RADIOMETRIC CLOCKS

This paper provides and introduction to radioactivity, and how geologists exploit radioactive decay to
determine the age of rocks.

Introduction

In the present nuclear age, the devastating effects of radioactivity have been highlighted by such
issues as nuclear weapons testing and radioactive waste disposal, and by the reactor incidents at Three
Mile Island and Chernobyl. These events illustrate the vexing problems that can be associated with high
levels of radioactivity. However, the presence of radioactivity is not limited to nuclear reactors and
atom bombs. We are constantly being showered by very low levels of background radioactivity, which
originates from many different sources, some familiar, others distant. A variety of building materials,
including cement and rocks, are sources of low-level radioactivity. Certain soil types contain small
amounts of radioactive substances. Radioactive Carbon-14 is present in most plants and animals
(including our own bodies). Even the air all around us contains a very small proportion of radioactive
gasses, like Radon, which has recently become a controversial topic. Cosmic rays, which originate in
outer space, also contribute to the background radioactivity. These rays are constantly bombarding the
outer atmosphere, crashing into the gas molecules there and creating a mist of secondary radioactivity
that reaches the Earth's surface. The cumulative effect of all of these sources results in a continuous
shower of low-level radioactivity, referred to as background radioactivity.

In addition to these environmental sources of radioactivity, many other localized, man-made
sources commonly exist around the home and in the workplace. Many smoke detectors contain
radioactive Americium-241. The paint used for the numbers and hands of some old watches and clocks
contains radioactive Radium salts. Some other very old paints, used on such items as chinaware, contain
Uranium salts. Many radioactive isotopes are also used in medicine, such as radioactive lodine-129 and
Cesium-137. These radioactive sources are local, and are well understood. If handled with care, they do
not pose the same dangers as high levels of radioactivity, such as are found in association with nuclear
weapons fuel, as well as near the damaged reactor at Chernobyl. This paper seeks to provide some
background about the nature of radioactivity, and to present at least one way that people have learned to
exploit radioactivity to learn more about the world we live in: radiometric dating of rocks.
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Chemical elements are often displayed the ‘Periodic Table of the Elements’ (shown below),
which primarily arranges the display of elements according to the number of protons in the nucleus.
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In the Periodic Table, the elements are also arranged into groups based on their chemical properties.
Each atom of a given element contains a fixed number of protons inside the nucleus, and an equal
number of electrons orbiting the nucleus. The number of protons in the nucleus is known as the Atomic
Number, and is usually denoted by Z. In addition to protons, the nucleus of every element also contains
neutrons. Atoms of the same element always have the same number of protons, but they can have a
different number of neutrons in the nucleus. Two atoms of the same element that have a different
number of neutrons are called isotopes of that element. The number of neutrons in the nucleus of an
atom is usually denoted by N. In general terminology, an atom with atomic number Z and neutron
number N is known as a nuclide. The total number of protons plus neutrons is known as the mass
number of a nuclide, and is usually denoted by A. Any nuclide can be specified as shown in the
following generalized notation:

A
ZXN

A = Atomic Mass
Number (N + Z)

Z = Atomic Number (the
number of protons in the

nucleus)

X = Element Symbol

(as shown in the

Periodic Table)

For example, the nuclide called “Carbon-14" is designated by:

14
6C8

A = 14, the atomic mass

number (6 protons + 8
neutrons)

Z = 6, the number of
protons in the nucleus

C = Element Symbol
(Carbon)

N = Number of neutrons
in the nucleus

N = 8, the number of
neutrons in the nucleus
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The general notation here is somewhat redundant, and several shorthand variations are frequently
used. For instance, “Carbon-14" denotes a carbon atom with atomic mass number 14. Since it is
commonly known (from the Periodic Table, for instance) that all carbon atoms have 6 protons, it can be
deduced that Carbon-14 has 8 neutrons (14 minus 6 equals 8). Carbon-14 is also frequently written '*C,
omitting the atomic number (6) and neutron number (8) displayed in the most general notation.

