
1 Nucleosynthesis and
nuclear decay

1.1 The chart of the nuclides

In the field of isotope geology, neutrons, protons and
electrons can be regarded as the fundamental building
blocks of the atom. The composition of a given type
of atom, called a nuclide, is described by specifying
the number of protons (atomic number, Z ) and the
number of neutrons (N ) in the nucleus. The sum of
these is the mass number (A). By plotting Z against N
for all of the nuclides that have been known to exist (at
least momentarily), the chart of the nuclides is obtained
(Fig. 1.1). In this chart, horizontal rows of nuclides

Fig. 1.1. Chart of the nuclides in coordinates of proton number, Z , against neutron number, N. (�) = stable nuclides;
( ) = naturally occurring long-lived unstable nuclides; (�) = naturally occurring short-lived unstable nuclides. Some
geologically useful radionuclides are marked. Smooth envelope = theoretical nuclide stability limits. For links to
more detailed nuclide charts on the web, see radiogenic.com.

represent the same element (constant Z ) with a variable
number of neutrons (N ). These are isotopes.

There are 264 known stable nuclides, which have
not been observed to decay (with available detection
equipment). These define a central ‘path of stability’,
coloured black in Fig. 1.1. On either side of this path,
the zig-zag outline defines the limits of experimentally
known unstable nuclides (Hansen, 1987). These tend
to undergo increasingly rapid decay as one moves out
on either side of the path of stability. The smooth outer
envelopes are the theoretical limits of nuclide stability,
beyond which ‘prompt’ decay occurs. In that case the
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2 Nucleosynthesis and nuclear decay

synthesis and decay of an unstable nuclide occurs in
a single particle interaction, giving it a zero effective
lifetime. As work progresses, the domain of experi-
mentally known nuclides should approach the theoret-
ical envelope, as has already occurred for nuclides with
Z < 22 (Hansen, 1987).

Recent experiments on the Darmstadt heavy-ion ac-
celerator, reviewed by Normile (1996), have helped
to expand the field of experimentally known unstable
nuclides on the neutron-rich side of the path of stabil-
ity (Fig. 1.1). These new isotopes were manufactured
by bombarding target material with 238U, triggering
fission reactions that produce a few very-neutron-rich
nuclei. The products were separated by mass spectrom-
etry and their properties examined using high-energy
detectors (e.g. Fig. 14.41). Knowledge about these un-
stable nuclei will improve our understanding of the
nucleosynthetic r-process, which operates within this
part of the nuclide chart (Fig. 1.7).

A few unstable nuclides have sufficiently long half-
lives that they have not entirely decayed to extinction
since the formation of the solar system. A few other
short-lived nuclides are either continuously generated
in the decay series of uranium and thorium, or pro-
duced by cosmic-ray bombardment of stable nuclides.
These nuclides, and one or two extinct short-lived iso-
topes, plus their daughter products, are the realm of
radiogenic isotope geology. Most of those with half-
lives over 0.5 Myr are marked in Fig. 1.2. Nuclides

Fig. 1.2. Unstable nuclides with half-lives (t1/2) over
0.5 Myr, in order of decreasing stability. Geologically
useful parent nuclides are marked. Some very-long-
lived radionuclides with no geological application are
also marked, in brackets.

with half-lives over 1012 yr decay too slowly to be ge-
ologically useful. Observation shows that all of the
other long-lived isotopes either have been or are being
applied in geology.

1.2 Nucleosynthesis

A realistic model for the nucleosynthesis of the ele-
ments must be based on empirical data for their ‘cosmic
abundances’. True cosmic abundances can be derived
from stellar spectroscopy or by chemical analysis of
galactic cosmic rays. However, such data are difficult
to measure at high precision, so cosmic abundances are
normally approximated by solar-system abundances.
These can be determined by solar spectroscopy or
by direct analysis of the most ‘primitive’ meteorites,
carbonaceous chondrites. A comparison of the latter
two sources of data (Ross and Aller, 1976) demon-
strates that there is good agreement for most elements
(Fig. 1.3). Exceptions are the volatile elements, which
have been lost from meteorites, and elements of the
Li–Be–B group, which are unstable in stars.

