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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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2. THERMOLUMINESCENCE THEORY 
 
 
2.1 Introduction 
 
The phenomenon of thermoluminescence (TL) of minerals was known empirically as early 
as 1663. It was in this year that Sir Robert Boyle reported to the Royal Society about 
"Experiments and Considerations upon Colours with Observations on Diamond That 
Shines in the Dark" (1663) and described how, upon warming a diamond in contact with 
his body in the dark, he saw a flash. This reflects the definition of thermoluminescence. Not 
only diamonds but a large number of minerals emit light energy upon warming. Well-
known examples are quartz, feldspar, calcite and flint. But the phenomenon of 
thermoluminescence itself was not sufficient to be used as a dating method. It was 
necessary to establish the mechanisms, which are responsible for resetting the dating clock 
and link the intensity of the emitted light energy to a time scale. Three centuries later the 
first law of thermoluminescence was established, which states that the thermoluminescence 
of minerals is roughly proportional to the irradiation dose to which they had been exposed 
(Roth et al, 1989).  
 
Another important observation for making TL a useful tool for dating was that, if the same 
mineral is re-heated, no more light is emitted, and it is only after the application of a new 
radiation dose that light may again be emitted. 
 
 
2.2 Basic mechanism 
 
Thermoluminescence is the thermally stimulated emission of light from an insulator or a 
semiconductor following the previous absorption of energy from ionizing radiation. The 
thermoluminescence process can be understood in terms of the band structure model of 
insulators.     
 
In a pure insulator there are two relevant energy bands: (i) an almost completely filled 
valence band and (ii) an almost empty conduction band. The two energy bands are 
separated by a forbidden gap, which means that between these two bands there are no 
electronic energy levels. Transitions of electrons between the valence band and the 
conduction band are allowed and they produce “free” electrons in the conduction band and 
“free” holes in the valence band. The energy difference between the two bands is denoted 
by the band-gap energy Eg (figure 2.1). 
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Imperfections in the crystal, associated with impurities and/or lattice defects may create 
new localized energy levels in the forbidden band gap. The positions of the energy levels 
depend on the nature of the imperfections/defects and the host lattice. Some of these defects 
are capable to trap an electron or a hole. Therefore the centers are referred to as electron or 
hole traps and after trapping an electron or hole the new defects are called trapped electron 
or trapped hole centers, respectively. The most simple trapped electron center is the F-
center, which is an anion vacancy in the crystal lattice after it has trapped an electron. The 
name ‘F-center’  is derived from the German word ‘Farbe’ , which means color. When the 
concentration of F-centers is sufficient, the crystal absorbs sufficient light in a limited 
frequency range and as a result, the crystal is colored. To maintain electroneutrality of the 
crystal, for each electron, which is trapped at an electron trap a hole is produced, which 
might be trapped at a hole trap. After trapping a trapped hole is formed. 
 
The F-center in NaCl can be regarded as the proto-type of the trapped electron centers, 
which has been studied in great detail since the 1930’ s. The energy levels of the well-
known F-center in NaCl, which is an electron trapped at a vacant anion position in the NaCl 
crystal lattice (figure 2.2), are located a few eV below the bottom of the conduction band. 
Between the energy levels transitions can be induced by absorption of light, which can be 
characterized as 1s-2p transitions and give rise to the so-called F-band. The electronic F-
center wave functions are confined to a volume corresponding to a few molecules. 
 
Another class of imperfections is associated with impurities, e.g. transition ions, which are 
quite often the reason why certain minerals show a characteristic color. The color is due to 
absorption bands caused by electronic transitions between energy levels in the band gap. 
The wave functions of the transition ions (in particular 4f-ions) are highly localized. The 

hole  
traps 

electron 
traps 

Ionizing  
radiation 

Ee 
 
N 

M 
Ep 

Recombination 
or 
Luminescence 
centers 

Conduction band 

Valence band 

Eg 

Figure 2.1. Energy-level presentation of the thermoluminescence process, showing 
the filling process of the electron and hole traps and the mechanism, which is 
responsible for thermally activated luminescence (TL). N= the total concentration 
of electron traps with energy Ee, M=the total concentration of hole traps with 
energy Ep. 
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energy levels in the band gap depend, as mentioned above, on the nature of the 
imperfection, lattice defect or impurity and can in principle be located at any energy 
position varying from just below the bottom of the conduction band to just above the top of 
the valence band. 
 