Chart of the Nuclides

Every element in the Periodic Table has several isotopes, determined by the number of neutrons in the
nucleus. It would be somewhat difficult to display all the isotopes of every element in the format of the
Periodic Table. The “Chart of the Nuclides” aims to display all of the known isotopes for every element
in the Periodic Table, at the expense of chemically similar groupings used by the Periodic Table. The
image below is a small portion of the entire Chart of the Nuclides, showing known isotopes of the
elements Hydrogen through Silicon.
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Radioactive Decay

The forces holding the nucleus of an atom together are very strong, and the nucleus is packed very
tightly with protons and neutrons. About 10% of all nuclides have a stable nucleus, meaning that the
configuration of protons and neutrons in the nucleus will persist indefinitely under normal conditions.
In general, however, the nuclei of most atoms are not stable. This means that, even under normal
conditions, the nucleus of an unstable atom will have some propensity to ‘decay’ spontaneously and
become rearranged into another configuration. These unstable isotopes are known as radionuclides, or
radioactive nuclides, or radioactive isotopes. The process whereby a nucleus is rearranged is called
nuclear decay, or radioactive decay. Energy is also released during a nuclear decay, in the form of
particles or waves, or both. The term ‘radioactive’ is a reference to the energy released during the
spontaneous rearrangement of an atom’s nucleus. There are several ways that an unstable nucleus can
be spontaneously rearranged as a result of radioactive decay. The main radioactive decay modes are
listed below.

Radiometric Clocks p. 3 of 17



Alpha () decay. In alpha decay, the unstable “parent” nuclide emits a single particle consisting of two
protons and two neutrons. This ejected particle is called an alpha particle (a-particle). An alpha particle
is identical to a Helium-4 nucleus (without the orbiting electrons). With this decay mode, the atomic
number (Z) of the resulting “daughter” nuclide is two units lower than the parent, because the parent lost
two protons. The atomic mass number of the daughter is four units less than the parent. In most alpha
decays, the daughter nucleus will also emit a gamma ray (y-ray) as the nucleus settles into its ground
state. The emitted alpha particle contains kinetic energy (motion energy), which is converted into heat
as the emitted particle interacts with surrounding atoms.

q I+2

% = Example of a decay:

2 Z I

o

E I 238 234 4 ++

b 92 Upss™ 90 Th 4+, He,
=2

M2 M M M+ M2
Meutron Mumber (M)

Beta-minus (p-) Decay. Beta-minus decay (also called negatron decay) often occurs when there is an
‘excess’ of neutrons in the nucleus. A neutron is spontaneously converted into a proton, which is
accompanied by the emission of a beta particle and an anti-neutrino (the anti-matter counterpart of a
neutrino). In beta-minus decay, the beta particle is identical to an electron. In this decay mode, the
atomic mass of the parent does not change, because the mass of an electron and the mass of a neutrino
are negligible. The atomic number of the resulting daughter nuclide is one more than the atomic number
of the parent nuclide, because there is one more proton in the nucleus than there was before the decay.
The neutron number of the parent nuclide is reduced by one unit in the daughter nuclide.

q 42 Betasminus Decay

T I+ B

E <the Example of B- decay:

z I N,Z

€ 234 234 _ .

e iz 90Th144 — 91 Pa143 + B + neutrino

-2 M1 B M+ M2
Mevtron Bumber (M)
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Beta-plus (B+) Decay. Beta-plus decay (also called positron decay), usually occurs when there is a
‘deficiency’ of neutrons in the nucleus. A proton is spontaneously converted to a neutron, which is
accompanied by the emission of a positron (+, the anti-matter counterpart of an electron) and a
neutrino. The positron will eventually annihilate with an electron, producing two gamma rays. The
daughter nuclide will also emit a gamma ray (y-ray) as the nucleus settles into its ground state. As in
beta-minus decay, the mass of the daughter nuclide is the same as the parent. But in beta-plus decay, the
atomic number decreases by one and the neutron number increases by one.

E Z+2
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Electron Capture Decay. This is similar to B+ decay, except that the nucleus captures an extra-nuclear
electron. A proton is converted to a neutron, which is accompanied by the emission of a neutrino. The
daughter nuclide will also emit an x-ray as other electrons fill the void in the orbit where the captured
electron came from. As in beta-plus decay, the mass of the daughter nuclide is the same as the parent,
and the atomic number decreases by one while the neutron number increases by one.

E Z+2

T I+

= Example of electron capture decay:

2 & M,Z

= y H+1 7 7 . .

£ 1% ,Be,—; L1, +neutrino + xray
-2 | Electron Capture Decay

1 1
M2 WA M M+ M2
MeLtron Mumber (M)

Spontaneous Nuclear Fission. Some nuclides of heavy elements such as U, Pu, Am, Np, Cm, Fm can
undergo radioactive decay by spontaneous fission. In this process, the nucleus splits into two large
fragments, and neutrons, a-particles and other particles and energy are liberated. The fission product
nuclides have large kinetic energy, and fly apart at nearly 180° from each other. The daughter nuclides
typically have an excess of neutrons, and thus decay by emitting - particles and gamma rays until a
stable nuclide is produced.

