this
equation reduces to:
Cy = Pi(1 — el (4.28)
ep
Neither 4.28 nor 4.27 can be solved directly.
However, if the age of the rock, ¢, is known,
one can measure a series of values, C, as
function of depth and make a series of guesses
of the erosion rate until a curve based on

4.27 fits the data. Using this procedure, Kurz
estimated an erosion rate of 10m/Ma for

Haleakala (Kurz noted that for higher erosion
rates, it would be necessary to take account of
the muon-produced 3He).

4.1.5.2  Erosion rates from radioactive
cosmogenic nuclides

For a radioactive nuclide such as 2°Al or 3¢Cl
we need to consider its decay as well as its
production. The concentration of such nuclide
as a function of time and depth is given by:

—zp/l
Cz, 1) = el
A+ep/l
where 4 is the decay constant and ¢ is age
of the rock. If the rock is much older than
the half-life of the nuclide (i.e., At> 1;
for 3¢Cl, for example, this would be the case
for a rock >3 Ma old), then the last term
tends to 1. Eventually, production of the
nuclide, its decay, and erosion will reach
steady-state (assuming cosmic ray flux and
erosion rate are time-independent). In this
case, the concentration at the surface will be
given by:

(1 — eAter/bty (4.29)

P

Co=— 4.30
0 A+ep/l ( )

Since this equation does not contain a time
term, we cannot deduce anything about time
in this situation. However, knowing the pene-
tration depth, 4, and the production rate, we
can deduce the erosion rate.

4.1.5.3 %Cl dating of glacial deposits

Let us next consider the build-up of a radioac-
tive nuclide in a rock where the erosion rate
can be ignored. For a nuclide being both
produced by cosmic ray bombardment and
lost by radioactive decay, our basic equation
becomes: IN
— =P—- AN
dt
To obtain the abundance, N, of the radionu-
clide at some time ¢, we simply integrate 4.27:

(4.31)

N= §(1 — e (4.32)

For t >> A; that is, after many half-lives, a
steady-state is reached where:
P

N==<

- (4.33)
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For shorter times, however, we can solve
Eqn. 4.32 for . In this case, ¢ is the time the
rock has been exposed to cosmic rays. Since
the penetration of cosmic rays is so limited,
this is the time the rock has been exposed at
the surface of the Earth. This particular prob-
lem is of some interest in dating rock varnishes
and glacial moraines. All moraines except
those from the most recent glaciation will be
too old for *C dating, but virtually the entire
Pleistocene glacial history is an appropriate
target for dating with 2°Al or 3°Cl.

Since 3¢Cl is a fairly heavy nuclide, only a
few specific cosmic ray-induced nuclear reac-
tions yield *¢Cl. The principle modes of pro-
duction are thermal neutron capture by 3*Cl
(the most abundant of chlorine’s two sta-
ble isotopes), spallation reactions on 3°K and
40Ca, and muon capture by #°Ca (Phillips
et al., 1986). In effect, this means the com-
position of the sample, in particular the con-
centrations of Cl, K, and Ca, must be known
to estimate the production rate. Phillips et al.
(1986) showed that the build-up of 3¢Cl in
rocks can be reasonably predicted from these
concentrations by determining 3°Cl in a series
of well-dated lavas and tuffs. In addition to
rock composition, it is also necessary to take
into consideration (1) latitude, (2) elevation,
and (3) non-cosmogenic production of 3¢Cl.
As we saw in the last section, spontaneous fis-
sion of U and Th will produce neutrons that
will result in some production of 3°Cl by neu-
tron caption by 3Cl.

Philips et al. (1990) determined 3°Cl ages
for boulders taken from a series of moraines
in Bloody Canyon of Mono Basin, Califor-
nia. They were careful to sample only boul-
ders from moraine crests as these were most
likely to remain above the snow during win-
ter and less likely to have rolled. Their results
are shown graphically in Figures 4.12. The
youngest moraines correspond to glacial max-
ima of the most recent glaciation and yield
ages in good agreement with *C dating. Older
moraines show considerably more scatter. In
additional to analytical errors, factors that
might account for the larger scatter include:
35CI inherited from earlier exposure, prefer-
ential leaching of 33Cl, erosion of the rock
surface, gradual exposure as a result of ero-
sion of till matrix, and snow cover. Most of
these factors will result in the age being too
young, so that maximum ages were preferred
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Figure 4.12 3°Cl ages of moraine boulders
from Bloody Canyon, eastern Sierra Nevada.
(Source: Adapted from Phillips et al. (1990).
Reproduced with permission of AAAS.)
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Figure 4.13 Comparison of best-estimated
36Cl ages of moraine boulders from Bloody
Canyon with the marine 80 record. There is a
reasonably good correspondence with the
moraine ages and glacial maxima inferred from
180. (Source: Adapted from Phillips et al.
(1990). Reproduced with permission of AAAS.)

for the older moraines. The best estimates of
moraine ages are compared with the marine
O isotope record, which in this case is used
as a proxy for global temperature history
(Chapter 10), in Figure 4.13. Generally, the
moraines correspond in time to high 'O in
the oceans, which corresponds to cold temper-
atures. This is just what we expect: maximum
extent of the glaciers occurred during cold cli-
matic episodes.