It is widely believed (e.g. Weinberg, 1977) that,
about 30 minutes after the ‘hot big bang’, the mat-
ter of the universe (in the form of protons and neu-
trons) consisted mostly of 1H and 22%–28% by mass
of 4He, along with traces of 2H (deuterium) and 3He.
Hydrogen is still by far the most abundant element in
the universe (88.6% of all nuclei) and, with helium,
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Fig. 1.3. Comparison of solar-system abundances (rela-
tive to silicon) determined by solar spectroscopy and by
analysis of carbonaceous chondrites. After Ringwood
(1979).

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521823161 - Radiogenic Isotope Geology, Second Edition
Alan P. Dickin
Excerpt
More information

http://www.cambridge.org/0521823161
http://www.cambridge.org
http://www.cambridge.org


1.2 Nucleosynthesis 3

makes up 99% of its mass, but naturally occurring
heavy nuclides now exist up to atomic weight 254 or
beyond (Fig. 1.1). These heavier nuclei must have been
produced by nucleosynthetic processes in stars, rather
than in the big bang, because stars of different ages
have different compositions that can be detected spec-
troscopically. Furthermore, stars at particular evolu-
tionary stages may have compositional abnormalities,
such as the presence of 254Cf in supernovae. If nucle-
osynthesis of the heavy elements had occurred in the
big bang, their distribution would be uniform through-
out the universe.

1.2.1 Stellar evolution

Present-day models of stellar nucleosynthesis are
based heavily on a classic review paper by Burbidge
et al. (1957), in which eight element-building pro-
cesses were identified (hydrogen burning, helium burn-
ing, α, e, s, r, x and p). Different processes were
invoked to explain the abundance patterns of differ-
ent groups of elements. These processes are, in turn,
linked to different stages of stellar evolution. It is there-
fore appropriate at this point to summarise the life-
history of some typical stars (e.g. Iben, 1967). The
length of this life-history depends directly on the stel-
lar mass, and can be traced on a plot of absolute mag-
nitude (brightness) against spectral class (colour), re-
ferred to as the Hertzsprung–Russell or H–R diagram
(Fig. 1.4).

Fig. 1.4. Plot of absolute magnitude against spectral
class of stars. Hatched areas show distributions of the
three main star groups. The postulated evolutionary
path of a star of solar mass is shown.

Gravitational accretion of a star of solar mass from
cold primordial hydrogen and helium would probably
take about 106 yr to raise the core temperature to about
107 K, when nuclear fusion of hydrogen to helium can
begin (Atkinson and Houtermans, 1929). This process
is also called ‘hydrogen burning’. The star spends most
of its life at this stage, as a ‘main-sequence’ star, where
equilibrium is set up between energy supply by fusion
and energy loss in the form of radiation. For the Sun,
this stage will probably last about 1010 yr, but a very
large star with fifteen times the Sun’s mass may remain
in the main sequence for only 107 yr.

When the bulk of hydrogen in a small star has been
converted into 4He, inward density-driven forces ex-
ceed outward radiation pressure, causing gravitational
contraction. However, the resulting rise in core temper-
ature causes expansion of the outer hydrogen-rich layer
of the star. This forms a huge low-density envelope
whose surface temperature may fall to about 4000 K,
observed as a ‘red giant’. This stage lasts only one tenth
as long as the main-sequence stage. When core temper-
atures reach 1.5 × 107 K, a more efficient hydrogen-
burning reaction becomes possible if the star contains
traces of carbon, nitrogen and oxygen inherited from
older generations of stars. This form of hydrogen burn-
ing is called the C–N–O cycle (Bethe, 1939).

At some point during the red-giant stage, core tem-
peratures may reach 108 K, when fusion of He to car-
bon is ignited (the ‘helium flash’). Further core con-
traction, yielding a temperature of about 109 K, follows
as the helium supply becomes exhausted. At these tem-
peratures an endothermic process of α-particle emis-
sion can occur, allowing the building of heavier nu-
clides up to mass 40. However, this quickly expends
the remaining burnable fuel of the star, which then
cools to a white dwarf.