Example of spontaneous nuclear fission:

238 144
o Upss—> 54 XE€, + Other fragments + energy
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Atomic Number (Z) increases —»

Neutron Number (N) increases —

Most of the stable isotopes in the Chart of the Nuclides lie along the “main diagonal”. Isotopes
along the “main diagonal” have approximately the same number of neutrons and protons in the
nucleus. Additionally, isotopes with larger nuclei tend to be less stable than isotopes with smaller
nuclei. Each of the radioactive decay modes transforms a “parent” isotope in such a way that the
“daughter” isotope moves toward a more stable form:

Positron (B+) Decay, and Electron Capture Decay, usually occur when there is a ‘deficiency’ of
neutrons in the nucleus. This means that there are more protons than in the nucleus, placing the isotope
above the “main diagonal”. These decay modes reduce the number of Protons and increase the number
of Neutrons, so the “daughter” isotope is closer to the “main diagonal” than the “parent isotope”.

Negatron (B-) Decay usually occurs when there is an ‘excess’ of neutrons in the nucleus. This means
that there are fewer protons than neutrons in the nucleus, placing the isotope below the “main diagonal”.
Negatron decay increases the number of Protons and decreases the number of Neutrons, so the
“daughter” isotope is closer to the “main diagonal” than the “parent isotope”.

Alpha (o) Decay reduces the number of Protons the number of Neutrons by the same amount, moving
the “parent” isotope along the “main diagonal” to produce a “daughter” isotope that has a smaller
nucleus than the “parent” isotope.

Spontaneous Nuclear Fission only occurs in heavy isotopes, i.€., isotopes with large nuclei. This decay

mode produces two (or more) “daughter” isotopes that have much smaller nuclei than the “parent”
isotope.
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Branched Decay. Some nuclides may undergo more than one type of decay. For example, one atom of
a particular nuclide may undergo - decay, while another atom of the same nuclide may undergo B+
decay. Typically, a constant proportion of atoms will undergo each type of decay.

Example of branched decay:

B (88.8%)— 3Ca,, +B~ +neutrino

40
19K21 % + 0 40 + .
B or EC(11.2%)— (Ar, +B" +neutrino + gamma

Decay Series. Some heavy radionuclides decay into daughter products that are themselves unstable,
giving rise to a series of decay products. The following table shows the complete decay series for
Uranium-238. The ultimate stable daughter nuclide is “*°Pb (lead).

NUCLIDE | DECAY MODE | HALF LIFE | Decay Energy | PRODUCT OF
(MeV) DECAY

28y o 4.468:10° a 427 24Th

24Th B- 24.10d 0.273 S

34pg B- 6.70 h 2.197 U

iy a 245500 a 4.859 S0Th

20T o 75380 a 4.77 *°Ra

*2°Ra o 1602 a 4.871 *2Rn

*Rn a 3.8235d 5.59 2¥pg

s 0 99.98 % _ 6.615 *1*pp
Po 3.10 min 218

B- 0.02 % 0.265 At

- @ 99.90 % 6.874 *1*Bi
At 155 e

B-0.10 % 2.883 Rn

218Rn o 35 ms 7.263 2l4pg

214pp B- 26.8 min 1.024 214B;

s B-99.98 % . 3.272 *1*po
Bi 19.9 min 710

@ 0.02 % 5.617 Tl

21%po o 0.1643 ms 7.883 21%pp

2107 B- 1.30 min 5.484 21%pp

210pp B- 223a 0.064 210g;

Do B- 99.99987% 1.426 *1%Po
Bi 5.013d o

o 0.00013% 5.982 Tl

210pg a 138.376 d 5.407 206py,

206 B- 4.199 min 1.533 206ppy
206py, -- stable -- --
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Half-Life

The atomic nuclei of radioactive elements are “unstable.” As stated previously, this means that even
under normal conditions, the nucleus of an unstable atom will have some propensity to ‘decay’
spontaneously into another element. The lifetime of any single atom of a radioactive element is
indeterminate, and depends on the relative stability of the nuclear configuration. Some nuclei are highly
unstable; in this case, the lifetime of any single atom is indeterminate but relatively short. Some nuclear
configurations are only slightly unstable, and the lifetime of any single atom is indeterminate but
relatively long. Even though the lifetime of any single unstable atom is indeterminate, when a large
number of atoms of the same radionuclide are considered as a group, the decay process of the group of
atoms follows a very regular pattern. If a group of atoms of the same type of radionuclide is monitored
over time, not all of the atoms in the group will decay at the same time. Rather, the number of atoms in
the group that will decay at any given point in time is proportional to the total number of atoms in
the group at that time. Initially, the number of decays is relatively ‘high’ (because the group is
‘large’). But as time progresses, the atoms that have already decayed are no longer in the group
(because they are no longer the same type of nuclide). So, the original group has become smaller; and if
the number of decays remains proportional to the number of atoms in the group, then the number of
decays will decrease, along with the size of the group. All known radionuclides have been shown,
through experimental evidence, to follow this pattern. Nuclides that are highly unstable have large
proportionality factors; nuclides with more slight instability have smaller proportionality factors. The
size of the proportionality factor is inherent to each radionuclide.

