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1. INTRODUCTION 
 
 
 
1.1 Chronology using natural nuclear phenomena and radiation effects 
 
History 
A few of the very obvious questions of mankind are related with the age of the universe and 
planet Earth. Below we give a short historical survey of the discussions, which were 
aroused by these questions. Often one tried to give answers based on scientific ideas and 
models, but sometimes answers were based on non-scientific and even highly emotional 
arguments. 
 
In the western hemisphere, a study of the bible provided a full answer to the above-
mentioned questions. The age deduced from bible texts was quite precise: the creation of 
our universe took place in the year 4004 B.C. (Ussher, J., 1658). During the eighteenth 
century and later, more and more non-religious sources of information were used (see, for 
example, Faure, 1986, Giot and Langouet, 1984). Observations of sedimentation rates and 
rates of erosion, together with assessments of the amounts of salts, brought by rivers from 
the continents to the oceans, led to new results for the age, which were quite different from 
the one deduced from the bible. Very rapidly the estimated age of our planet increased from 
several centuries to many million years. Today above-mentioned observations still form the 
basis of our knowledge with regard to geological ages, i.e. the succession of events that led 
to present day’s geological formations is used to collect information about the age. 
 
At the end of the nineteenth century, Lord Kelvin made a series of estimates based on 
physical grounds, one of which involved the Earth’s heat balance resulting from the 
positive contribution due to solar radiation and losses related with the emission of thermal 
energy by the earth. He concluded that the age of our planet is between 20 and 40 million 
years, which was immediately assumed by geologists to be too small. 
 
A few years later, after the discovery of natural radioactivity by Becquerel (1896), the first 
important corrections were made when it was realized that the Earth was not a body that 
was simply cooling down. At that time it was recognized that our planet is a body, which 
also generates heat as a result of decay of natural radioactivity. In 1905 Rutherford used the 
fixed value of the rate of radioactive decay as the basis of the interpretation of observations 
of the accumulation of helium in uranium minerals, and calculated an age of about 500 
million years. Boltwood (1907) assumed that lead was the stable end product of uranium 
decay and calculated an age of the same order of magnitude, based on the observed ratio 
U/Pb of the atomic uranium and lead concentrations. In the beginning of the twentieth 
century, when the first modern geological time scales were established, Holmes (1913) 
calculated on the basis of the measured radioactivity that the age of planet earth is about 
1600 million years.  
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At present, the results from measurements on the oldest rocks in the earth’s crust yield ages 
in the range between 3500 and 3700 million years. A few zircon crystals from Australia 
were found to have an age of approximately 4400 million years (Wilde et al., 2001). The 
age assigned to planet Earth is between (4.505 ± 0.008) x 109 and (4.565 ± 0.004) x 109 
years (Faure 1977; Albarède, 1993), which is supported by age information obtained from 
meteorites. 
 
Application of independent dating methods to the same material proved to be very fruitful. 
Apparent contradictions between the results have forced the development of improvements 
in the experimental procedures and a more sophisticated scrutiny of the measurements. 
Most of all, however, it has led to improved definitions for the conditions under which each 
of the techniques should be used and it has led to a deeper appreciation of the concept of 
age itself by specifying what is represented physically or geologically in each case by the 
time t obtained from the solution of a set of equations. 
 
Even today the above-mentioned observations are still employed to determine the 
succession of events that led to the present day geological formations. 
 
1.1.1 Radioactivity 
 
In 1902, Rutherford and Soddy suggested that radioactivity is a property of certain atoms 
and that the rate of disintegration is proportional to the number of these atoms present. In 
1910 Bateman generalized the description into the so-called Bateman equation representing 
the general form of the decay and growth equation (Bateman, 1910).  
 