More massive stars (of several solar masses) have a
different life-history. In these stars, the greater gravita-
tionally induced pressure–temperature conditions al-
low the fusion of helium to begin early in the red-giant
stage. This is followed by further contraction and heat-
ing, allowing the fusion of carbon and successively
heavier elements. However, as supplies of lighter ele-
ments become exhausted, gravitationally induced con-
traction and heating occur at an ever increasing pace
(Fig. 1.5), until the implosion is stopped by the attain-
ment of neutron-star density. The resulting shock wave
causes a supernova explosion, which ends the star’s life
(e.g. Burrows, 2000).

In the minutes before explosion, when tempera-
tures exceed 3 × 109 K, very rapid nuclear interactions
occur. Energetic equilibrium is established between
nuclei and free protons and neutrons, synthesising
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4 Nucleosynthesis and nuclear decay

Fig. 1.5. Schematic diagram of the evolution of a large
star, showing the nucleosynthetic processes that occur
along its accelerating life-history in response to increas-
ing temperature. Note that time is measured back-
wards from the end of the star’s life on the right. After
Burbidge et al. (1957).

elements like Fe by the so-called e-process. The su-
pernova explosion itself lasts only a few seconds,
but is characterised by colossal neutron fluxes. These
very rapidly synthesise heavier elements, terminating
at 254Cf, which undergoes spontaneous fission. Prod-
ucts of the supernova explosion are distributed through
space and later incorporated in a new generation of
stars.

1.2.2 Stages in the nucleosynthesis of
heavy elements

A schematic diagram of the cosmic abundance chart
is given in Fig. 1.6. We will now see how various nu-
cleosynthetic processes are invoked to account for its
form.

The element-building process begins with the fusion
of four protons to one 4He nucleus, which occurs in
three stages:

1H + 1H → 2D + e+ + ν

(Q = +1.44 MeV, t1/2 = 1.4 × 1010 yr)
2D + 1H → 3He + γ

(Q = +5.49 MeV, t1/2 = 0.6 s)
3He + 3He → 4He + 2 1H + γ

(Q = +12.86 MeV, t1/2 = 106 yr)

where Q is the energy output and t1/2 is the reaction
time of each stage (the time necessary to consume one-
half of the reactants) for the centre of the Sun. The long
reaction time for the first step explains the long duration
of the hydrogen-burning (main-sequence) stage for

Fig. 1.6. Schematic diagram of the cosmic abundances
of the elements, highlighting the nucleosynthetic pro-
cesses responsible for forming various groups of nu-
clides. After Burbidge et al. (1957).

small stars like the Sun. The overall reaction converts
four protons into one helium nucleus, two positrons
and two neutrinos, plus a large output of energy in the
form of high-frequency photons. Hence the reaction
is very strongly exothermic. Although deuterium and
3He are generated in the first two reactions above, their
consumption in the third accounts for their much lower
cosmic abundances than that of 4He.

If heavier elements are present in a star (e.g. carbon
and nitrogen) then the catalytic C–N–O sequence of
reactions can occur, which also combines four protons
to make one helium nucleus:

12C + 1H → 13N + γ

(Q = +1.95 MeV, t1/2 = 1.3 × 107 yr)
13N → 13C + e+ + ν

(Q = +2.22 MeV, t1/2 = 7 min)
13C + 1H → 14N + γ

(Q = +7.54 MeV, t1/2 = 3 × 106 yr)
14N + 1H → 15O + γ

(Q = +7.35 MeV, t1/2 = 3 × 105 yr)
15O → 15N + e+ + ν

(Q = +2.70 MeV, t1/2 = 82 s)
15N + 1H → 12C + 4He

(Q = +4.96 MeV, t1/2 = 105 yr)
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1.2 Nucleosynthesis 5

The C–N–O elements have greater potential energy
barriers to fusion than hydrogen, so these reactions
require higher temperatures to operate than the sim-
ple proton–proton (p–p) reaction. However, the reac-
tion times are much shorter than for the p–p reaction.
Therefore the C–N–O reaction contributes less than
10% of hydrogen-burning reactions in a small star like
the Sun, but is overwhelmingly dominant in large stars.
This explains their much shorter lifespan in the main
sequence.