The pattern whereby the number of decays at any given time is proportional to the number of atoms in
the group at that time can be described mathematically as exponential decay. One of the characteristics
of exponential decay is that the average amount of time required for the size of the group to be reduced
by half is constant. It does not matter how many atoms are in the group; it takes approximately the same
amount of time for 1,000 atoms to decay to 500 as it takes for 1,000,000 to decay to 500,000. This is the
concept of half-life.

The half-life of a radioactive nuclide is defined to be the average amount of time required for half of the
number of atoms in a group to decay. The half-lives for different nuclides range from fractions of a
second to billions of years. Stable nuclides, since they do not decay, do not have a half-life.

For example, consider the p- decay of **Th to ***Pa.

234 234 - .
w0lh,,,—" Pa,+B +neutrino

In the table above, the half-life of 24T is listed as 24.10 days, which has been determined
experimentally. Based on this number, if 100 grams of ***Th are originally present, then after 24.10
days, approximately 50 grams of Z**Th will remain (and 50 grams of ***Pa will have been created).
After 48.20 days (two half-lives), approximately 25 grams of >**Th will remain. After 72.3 days (three
half-lives), approximately 12.5 grams of >**Th will remain; and so on. Although the decay of individual
atoms is random and cannot be predicted, the half-life of a large number of atoms in a group is very
accurate and predictable. The decay rate of a radionuclide is a characteristic of that nuclide and is not
affected by any change in environmental (physical or chemical) conditions (induced fission is the only
known exception).
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Whenever the number of atoms in a group that will decay at any given point in time is proportional
to the total number of atoms in the group at that time, the decay mode follows an exponential decay
curve. As aradioactive isotope decays, the amount of the radioactive “parent” isotope will decrease
over time, according to its exponential decay curve:

At)= A(0)-e™

where t is given in years from the time the radioactive substance was formed; A(t) is the amount of
“parent” isotope present at time t; A(0) is the initial amount of “parent” isotope present; and K is a decay
constant specific to each isotope.

If the half-life of a substance is known, for instance from some measurement, then the decay constant
can be found from the equation

= l.n(2) note: this is found from solving ﬂ = =05 ln(e’k't ): In(0.5)
half life (years) A(O)
Radioactive '*C has a half-life of 5730 years. So, the decay constant for '*C is:
= __In@@ =1.20968-10"*
5730 years

For Geologists, a more convenient form of the exponential decay equation gives the relative amount of
parent isotope present at any time t:

Alt) ot

A(0)
This is more convenient, because the value of A(0) is rarely, if ever, a known quantity. If a time in years
is input into this function, the output of the function will be the fraction of “parent” isotope remaining at
that time. This “relative amount” decay curve will always start at 100%, because the fraction of
“parent” isotope remaining at the outset is always 1. The key for Geologists is that, as the “parent”
isotope decays, the decay produces a “daughter” isotope. If the “daughter” isotope is stable, then the
relative amount of “daughter” isotope created by radioactive decay of the “parent” isotope will also
follow an exponential curve:

D(t)
=1
A(0)
As each atom of a “parent” isotope decays, the decay produces one atom of stable “daughter” element.

This relationship is shown in the graph below.
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Radiometric ‘Clocks’

The characteristic decay rates of radionuclides, along with the apparent imperviousness of decay to
environmental conditions, make naturally occurring radionuclides suitable for use as a kind of ‘clock’ in
certain types of geological materials. Consider the decay of a parent radionuclide into a single stable
daughter element. As the parent radionuclide decays, the amount of daughter element builds up,
according to the characteristics of exponential decay. Based on the equations for exponential decay, the
ratio of “parent” to “daughter” isotopes is

[AA((:))))_ et Al) e

(D(t)j T1e™ D) 1-e®

A0)

This situation is shown in the graph below.
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The ratio of radioactive “parent” isotope to stable “daughter” isotope is something that can be measured
(e.g., in a mass spectrometer). Thus, the number of half-lives that have passed since the daughter began
to accumulate can be determined from the graph. For example, if measurements indicate that there are
equal amounts of the parent radionuclide and daughter element, then the parent:daughter ratio is 1.0,
which corresponds to exactly one half-life, as shown in the graph above. Using the graph, any parent-
daughter ratio can yield a half-life number. By also knowing the characteristic half-life of the parent
radionuclide, the actual amount of time can be determined.
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Here are a couple of examples:

1. If measurements determine that there is three times more of the daughter element present than there
is of the parent radionuclide, then the parent:daughter ratio is 1/3 = 0.333. The graph below indicates
that a parent:daughter ratio of 0.333 corresponds to the point where exactly two half-lives have passed
since the daughter element began accumulating.
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If the “parent” isotope is *’K, with a half-life of 1.3 billion years, then the amount of time that has
passed since the daughter element began accumulating is 2-1.3Ga = 2.6Ga.