The discovery of radioactivity has had a profound effect on geology and started new lines 
of research, where natural radioactivity of rocks is measured and interpreted. According to 
the theory of Rutherford and Soddy, the rate of decay of an unstable parent nuclide 
(activity, A) is proportional to the number of atoms (N) remaining at any time t 

N
dt
dN

A λ=−=   (1.1) 

where � is the decay constant, which is related to the half-life time (T1/2) by 

2/1

2ln
T

=λ . (1.2) 

The unit of activity is Becquerel (Bq) and 1 Bq is defined as the amount of a radionuclide 
that produces 1 decay per second. The decay constant represents the probability that an 
atom will decay per unit time. This probability is the same for all nuclides of a particular 
species and independent of the age of the nucleus. Integrating (1.1) gives 

teNN λ−= 0  . (1.3) 

This equation describes the number of radionuclides (N) that remain at any time t of an 
original number of atoms (N0) that were present at t=0. It is the basic equation describing all 
radioactive decay processes. For a comprehensive description, see Evans (1969). 
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The product of radioactive decay may itself be unstable and undergo successive decay 
steps. Thus, a multitude of unstable elements may be produced during the series of decay 
steps until a stable nucleus is produced. Such a series of decay steps is known as a decay 
series.  
 
Consider the decay of a parent (N1) to a radioactive daughter (N2), which decays to a second 
daughter (N3), and �1 << �2 (see below). This process is represented schematically by 
 
 
 
 
The rate of decay of N2 is the difference between the rate at which N2 is produced by the 
decay of N1 and its own decay rate 

2211
2 NN

dt
dN λλ −= . (1.4) 

Here �1 and �2 are the decay constants of radionuclides 1 and 2, respectively, N1 and N2 are 
the numbers of atoms remaining at any time t and teNN 10

11
λ−= , given by (1.3). The 

solution for this equation has been derived by e.g. Evans (1969). 

( ) ttt eNeeN)t(N 221 0
2

0
1

12

1
2

λλλ

λλ
λ −−− +−
−

= . (1.5) 

The first term represents the number of atoms of N2 that have formed by the decay of N1, 
but have not yet decayed further. The second one represents the number of N2 daughters 
that remain at time t from an initial number 0

2N .  
 
A special case in the natural radioactive decay series arising from U238

92 , U235
92  and Th232

90 , is 

obtained for �1 << �2 ( 2
2/1

1
2/1 TT >> ), the half-lives of the parent nuclides are very much 

longer than those of their respective daughters. For large values of t, i.e. 2
2/1Tt >> , (1.5) 

leads to A1(t)=A2(t), meaning that for each of the nuclides the rates of production and decay 
are the same. This condition is called secular equilibrium. In secular equilibrium all 

activities in a decay series are identical. Note that although 1=
j

i

A
A

, the numbers of 

nuclides are related according to the ratio 
j

i

i

j

j

i

T

T
N
N

2/1

2/1==
λ
λ

. This implies that the number 

of nuclides with long half-lives is larger than the number of atoms with short half-lives. 
Thus the nuclides with long half-life are present in sufficient numbers to be counted by e.g. 
mass spectrometers whereas the short-lived ones can be detected only radiometrically. 
 

�1 
1 2 3 

�2 
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Because the rates of disintegration of the members of a radioactive decay series are 
constant, the age of rocks, sediments and other materials can be determined by measuring 
the relative abundances of the different members of the series. 
 
1.1.2 Dating methods for the late Quaternary 
 
Although the Quaternary1 is the shortest geological period (0.04% of geological time) it is 
the most recent one and hence by far the period most studied. The increasing interest in 
Quaternary geochronology is not restricted to geologists, because high-resolution 
information of Quaternary events is important in e.g. Global Change studies, paleoclimate 
research and archaeology. 
 
Quaternary dating methods include a variety of physics based dating techniques, among 
which are radiocarbon, lead-210, cesium-137, ESR, and luminescence dating. Below we 
give a short description of these methods.  
 