Helium burning also occurs in stages:

4He + 4He → 8Be (Q = +0.09 MeV)
8Be + 4He → 12C∗ (Q = −0.37 MeV)

12C∗ → 12C + γ (Q = +7.65 MeV)

The 8Be nucleus is very unstable (t1/2 < 10−15 s) and
the Be/He equilibrium ratio in the core of a red gi-
ant is estimated at 10−9. However, its life is just
long enough to allow the possibility of collision with
another helium nucleus. (Instantaneous three-particle
collisions are very rare.) The energy yield of the first
stage is small, and the second is actually endother-
mic, but the decay of excited 12C∗ to the ground state
is strongly exothermic, driving the equilibria to the
right.

The elements Li, Be and B have low nuclear bind-
ing energies, so they are unstable at the tempera-
tures of 107 K and above found at the centres of
stars. They are therefore bypassed by stellar nucle-
osynthetic reactions, leading to low cosmic abun-
dances (Fig. 1.6). The fact that the five stable iso-
topes 6Li, 7Li, 9Be, 10B and 11B exist at all has
been attributed to fragmentation effects (spallation) of
heavy cosmic rays (atomic nuclei travelling through
the galaxy at relativistic speeds) as they hit inter-
stellar gas atoms (Reeves, 1974). This is termed the
x-process.

Problems have been recognised in the x-process
model for generating the light elements Li, Be and
B, since cosmic-ray spallation cannot explain the ob-
served isotope ratios of these elements in solar-system
materials. However, Casse et al. (1995) proposed that
carbon and oxygen nuclei ejected from supernovae
can generate these nuclides by collision with hydro-
gen and helium in the surrounding gas cloud. This
process is believed to occur in regions such as the
Orion nebula. The combination of supernova pro-
duction with spallation of galactic cosmic rays can
explain observed solar-system abundances of Li, Be
and B.

Following the synthesis of carbon, further helium-
burning reactions are possible, to produce heavier

nuclei:
12C + 4He → 16O + γ (Q = +7.15 MeV)
16O + 4He → 20Ne + γ (Q = +4.75 MeV)

20Ne + 4He → 24Mg + γ (Q = +9.31 MeV)

Intervening nuclei such as 13N can be produced by
adding protons to these species, but are themselves
consumed in the process of catalytic hydrogen burning
mentioned above.

In old red-giant stars, carbon-burning reactions can
occur:
12C + 12C → 24Mg + γ (Q = +13.85 MeV)

→ 23Na + 1H (Q = +2.23 MeV)
→ 20Ne + 4He (Q = +4.62 MeV)

The hydrogen and helium nuclei regenerated in these
processes allow further reactions, which help to fill in
gaps between masses 12 and 24.

When a small star reaches its maximum core temper-
ature of 109 K, the endothermic α-process can occur:

20Ne + γ → 16O + 4He (Q = −4.75 MeV)

The energy consumption of this process is compen-
sated by strongly exothermic reactions such as

20Ne + 4He → 24Mg + γ (Q = +9.31 MeV)

so that the overall reaction generates a positive energy
budget. The process resembles helium burning, but is
distinguished by the different source of 4He. The α-
process can build up from 24Mg through the sequence
28Si, 32S, 36Ar and 40Ca, where it terminates, owing to
the instability of 44Ti.

The maximum temperatures reached in the core of a
small star do not allow substantial heavy-element pro-
duction. However, in the final stages of the evolution
of larger stars, before a supernova explosion, the core
temperature exceeds 3 × 109 K. This allows energetic
equilibrium to be established by very rapid nuclear re-
actions between the various nuclei and free protons
and neutrons (the e-process). Because 56Fe is at the
peak of the nuclear binding-energy curve, this element
is most favoured by the e-process (Fig. 1.6). However,
the other first-series transition elements V, Cr, Mn, Co
and Ni in the mass range 50–62 are also attributed to
this process.