2. Suppose measurements determine that the parent:daughter ratio is 1.35. The graph below indicates
that this parent:daughter ratio corresponds to the point where approximately 0.8 half-lives have passed
since the daughter element began accumulating.
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If the “parent” isotope in this case is '*C, with a half-life of 5730 years, then the amount of time that has
passed since the daughter element began accumulating is 0.8:5730 years = 4584 years.
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Source of Radiometric Isotopes

There are four general categories of radioactive elements:
1. Naturally occurring (long-lived) radioactive elements that were present during the formation of the
solar system. Examples (with half-lives): *U (4.5Ga), 2°U (0.7Ga), ***Th (14Ga), *'Rb (48.8Ga),
and *’K (1.3Ga) (1Ga is one Giga Anna, or one billion years).
2. Elements produced by the decay of the long-lived naturally occurring radioactive elements.
Examples: *U, °Th, “°Ra (see the Uranium decay series table above).
3. Elements produced by nuclear reactions occurring in nature (cosmogenic radionuclides).
Examples: '“C (5730 years), '’Be (1.5Ma), **Si (276 years).
4. Atrtificially produced radioactive elements, i.e., radionuclides that can now be found in nature but
were produced in nuclear reactors or nuclear explosions.

Some of these radionuclides become incorporated into the crystal lattices of minerals and rocks. For
example, the mineral Microcline (“Potassium Feldspar”, or K-Spar) contains Potassium. Some of that
Potassium will be radioactive 40K, which has a half-life of 1.3 billion years. As shown above, 11.2% of
the “°K present in any sample of Microcline will undergo B+ decay or electron capture to produce *’Ar,
which is a stable element.

WK, — 1eAr, +B" +neutrino + gamma

The **K that decays to “’Ar in a Microcline crystal lattice forms the basis of a radiometric clock as
described above. When the Microcline crystal formed, it did not contain any traces of *’Ar (this element
is an inert gas, and does not form chemical bonds with mineral-forming elements). As the *’K decays,
the amount of *°Ar builds up in the mineral lattice according to the exponential decay process. By
measuring the relative amount of *°K and *’Ar in the mineral sample, the time from the formation of the
crystal can be determined from the half-life of “’K. This K-Ar “dating’ technique is the most common
geochronometer used today. Modifications to the K-Ar technique have improved the accuracy of the
original process. Due to the long half-life of °K, ‘young’ geological materials cannot be dated by K-Ar,
because not enough time has passed for measurable amounts of *’Ar to accumulate. For very young
organic materials (<50,000 years), "*C can be used (described in an additional handout).

The time that has passed since the daughter element began accumulating can be found algebraically as
well as graphically:

—k-t
é((? _ 1 e = =X (solve for X)
ekt . (1 —e"“t) = eMM=x-xe™ = e*ixe*=x = e*.(1+x)=x
ki X —k-t X X
oI (o) RO (0
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MEASURING RADIOACTIVITY

The nature of radioactivity. Radioactivity is not unlike a watermelon seed being squeezed out from
between one's fingertips and shot across the room. Radioactivity occurs when small particles are
spontaneously emitted at high speeds from inside the nuclei of unstable atoms. The instability in the
nucleus of a radioactive atom results from either a deficiency or an excess of neutrons, creating an
incompatible environment for the existing configuration of particles in the nucleus. In general, this
radioactive emission changes the original nucleus to form a new substance of increased stability. The
particles that are emitted have sufficient energy to ionize gases in the environment; that is, when a
particle from a radioactive nucleus is emitted, it flies outward through any surrounding material, and it
travels with enough energy to dislodge electrons from atoms in the surrounding material, creating
charged atoms (ions). The effects of such ionizing radiation have been exploited in the design of
devices used to measure radioactivity levels, such as the Geiger counter.