Carbon-14 dating method 
The carbon-14 dating method is the major standard method for recent times. 14C is 
produced in the atmosphere by a variety of nuclear reactions, the most important one being 
the reaction between slow cosmic-ray induced neutrons and nuclei of stable 14N: 

HCNn 1
1

14
6

14
7

1
0 +→+ . The atoms of 14C are then incorporated in carbon dioxide molecules by 
reactions with oxygen or by exchange reactions with stable carbon isotopes in CO or CO2 
molecules. The concentration of 14C in living green plants or animals is maintained at an 
approximately constant level by continuous absorption from the atmosphere and continuous 
decay. When a plant or animal dies, the absorption stops, but the decay continues and as a 
result the activity of 14C decreases. The half-life of 14C is 5730 years. The age of a plant or 
animal (i.e. the time that has elapsed since its death) is calculated by comparing the actual 
activity of natural carbon and the measured activity of the sample. It should be noted that 
the levels of atmospheric production of 14C vary considerably, leading to the need for 
corrections and calibrations. This method is mainly used for dating carbon containing 
samples and plants with an age between 1000 and 40,000 years. 
 
Lead-210 dating 
210Pb is a radioactive form of lead and it is one of the last elements created by radioactive 
decay of radon gas in the decay series of 238U in soil. Within 10 days after its creation from 
radon, 210Pb is removed from the atmosphere. It accumulates on the surface of the earth 
where it is stored in soils, lake and ocean sediments, and in glacial ice. 210Pb eventually 
decays into a non-radioactive isotope of lead (206Pb). 210Pb has a half-life of 22.3 years. If 
the sediment layers are undisturbed, the activity concentration of 210Pb decreases according 

                                                 
1 The Quaternary is in the process of being redefined. The International Commission on Stratigraphy 
proposed in 2004 to extend the Neogene period up to the present, which would make the Quaternary 
period redundant, and would remove it from the geologic timescale. Further discussions are presently 
underway. It is possible that the Quaternary will be redefined as a sub-period of the Neogene, with its 
base at 2.6 Ma (ICS: Consolidated Annual Report 2006). 
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to its half-life. Dates of sediment deposition are calculated by determining the decrease in 
210Pb activity in each selected sediment layer. If the initial concentration of 210Pb is known 
then the "age" of a sediment layer can be calculated. It takes about 7 half-lives, or 150 years 
for the 210Pb in a sample to reach near-zero radioactivity.  
 
Cesium-137 dating 
Cesium-137 is an anthropogenic radionuclide with a half-life of 30.17 years, which was 
produced as a by-product of past atmospheric testing of thermonuclear weapons. The 137Cs 
fallout production (and deposition) began around 1952. Cs is absorbed effectively by soil 
particles, in particular the clay fraction. These sediments contain 137Cs as a time marker 
formed by fallout from nuclear weapons tests after 1955 and nuclear accidents. The most 
important "markers" are produced in 1963/1964, a year of intense nuclear testing and in 
1986 due to the accident in the nuclear power plant in Chernobyl. These events can be 
distinguished by measuring the 134Cs/137Cs ratio and they are used to date very recent 
sediments; this radioactive clock will not work very long because of the relatively short 
half-life of 137Cs. 
 
The profile of the 137Cs activity with depth in sediment cores from natural water systems 
provides a relatively simple method for dating sediments; it is used to determine the rate of 
accumulation of this isotope over the past several decades (Rigollet and de Meijer, 2002). 
Dated sediment cores contain a historical record of the levels of particle-associated 
contaminants in the system. Under ideal conditions, the sediment profile should mimic the 
137Cs production.  
 
Electron Spin Resonance dating 
Electron spin resonance (ESR) measures the number of charges associated with unpaired 
spins occupying deep traps in the crystal band gap. During exposure to ionizing radiation 
(due to U, Th and 40K), electron and hole centers are formed and some of these centers can 
be measured with ESR, because they are paramagnetic. By measuring the absorption of 
microwaves of well-defined quantum energy in a strong, external magnetic field, which 
varies linearly as a function of time, one determines the number of "unpaired spins" 
associated with electronic charges trapped at various defects in the mineral crystal lattice. 
In contrast with luminescence dating, during ESR measurements the charges stay trapped at 
these defects, implying that ESR is in principle a non-destructive dating technique. This 
allows repeated analyses of the same sample. The total number of paramagnetic centers is 
supposed to increase linearly with time implying that in combination with a careful 
calibration of the natural dose the age can be calculated. Recently, ESR has been used for 
dating of tooth enamel, carbonates, quartz and feldspar. It is also used for dating of flints 
from ancient periods. 
 