During the last few million years of a red giant’s life,
a slow process of neutron addition with emission of
γ rays (the s-process) can synthesise many additional
nuclides up to mass 209 (see Fig. 1.7). Two possible
neutron sources are

13C + 4He → 16O + n + γ
21Ne + 4He → 24Mg + n + γ
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6 Nucleosynthesis and nuclear decay

Fig. 1.7. Neutron-capture paths of the s-process and r-process shown on the chart of the nuclides. The hatched
zone indicates the r-process nucleosynthetic pathway for a plausible neutron flux. Neutron ‘magic numbers’ are
indicated by vertical lines, and mass numbers of nuclide-abundance peaks are marked. After Seeger et al. (1965).

The 13C and 21Ne parents can be produced by proton
bombardment of the common 12C and 20Ne nuclides.

Because neutron capture in the s-process is relatively
slow, unstable neutron-rich nuclides generated in this
process have time to decay byβ emission before further
neutron addition. Hence the nucleosynthetic path of
the s-process climbs in many small steps up the path
of greatest stability of proton/neutron ratio (Fig. 1.7)
and is finally terminated by the α decay of 210Po back
to 206Pb and 209Bi back to 205Tl.

The ‘neutron-capture cross-section’ of a nuclide ex-
presses how readily it can absorb incoming thermal
neutrons, and therefore determines how likely it is to
be converted to a species of higher atomic mass by
neutron bombardment. Nuclides with certain neutron
numbers (e.g. 50, 82 and 126) have unusually small
neutron-capture cross-sections, making them particu-
larly resistant to further reaction, and giving rise to
local peaks in abundance at masses 90, 138 and 208.
Hence, N = 50, 82 and 126 are empirically referred to
as neutron ‘magic numbers’.

In contrast to the s-process, which may occur over
periods of millions of years in red giants, r-process neu-
trons are added in very rapid succession to a nucleus
before β decay is possible. The nuclei are therefore
rapidly driven to the neutron-rich side of the stability
line, until they reach a new equilibrium between neu-
tron addition and β decay, represented by the hatched
zone in Fig. 1.7. Nuclides move along this r-process

pathway until they reach a configuration with low
neutron-capture cross-section (a neutron magic num-
ber). At these points a ‘cascade’ of alternating β decays
and single neutron additions occurs, indicated by the
notched ladders in Fig. 1.7. Nuclides climb these lad-
ders until they reach the next segment of the r-process
pathway.

Nuclides with neutron magic numbers build to ex-
cess abundances, as with the s-process, but they oc-
cur at proton-deficient compositions relative to the s-
process stability path. Therefore, when the neutron flux
falls off and nuclides on the ladders undergo β decay
back to the stability line, the r-process local abundance
peaks are displaced about 6–12 mass units below the
s-process peaks (Fig. 1.6).

The r-process is terminated by neutron-induced fis-
sion at mass 254, and nuclear matter is fed back into the
element-building processes at masses of about 108 and
146. Thus, cycling of nuclear reactions occurs above
mass 108. Because of the extreme neutron flux pos-
tulated for the r-process, its occurrence is probably
limited to supernovae.

The effects of r- and s-process synthesis of typical
heavy elements may be demonstrated by an examina-
tion of the chart of the nuclides in the region of the
light rare earths (Fig. 1.8). The step-by-step building
of the s-process contrasts with the ‘rain of nuclides’
produced by β decay of r-process products. Some nu-
clides, such as those from 143Nd to 146Nd, are produced
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1.3 Radioactive decay 7

Fig. 1.8. Part of the chart of the nuclides in the area of the light rare earths to show p-, r- and s-process product
nuclides. After O’Nions et al. (1979).

by both r- and s-processes. Some, such as 142Nd, are
s-only nuclides ‘shielded’ from the decay products of
the r-process by intervening nuclides. Others, such as
148Nd and 150Nd, are r-only nuclides that lie off the
s-process production pathway.