4.2 FISSION TRACKS

As we have already noted, a fraction of
uranium atoms undergo spontaneous fission
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rather than alpha decay. The sum of the
masses of the fragments is less than that of
the parent U atom: this difference reflects the
greater binding energy of the fragments. The
missing mass has been converted to kinetic
energy of the fission fragments. Typically, this
energy totals about 200 MeV, a consider-
able amount of energy on the atomic scale.
The energy is deposited in the crystal lattice
through which the fission fragments pass by
stripping electrons from atoms in the crystal
lattice. The ionized atoms repel each other,
disordering the lattice and producing a small
channel, something like several nm (10~ m) in
width, and a wider stressed region in the crys-
tal. The damage is visible as tracks seen with
an electron microscope operating at magnifi-
cations of 50,000x or greater. However, the
stressed region is more readily attacked and
dissolved by acid; so the tracks can be enlarged
by acid etching to the point where they are vis-
ible under the optical microscope. Figure 4.14
is an example.

Because fission is a rare event in any case, fis-
sion track dating generally uses uranium-rich
minerals. Most work has been done on
apatites and zircon, but other minerals such
as sphene are also used.

Fission tracks will anneal, or self-repair,
over time. The rate of annealing is vanish-
ingly small at room temperature, but increases
with temperature and becomes significant at
geologically low to moderate temperatures. In
the absence of such annealing, the number of
tracks is a simple function of time and the

-~

Figure 4.14 Fission tracks in a polished and
etched zircon. (Source: Photo by J. M. Bird.
Reproduced with permission.)

uranium content of the sample:
Fo= (4/2,) [PPU] (et =1)

where Fs is the number of tracks produced
by spontaneous fission, [>3%U] is the num-
ber of atoms of 238U, A, is the a decay con-
stant for 28U, and 4, is the spontaneous
fission decay constant, the best estimate for
which is 8.46 + 0.06 x 10™"yr~!. Thus about

5% 107" U atoms undergo spontaneous fis-
sion for every one that undergoes a-decay.
Equation 4.34 can be solved directly for ¢ sim-
ply by determining the number of tracks and
number of U atoms per volume of sample.
In this case, ¢ is the time elapsed since tem-
peratures were high enough for all tracks to
anneal. This is the basis of fission-track dat-
ing. The temperatures required to anneal fis-
sion damage to a crystal are lower than those
required to isotopically homogenize the crys-
tal. Thus fission track dating is typically used
to “date” lower temperature events than con-
ventional geochronometers. It is part of a suite
of chronometers, which also include previ-
ously discussed *°Ar-3°Ar and U-Th-He dat-
ing, that are reset over a range of temperatures
(mostly fairly low) that are used in the field of
thermochronology.

(4.34)

4.2.1 Analytical procedures

Determining fission track density involves a
relatively straightforward procedure of polish-
ing and etching a thin section or grain mount,
and then counting the number of tracks per
unit area. A number of etching procedures
have been developed for various substances.
These are listed in Table 4.3. Track densities
of up to several thousand per cm? have been
recorded. A minimum density of 10 tracks per
cm? is required for the results to be statistically
meaningful. A fission track, which is typically
10 pm long, must intersect the surface to be
counted. Thus Eqn. 4.34 becomes:

po=Fa = (3/4) U] (4 = 1) q
(4.35)
where p; is the track density, g is the fraction
of tracks intersecting the surface, and [>*8U] is
now the concentration of 238U per unit area.
The second step is determination of the U
concentration of the sample. This is usually
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Table 4.3 Etching procedures for fission track dating.

Temperature

Mineral etching Solution (°C) Duration
Apatite 5% HNO3 25 10-30s
Epidote 37.5M NaOH 159 150 min
Muscovite 48% HF 20 20 min
Sphene Conc. HCI 90 30-90 min
Volcanic glass 24% HF 25 1 min
Zircon 100M NaOH 270 1.25h

done by neutron irradiation and counting
of the tracks re