During Alpha Decay, the nucleus of an unstable element emits a large, positively charged particle
consisting of two protons and two neutrons (which is just a Helium nucleus). Due to their 'large' mass
and positive charge, these particles are usually stopped before they travel through a few centimeters of
air, and can even be stopped by a sheet of paper. The Thorium found in some lantern mantles and the
Americium-241 present in many smoke detectors are both alpha emitters. During Beta Decay, small,
negatively charged beta particles (also called nuclear electrons) are emitted. Since these particles have
much smaller mass than the Helium nuclei of alpha decay, they can penetrate material to greater depths.
Normally, a few millimeters of aluminum will stop beta particles. The Carbon-14 present in most plants
and animals goes through the beta decay process, and subsequently forms Nitrogen. During
Spontaneous Nuclear Fission, the nucleus of an unstable atom actually breaks into two fragments of
unequal weight, creating two new atoms called fission-product nuclides. In the process of splitting
apart, the nucleus will emit beta particles and gamma rays. The resulting fission-product nuclides are
also usually unstable, and are therefore radioactive themselves. The gamma rays produced by fission
are pulses of high-energy electromagnetic energy (photons), similar to very high-energy X-rays.
Gamma rays are far more energetic than either alpha or beta particles, and can penetrate very deeply into
most substances. Gamma rays can usually be stopped by a shield of Lead approximately 15 cm thick.
The Uranium salts found in some older paints undergo spontaneous nuclear fission. Thorium-232
decays through spontaneous nuclear fission to produce Thoron gas in the atmosphere, just as Radium
decays to Radon gas.

Units of Radioactivity. The alpha and beta particles and gamma rays, which are emitted by radioactive
elements, are traveling at very high velocities. As they move through space, these particles travel by
other molecules in the air and in solid substances. Eventually, they might run into another molecule, and
the resulting collision would transfer some energy from the particle to the target molecule. In other
cases, the particle might travel very close to a molecule; close enough to disrupt the electrons in the
molecule's outer shell. These interactions often result in secondary ionization, which is the formation of
charged particles. It follows that, as the number of particles which are present due to radioactivity
increases, the amount of ionization will increase proportionately. One method of measuring
radioactivity exploits this secondary ionization effect whereby the amount of radioactivity is determined
from the amount of ionization present. One set of units used to describe radioactivity is actually based
on the amount of ionization present. This can be seen in the following definition:

One Rontgen (sometimes spelled Roentgen) is that quantity of radioactivity which

produces 1.61x10" ion pairs per gram of air, which is equivalent to the number of ions

which carry one electrostatic unit of charge in one cubic centimeter of air (at a specific

temperature and pressure).

One milli-Réntgen (abbreviated mR) is equivalent to 1x10~ Rontgen

One micro-Réntgen (abbreviated pR) is equivalent to 1x10°° Rontgen
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Measuring the presence of radioactivity with a Geiger Counter. From the preceding discussion, it is
clear that there is radioactivity all around us. That is to say, there is a variety of very small particles
flying around the room at very high velocities all the time. One method of measuring radioactivity is
with a Geiger counter, which actually measures the amount of associated ionization. A Geiger
counter consists of a gas-filled steel shell, which has an insulated metal wire mounted inside (see the
diagram below). The front end of the cylinder consists of a thin mica cover, which allows a window
for incoming particles emitted by radioactive substances. A battery is connected to the steel cylinder,
applying a negative voltage to the cover. When a particle enters through the window, some of the gas
inside the chamber is ionized, i.e., charged particles are created by the interaction between the high-
velocity particle and the molecules of gas inside the chamber. The negative ions are repelled away
from the walls of the chamber due to the negative charge there (like charges repel each other). These
negative ions are readily conducted away from the negatively charged cylinder through the central
wire. These ions then become a current in the wire. As this current passes through the resistor and
toward ground, a voltage is developed at the top of the resistor. This voltage is then indicated on some
type of readout scale. The Geiger counter does not differentiate between the different types of
incoming radioactivity. Since alpha, beta and gamma radioactivity will all produce secondary
ionization when they enter the gas-filled cylinder, the Geiger counter will produce the same indication
regardless of the type of incoming radioactivity. The readouts of most Geiger counters indicate the
rate at which the radioactivity is entering the cylinder, and are thus calibrated in milli-Réntgen/hour or
micro-Rontgen/hour. That is, the Geiger counter indicates the amount of radioactivity (in Rontgen)
per unit of time entering the chamber. Most Geiger counters also produce an audible click along with
a visual readout for each ionization event.

Stainless Steel Cylinder ~Insulating

e Feed-Through

= | | incoming secondary
\-g M ions

< > To Readout
8 gas-filled
= .