Several heavy nuclides from 74Se to 196Hg lie iso-
lated on the proton-rich side of the s-process growth
path (e.g. 144Sm in Fig. 1.8), and are also shielded
from r-process production. In order to explain the ex-
istence of these nuclides, it is necessary to postulate
a p-process by which normal r- and s-process nuclei
are bombarded by protons at very high temperature
(>2 × 109 K), probably in the outer envelope of a su-
pernova.

1.3 Radioactive decay

Nuclear stability and decay are best understood in the
context of the chart of nuclides. It has already been
noted that naturally occurring nuclides define a path in
the chart of the nuclides, corresponding to the greatest
stability of proton/neutron ratio. For nuclides of low
atomic mass, the greatest stability is achieved when
the numbers of neutrons and protons are approximately
equal (N = Z ) but as atomic mass increases, the sta-
ble neutron/proton ratio increases until N /Z = 1.5.
Theoretical stability limits are illustrated on a plot
of N /Z against mass number (A) in Fig. 1.9 (Hanna,
1959).

The path of stability is in fact an energy ‘valley’
into which the surrounding unstable nuclides tend to
fall, emitting particles and energy. This constitutes
the process of radioactive decay. The nature of par-
ticles emitted depends on the location of the unstable

nuclide relative to the energy valley. Unstable nuclides
on either side of the valley usually decay by ‘isobaric’
processes. That is, a nuclear proton is converted to a
neutron, or vice-versa, but the mass of the nuclide does
not change significantly (except for the ‘mass defect’
consumed as nuclear binding energy). In contrast, un-
stable nuclides at the high end of the energy valley
often decay by emission of a heavy particle (e.g. an α

particle), thus reducing the overall mass of the nuclide.

1.3.1 Isobaric decay

The various decay processes indicated in Fig. 1.9 can
best be understood by looking at example sections of
the chart of nuclides. Figure 1.10 shows a part of the
chart around the element potassium. The diagonal lines
indicate isobars (nuclides of equal mass), which are
displayed on energy sections in Figs. 1.11 and 1.12.

Nuclides deficient in protons decay by transforma-
tion of a neutron into a proton and an electron. The
latter is then expelled from the nucleus as a negative
‘β’ particle (β−), together with an anti-neutrino (ν̄).
The energy released by the transformation is divided
between the β particle and the anti-neutrino as kinetic
energy (Fermi, 1934). The observed consequence is
that the β particles emitted have a continuous energy
distribution from nearly zero to the maximum decay
energy. Low-energy β particles are very difficult to
separate from background noise in a detector, making
the β-decay constant of nuclides such as 87Rb very
difficult to determine accurately by direct counting
(section 3.1).

In many cases the nuclide produced by β decay is left
in an excited state, which subsequently decays to the
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8 Nucleosynthesis and nuclear decay

Fig. 1.9. Theoretical stability limits of nuclides illustrated on a plot of N/Z against mass number (A). Lower limits
for α emission are shown for α energies of 0, 2 and 4 MeV. Stability limits against spontaneous fission are shown
for half-lives of 1010 yr and zero (instantaneous fission). After Hanna (1959).

Fig. 1.10. Part of the chart of the nuclides, in coordinates of atomic number (Z ) against neutron number (N) in
the region of potassium. Stable nuclides are shaded; the long-lived unstable nuclide 40K is hatched. Diagonal lines
are isobars (lines of constant mass number, A).

ground-state nuclide by a release of energy. This may
be lost as a γ ray of discrete energy, or may be trans-
ferred from the nucleus to an orbital electron, which
is then expelled from the atom. In the latter case, nu-
clear energy emitted in excess of the binding energy
of the electron is transferred to the electron as kinetic
energy, which is superimposed as a line spectrum on
the continuous spectrum of the β particles. The meta-
stable states, or ‘isomers’, of the product nuclide are
denoted by the superfix ‘m’, and have half-lives from
less than a picosecond up to 241 years (in the case of
192mIr). Many β emitters have complex energy spectra
involving a ground-state product and more than one

short-lived isomer, as shown in Fig. 1.11. The decay
of 40Cl can yield 35 different isomers of 40Ar (Lederer
and Shirley, 1978), but these are omitted from Fig. 1.12
for the sake of clarity.