Luminescence dating 
The principle of luminescence dating is similar to ESR dating. The total numbers of 
electron and hole centers, created by ionizing radiation, are examined and supposed to 
increase linearly with time. The luminescent light originates from defect centers, which are 
created in the crystal lattice as a result of irradiation due to natural radioactivity. 
Recombination (resetting), due to heating at elevated temperatures or due to exposure to 
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light, leads to the release of energy in the form of thermoluminescence (TL) or optically 
stimulated luminescence (OSL), respectively. The concentrations of the luminescence 
centers are determined by: i. the ambient concentration of natural radioactivity and ii. the 
time elapsed since the last bleaching event. 
 
TL and OSL are dating methods that can in principle be used from periods of recent times 
up to ages of 500,000 years. Dating applications in archaeology have been developed for 
pottery, ceramics, fired rocks. In cooperation with geologists important applications have 
been developed for recent time periods, dating of sediments, research of volcanism, calcite, 
loess and eolean dusts.  
 
 
1.2 Why dating with zircon? 
 
The principal motivation for investigating the luminescence properties of zircon is the 
common occurrence of zircon (ZrSiO4) in sand-rich sedimentary deposits, its chemical 
stability, its relatively high transparency and extremely high internal dose rate because of U 
and Th substitution in the crystal lattice. It has been demonstrated by Hantke (1991) that for 
sediments along the Dutch coast the annual dose rate of a typical zircon grain in sand is 2-3 
orders of magnitude higher than the ambient annual dose rate of quartz and feldspars. 
 
Since the 1970’ s several investigators recognized that zircon might be an excellent mineral 
for TL geochronometry (Wintle, 1974; Sutton and Zimmerman, 1976; Templer, 1986; Fain 
et al., 1988; Smith, 1988; Van Es et al., 2000). But thus far efforts to apply zircon TL have 
been unsuccessful and the development of this promising dating method appears to have 
been abandoned. The chief obstacles to the successful development of zircon luminescence 
dating have been anomalous fading, inhomogeneities and zoning of zircon, which affect the 
luminescence properties (Templer and Walton, 1985; Nerurkar et al., 1979; Amin et al., 
1983; Van Es et al., 2002). Therefore the main tasks in the framework of this investigation 
are to (i) select the most homogeneous grains of the highest optical quality and (ii) to deal 
with the problem of the decrease of the TL signal after laboratory irradiation (fading) by 
selecting the most stable component of the TL spectrum. 
 
Before we discuss in this thesis the solutions to the problems stated above we will give a 
short description of the theory of TL in chapter 2 and the nature of �, �, and �-radiation and 
their interaction with matter in chapter 3.   
 
In earlier zircon TL studies it has been observed that some zircons are zoned (i.e., 
heterogeneous) or metamict (i.e. amorphous due to heavy damage) and they are often 
opaque due to radiation damage. It has been demonstrated by Amin et al. (1983) and Amin 
(1989) that the presence of heavily damaged (i.e., darker colored) grains reduces the TL 
light output significantly because of light absorption and dispersion within the grains.  As a 
result, it has been suggested that such zircons represent poor candidate minerals for TL 
dating (Sutton and Zimmerman, 1976; Amin et al., 1983; Amin and Durrani, 1985; Templer 
and Smith, 1988; Nerukar et al., 1979).   
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From this it is clear that high quality separation and zircon selection procedures are crucial 
elements for the development of a reliable zircon TL methodology. We have developed 
special procedures to select highly homogeneous sets of grains of excellent optical quality 
from the pure zircon fraction to improve the quality of the samples used for dating (chapter 
4).  
 
One of the obstacles for TL dating with zircon and all other dating minerals is (anomalous) 
fading (Wintle, 1974; Sutton and Zimmerman, 1976; Templer, 1986; Durrani and Amin, 
1985). TL of lab-irradiated zircon is due to predominantly Dy3+ and Tb3+, which are 
members of the heavy rare-earth (HREE) family and are always present in zircon sand 
samples as trace impurities. During a few weeks’  storage (in the dark) at room temperature 
the Dy signal fades rapidly, while the Tb lines are far more stable (Van Es et al., 2000). In 
chapter 5 we will discuss the TL results and show that after a limited decrease of the TL 
signal during the first few weeks the narrow 545 nm Tb3+ TL peak is stable for periods over 
24 months and suitable for dating.  
 