- _ gege_mve_cha_rge_ - - -

resistor

Battery gr6und
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Some background information about Hc Dating

Willard Libby (1908-1980) won the 1960 Nobel Prize in Chemistry for leading a team that
developed the '*C dating method. This technique has had profound implications for determining the age
of organic materials that are less than ~50,000 years old. The method is based on measuring the ratio of
radioactive carbon to stable carbon in an organic sample. There are three naturally occurring isotopes of
carbon: '2C and 13C, which are both stable (i.e., they are not radioactive), and 14C, which is radioactive.
Each carbon isotope has six protons in the nucleus, with the number of neutrons varying from 6 to 8 to
give the total atomic weight of the isotope (6+6=12, 6+7=13, 6+8=14).

Radioactive '*C is continually produced in the upper atmosphere, mainly by slow neutron
bombardment of nitrogen ("N, with 7 protons and 7 neutrons in the nucleus). Energetic particles
(cosmic rays) arrive at the Earth’s outer atmosphere, where they slam into the nuclei of gas molecules.
The nuclei are shattered apart into their constituent neutrons and protons (‘spallation’ reactions). The
free neutrons and protons, which are slower than the original energetic particles, then interact with other
atmospheric molecules. For example, a slow neutron from spallation could displace a proton in the
nucleus of a '*N atom:

neutron + "“N — “C + 'H

The displaced proton becomes a free atomic hydrogen atom with no neutrons in the nucleus (the
hydrogen isotope called protium). The nucleus of the erstwhile nitrogen atom now has one additional
neutron, but one less proton. The change in atomic number from losing a proton transforms the nitrogen
into carbon, but with the same atomic weight, 14, as the original nitrogen (an isobar). Due to an excess
of neutrons in the nucleus, *C has is radioactive with a half-life of ~5730 years (discussed below). The
newly formed '“C quickly (<1 day) reacts with oxygen gas to form carbon monoxide (‘*CO):

“YCc+0, - “co+0

The carbon monoxide is then slowly (~2-6 months) oxidized to '*CO, (carbon dioxide), mainly through
reactions with hydroxyl radicals (which are rare in the upper atmosphere, but very reactive):

“CcO+0H — "“CcOo,+H

At this point, the '*CO, slowly (~10-20 years) mixes into all levels of the atmosphere. Of course, there
1s also 12C02 and 13C02 mixed throughout the atmosphere as well.

The concentration of CO; in the lower atmosphere is currently ~375 ppmV (parts per million
volume, or about 0.0375% of atmospheric gases). The lower atmospheric proportions of '*C:"*C:'*C are
currently ~0.987:0.013:1.0e-12. These approximate proportions are maintained in the atmosphere by a
dynamic equilibrium between production rate and radioactive decay. As a result, the average lower
atmospheric ratio of atomic '*C:'2C is approximately 107'%.

Carbon dioxide in the lower atmosphere, including '*CO,, will eventually enter into chemical and
physical reactions with other substances at the surface of the Earth. All gases in the lower atmosphere
are in kinetic equilibrium with dissolved gases in surface waters. Gases are continually dissolving into,
and being released from, surface waters according to prevailing conditions of temperature, pressure and
relative equilibrium concentration across the surface. And carbon dioxide in particular may also be
removed from the atmosphere by photosynthesis (and returned to the atmosphere by respiration or
burning).
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Dissolution of carbon dioxide into surface waters creates bicarbonate, which is utilized by many
organisms to generate calcium carbonate, as in coral, seashells or bones:

“Co, + H,0 — H"COs(-) + H(+)
Carbon Dioxide + Water — Bicarbonate + Acid
H"“COs(-) + Ca(++) —» Ca''CO; + H(+)
Bicarbonate + Calcium — Calcium Carbonate + Acid

Once the radioactive '*C becomes part of a coral or bone, it is relatively sequestered from entering into
further reactions. Carbon dioxide taken up during photosynthesis is similarly bound up in biomass as
carbohydrates:

“Cco, +HO0 —  MCHO + O,
Carbon Dioxide + Water — Carbohydrates + Oxygen

Cellulose in the trunk and branches of a tree, for example, are formed from carbohydrates produced by
photosynthesis. The key point in both of these chemical pathways is that carbon dioxide is the original
source of carbon present in the organic products. A small portion of that carbon dioxide contains
radioactive '*C that was produced in the upper atmosphere.