Nuclides deficient in neutrons, e.g. 38K (Fig. 1.11),
may decay by two different processes: positron emis-
sion and electron capture. Both processes yield a prod-
uct nuclide that is an isobar of the parent, by transfor-
mation of a proton into a neutron. In positron emission
a positively charged electron (β+) is emitted from the
nucleus together with a neutrino. As with β− emission,
the decay energy is shared between the kinetic energies
of the two particles. After having been slowed down
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1.3 Radioactive decay 9

Fig. 1.11. A simple energy section through the chart of
nuclides along the isobar A = 38 showing nuclides and
isomers. Data from Lederer and Shirley (1978).

by collision with atoms, the positron interacts with an
orbital electron, whereby both are annihilated, yielding
two 0.511-MeV γ rays. (This forms part of the decay
energy of the nuclear transformation.)

In electron-capture decay (EC) a nuclear proton is
transformed into a neutron by capture of an orbital
electron, usually from one of the inner shells, but pos-
sibly from an outer shell. A neutrino is emitted from
the nucleus, and an outer orbital electron falls into the
vacancy produced by electron capture, emitting a char-
acteristic X-ray. The product nucleus may be left in an
excited state, in which case it decays to the ground state
by γ emission.

When the transition energy of a decay route is
less than the energy equivalent of the positron mass
(2mec2 = 1.022 MeV), decay is entirely by electron
capture. Thereafter, the ratio β+/EC increases rapidly
with increasing transition energy (Fig. 1.12), but a
small amount of electron capture always accompanies
positron emission even at high transition energies.

It is empirically observed (Mattauch, 1934) that ad-
jacent isobars cannot be stable. Since 40Ar and 40Ca are

Fig. 1.12. Energy section through the chart of nuclides
along isobar A = 40. Isomers are omitted for simplicity.
For nuclides with more than one decay mechanism the
percentages of transitions by different decay routes are
indicated. Data from Lederer and Shirley (1978).

both stable species (Fig. 1.10), 40K must be unstable,
and exhibits a branched decay to the isobars on either
side (Fig. 1.12).

1.3.2 Alpha- and heavy-particle decay

Heavy atoms above bismuth in the chart of nuclides
often decay by emission of an α particle, consisting
of two protons and two neutrons (He2+). The daughter
product is not an isobar of the parent, and has an atomic
mass reduced by four. The product nuclide may be
in the ground state, or remain in an excited state and
subsequently decay by γ emission. The decay energy
is shared between kinetic energy of the α particle and
recoil energy of the product nuclide.

The U and Th decay series are shown in Fig. 12.2.
Because the energy valley of stable proton/neutron ra-
tios in this part of the chart of the nuclides has a slope
of less than unity, α decays tend to drive the products
off to the neutron-rich side of the energy valley, where
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10 Nucleosynthesis and nuclear decay

they undergo β decay. In fact, β decay may occur be-
fore the corresponding α decay.

At intermediate masses in the chart of the nuclides, α
decay may occasionally be an alternative to positron or
electron-capture decay for proton-rich species such as
147Sm. However, α decays do not occur at low atomic
numbers because the path of nuclear stability has a
Z /N slope close to unity in this region (Fig. 1.1). Any
such decays would simply drive unstable species along
(parallel to) the energy valley.

An exotic kind of radioactive decay was discovered
in the 235U to 207Pb decay series (Rose and Jones,
1984), whereby 223Ra decays by emission of 14C di-
rectly to 209Pb with a decay energy of 13.8 MeV. How-
ever, this mode of decay occurs with a frequency of
less than 10−9 that of the α decay of 223Ra.