Several investigators have suggested that there is a strong anti-correlation between the 
distribution of the rare-earth elements (REE) and actinide impurities, which are the most 
important entities for the TL phenomena in natural zircon. This would imply that during 
antiquity most of the dose is deposited in zones with reduced TL sensitivity (assuming that 
the �-particles have a sufficiently small range). In contrast with this, the artificial dose, 
produced in the laboratory, is assumed to induce TL predominantly from regions of high 
luminescence sensitivity thereby producing an underestimation of the paleodose2. This 
would mean that the generation of “natural” radiation damage in zircons cannot be 
simulated by external sources and it was doubted that zircons could be considered as a 
reliable dating tool (Fremlin and Srirath, 1964; Sutton and Zimmerman, 1976; Templer and 
Walton, 1983; Templer and Walton, 1985; and Templer, 1985). In chapters 4 and 5 we will 
show that we have found no evidence whatsoever that there is an anti-correlation of the 
high luminescence activators and the sources of natural radioactivity (radiation activators), 
as has been suggested. 
 
In chapter 6 we will investigate the ESR spectra as a function of the irradiation dose, 
annealing time and the temperature of the rare-earth ions Dy3+ and Tb3+ and several 
paramagnetic −n

mSiO centers, which play a key role in the damage formation and TL 
processes in natural zircon samples.  
 
During long-term natural irradiation shallow traps are emptied continuously. This does not 
occur in short-term lab experiments. Natural irradiation is imitated therefore by laboratory 
irradiation, followed by a short preheat, allowing the trapped electrons and holes to reach 
equilibrium. We have developed a simulation model, which will be discussed in chapter 7, 
describing all known trapping and un-trapping features of electrons and holes in zircon 
(Van Es et al., 2002; Turkin et al., 2003 and 2005; Laruhin et al., 2002). It is possible to 
model the trapping/un-trapping processes, but systems with numerous traps are too 

                                                 
2 Paleodose is the dose that a sample has received during antiquity (chapter 2). 
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complex, and might show fading effects, which are difficult to describe theoretically. These 
fading effects are usually referred to as anomalous fading.  
 
In chapter 8 we will show that under certain conditions TL dating with zircon is possible 
when a selection of homogeneous grains of high optical quality is used. In addition, 
spectroscopic selection of the stable TL component was required to perform our successful 
dating experiments on young age-controlled coastal dune sands. These age-controlled 
samples were taken from the Zwanenwaterduinen region of the Dutch barrier island 
Ameland. From historical records we know that at the time of our dating experiment the 
dune sand sample was covered for 175 years. From our dating experiments we calculate 
that the Zwanenwaterduinen sample is 183 ± 14 years old, which is in excellent agreement 
with historical records of the age of formation of these dunes. 
 
The work presented in this thesis was done in close collaboration with Prof. J.F. Donoghue 
(Florida State University, USA), Dr. A.A. Turkin (Kharkov Institute of Physics and 
Technology, Ukraine), Dr. G.R. Bulka and Dr. M.A. Laruhin (Kazan State University, 
Russia), Prof. A. Rozendaal (University of Stellenbosch, RSA), Prof. V.V. Gann (NSC 
KIPT, Ukraine), Dr. M Mau�ec (Nuclear Geophysics Division, University of Groningen). 
Because of the broad subject of our investigation, the expertise of these specialists was 
essential to gain the required insight in each step towards the development of a TL dating 
method for zircon. Further, assistance was provided by: H.J. Bron and C.G. van Dijk to 
collect data from the SEM and SEM-EDAX measurements, F van der Horst to obtain the 
XRD data, and R ten Have to obtain the radiometric data. The relative context of all 
investigations is made clear in figure 1.1. The results of all of these investigations were 
used for the development of the TL dating method described in chapter 8.  
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