If, by chance, a tree, or a shell, or the bone from an animal happens to settle into an environment
where it is protected from decay or alteration, then the predictable radioactive properties of the '*C
ensconced in the biological material can become the basis of a radiometric ‘clock’ that allows
determination of how much time has elapsed since the biological material formed. Like most
radioactive elements, '*C undergoes ‘B-decay’ (sometimes called neutron decay), where a ‘B-particle’
(an electron or a positron) is emitted. The radioactivity of '*C is due to an excess of neutrons, which
causes instability in the nucleus. The weak nuclear force will sporadically convert a neutron into a
proton while emitting an electron and an antineutrino:

4C — N + electron + antineutrino

A neutron in the '*C nucleus decays to a proton, so the '*C atom is transformed into '*N (an isobar) in
the reverse manner in which '*C was created from '*N. Radioactive decay of '*C has a half-life of
~5730 years.

Initially, the ratio of C:12C in most biomaterials (e.g., calcium carbonate, cellulose) is on the order
of 102, close to the average lower atmospheric ratio. But as '*C decays, the '*C:'*C ratio will decrease
exponentially, providing the basis for a radiometric ‘clock’. This method assumes that radioactive decay
of C is the only process that affects the '*C:'>C ratio, which isn’t always true. For example, water
seeping into a bone could contain dissolved calcium carbonate. If the bone then dried out, any calcium
carbonate dissolved in the water would precipitate inside the bone. The '*C:'2C ratio in the bulk of the
bone would be affected, making the bone appear ‘younger’ than it actually is (dissolved calcium
carbonate would likely have the average lower atmospheric ratio). In practice, the '*C:'*C ratio (or
1C:C ratio) is measured by Accelerator Mass Spectrometry. A sample of the biomaterial is ablated
(and ionized), and accelerated through a sensitive mass spectrometer, which counts the relative number
of atoms of each weight. Current detection limits are on the order of 10"°, making age estimates beyond
~10 half-lives (~57,300 years) unfeasible.

There is some variability over time in the radiocarbon ratio of the lower atmospheric, due mainly to:
(1) changes in Earth’s magnetic field; (2) changes in energetic particle flux impinging upon the outer
atmosphere; and (3) reallocation of carbon compounds between various reservoirs of the Earth system
(e.g., increased weathering of carbonate sediments, release of carbon compounds from thawing
permafrost, increased drawdown of atmospheric CO, from expanding phytoplankton populations,
degassing of CO, from a warming ocean, etc.). Human activity has also affected this ratio in several
ways. Atmospheric testing of nuclear weapons nearly doubled the amount of radiocarbon in the
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atmosphere in the early 1960s. And the burning of fossil fuels has multiple effects. Fossil fuels are
ancient carbohydrates that were converted to hydrocarbons over geological time, and they completely
lack '*C due to their great age. As fossil fuels are burned, ‘depleted’ carbon is released to the
atmosphere, affecting the radiocarbon ratio. Burning of fossil fuels also affects the ratio of stable carbon
isotopes, because early plants preferentially absorbed light carbon: the ‘Suess Effect’. Corrections for
variability in the lower atmospheric radiocarbon ratio are generally applied to raw radiocarbon dates.
These corrections are available based on analysis of radiocarbon ages from samples of known age, such
as dendrochronology of bristlecone pines and other long-lived trees, and analysis of annually laminated
ice cores, ‘varved’ sediments and banded corals. See the references below for more information on
calibration of the radiocarbon record.

Some radiocarbon references:

There is an entire journal devoted to '*C: http://www.radiocarbon.org/.

An oft-cited article regarding calibration of ‘young’ radiocarbon ages is:
Stuiver et al., INTCAL98 Radiocarbon Age Calibration, 24,000-0 cal BP, Radiocarbon, Volume 40,
Number 3, p. 1048 (1998).

INTCAL98 was updated in 2004 to INTCALO4:
P.J. Reimer et al., IntCal04 Terrestrial Radiocarbon Age Calibration, 0—26 cal kyr BP, Radiocarbon,
Volume 46, Number 3, p. 1029 (2005).

For calibration of ‘older’ radiocarbon ages:
J. W. Beck et al., Extremely Large Variations of Atmospheric '*C Concentration During the Last Glacial
Period, Science, Vol 292, Issue 5526, pp. 2453-2458, 29 June 2001.

For a comparison of several calibration data sets over the entire range of radiocarbon ages:

H. Kitagawa and J. van der Plicht, Atmospheric Radiocarbon Calibration to 45,000 yr B.P.: Late Glacial
Fluctuations and Cosmogenic Isotope Production, Science, Vol. 279, pp. 1187-1190, 20 February
1998.

Two perspectives of Radiocarbon Dating from noted scientists:

E. Bard, et al., A Better Radiocarbon Clock, Science, Vol 307, Issue 5655, pp. 178-179, 9 January 2004.

T.P. Guilderson, et al., The Boon and Bane of Radiocarbon Dating, Science, Vol 303, Issue 5708, pp.
362-364, 21 January 2005.
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