1.3.3 Nuclear fission and the Oklo natural
reactor

The nuclide 238U (atomic number 92) undergoes spon-
taneous fission into two product nuclei of different
atomic numbers, typically about 40 and 53 (Sr and
I), together with various other particles and a large
amount of energy. Because the heavy parent nuclide
has a high neutron/proton ratio, the daughter products
have an excess of neutrons and undergo isobaric decay
by β emission. Although the frequency of spontaneous
fission of 238U is less than 2 × 10−6 that of α decay,
for heavier transuranium elements spontaneous fission
is the principal mode of decay. Other nuclides, such
as 235U, may undergo fission if they are struck by a
neutron. Furthermore, since fission releases neutrons,
which promote further fission reactions, a chain reac-
tion may be established. If the concentration of fissile
nuclides is high enough, this leads to a thermonuclear
explosion, as in a supernova or atomic bomb.

In special cases where an intermediate heavy-
element concentration is maintained, a self-sustaining
but non-explosive chain reaction may be possible. This
depends largely on the presence of a ‘moderator’. Ener-
getic ‘fast’ neutrons produced by fission undergo mul-
tiple elastic collisions with atoms of the moderator.
They are decelerated into ‘thermal’ neutrons, having
velocities characteristic of the thermal vibration of the
medium, the optimum velocity for promoting fission
reactions in the surrounding heavy atoms. One natural
case of such an occurrence is known, termed the Oklo
natural reactor (Cowan, 1976; Naudet, 1976).

In May 1972, 235U depletions were found in uranium
ore entering a French processing plant and traced to
an ore deposit at Oklo in the Gabon republic of cen-
tral Africa. Despite its apparent improbability, there is

overwhelming geological evidence that the 235U deple-
tions were caused by the operation of a natural fission
reactor about 1.8 Byr ago. It appears that, during the
Early Proterozoic, conditions were such that the se-
ries of coincidences needed to create a natural fission
reactor were achieved more easily than at the present
day.

This probably began when uranium dispersed in
granitic basement was eroded and concentrated in
stream-bed placer deposits. It was immobilised in this
environment as the insoluble reduced form due to the
nature of prevailing atmospheric conditions. With the
appearance of blue–green algae, the first organisms
capable of photosynthesis, the oxygen content of the
atmosphere, and hence of river water, probably rose,
converting some reduced uranium into more-soluble
oxidised forms. These were carried down-stream in
solution. When the soluble uranium reached a river
delta, it must have encountered sediments rich in or-
ganic ooze, creating an oxygen deficiency that again
reduced and immobilised uranium, but now at a much
higher concentration (up to 0.5% uranium by weight).

After burial and compaction of the deposit, it was
subsequently uplifted, folded and fractured, allowing
oxygenated ground-waters to re-mobilise and concen-
trate the ores into veins over 1 m wide of almost pure
uranium oxide. Hence the special oxygen-fugacity
conditions obtaining in the Proterozoic helped to pro-
duce a particularly concentrated deposit. However,
its operation as a reactor depended on the greater
235U abundance (3%) at that time, compared with
the present-day level of 0.72%, which has been re-
duced by α decay in the intervening time (half-life
700 Myr).

In the case of Oklo, light water (H2O) must have
acted as a moderator, and the nuclear reaction was con-
trolled by a balance between loss of hot water (by con-
vective heating or boiling) and its replacement by an
influx of cold ground-water. In this way the estimated
total energy output (15 000 megawatt years, represent-
ing the consumption of six tons of 235U) was probably
maintained at an average of only 20 kilowatts for about
0.8 Myr.

Geochemical evidence for the occurrence of fis-
sion is derived firstly from the characteristic elemen-
tal abundances of fission products. For example, ex-
cess concentrations of rare earths and other immobile
elements such as Zr are observed. Concentrations of
alkali metals and alkaline earths were probably also
enriched, but these elements have subsequently been
removed by leaching. Secondly, the characteristic iso-
tope abundances of some elements can be explained
only by invoking fission (Raffenach et al., 1976).

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521823161 - Radiogenic Isotope Geology, Second Edition
Alan P. Dickin
Excerpt
More information

http://www.cambridge.org/0521823161
http://www.cambridge.org
http://www.cambridge.org