Optical transitions between energy levels located in the forbidden band gap may occur if 
they are allowed according to existing selection rules, which depend on the symmetry 
properties of the ground and excited state, but also transitions between the energy levels in 
the gap and empty more or less localized electronic levels in the conduction band are 
possible. Obviously, the latter transition results in empty electron traps in the band gap. 
Eventually, the electrons may escape from the centers associated with these energy levels 
and could return later at these locations by re-trapping. This description leads us to the 
definition of electron traps, which are localized defects in the crystal where electrons 
(conduction electrons or electrons from other centers) can be trapped. Accordingly, these 
centers can be filled or empty. This general description can be applied as an example to 
very simple centers, like the F-center in alkali halides. In this most simple example, the 
filled trap corresponds with the F-center, while the empty trap is an anion vacancy.  
 
An analogous discussion can be given for hole-type centers. As mentioned above the 
valence band is filled almost completely, which implies that free holes exist in this band. 
Similar to the description for electronic levels in the band gap and the trapping and de-
trapping processes it is possible to consider centers with energy levels in the forbidden band 
gap, which are capable of trapping free holes, which are available in the valence band. Like 
the trapped electrons, trapped holes can be released thermally or optically. After releasing 
the trapped hole a hole trap is left. 
 
A variety of defects belonging to the above-mentioned two classes of centers, which are 
associated with energy levels in the forbidden band gap, are also produced during exposure 
to ionizing radiation. Well-known examples of radiation-induced defect centers are the F-
center (the proto-type electron center, which has been described above) and a variety of V-
centers. V-centers form a group of defects, which absorb light in the violet part of the 
optical spectrum. This property is the reason why these centers are called V-centers. An 
important property of V-centers is that they have trapped a hole, which is produced 
simultaneously with the electron. The most simple V-center is the Vk-center in alkali 
halides, which is referred to as a “self-trapped hole”. It consists of a hole trapped at two 
neighboring chloride ions at regular lattice positions in the NaCl crystal (figure 2.2). The 
hole therefore belongs predominantly to two neighboring Cl

-
-ions. After the hole is trapped, 

the chloride ions of the resulting Cl2
-
 molecule are displaced considerably from their 

original lattice positions (figure 2.2). This implies that the Vk-center is in fact a Cl2
-
 center. 
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Due to ionizing radiation electrons are transferred from the valence band to the conduction 
band, which leads to the presence of significant concentrations of free electrons (in the 
conduction band) and free holes (in the valence band). In ionic materials, quite often the 
primary radiolytic reactions resulting from interactions between radiation and the crystal 
take place at anions (e.g. the Cl- or O2- ions in case of chlorides or oxides, respectively). 
Due to these processes excitations with binding energies slightly smaller than the forbidden 
band gap take place. These excitations are called excitons. Usually, the subsequent de-
excitation processes are sufficiently energetic and effective to induce atomic/ionic 
displacements in the crystal lattice, which leads to the formation of radiation damage, i.e. 
radiation induced defects. 
 
From the point of view of TL dating, exposure to ionizing radiation has two important 
consequences: 
I radiation induced defects (both electron and hole traps) are created and; 
II free electrons and holes are created in the conduction band and the valence band, 

respectively. 
As long as the concentration of radiation-induced defects is small, the number of defects 
usually increases with increasing radiation dose. Ultimately, for very high doses, one might 
expect that the concentration of the radiation-induced defects saturates. I.e., with increasing 
dose the concentration of radiation-induced defects reaches a maximum value. In zircon the 
radiation damage may reach very high levels. Due to their long-term exposure to ionizing 
radiation extremely old minerals are often metamict, which means that the long-range order 
is absent and the structural properties of these minerals are similar to those of amorphous 
materials like glasses. These heavily damaged minerals are not suited for TL dating 
purposes. As a result of the structural changes during the long-term exposure, the physical 
properties, in particular the TL controlling properties, have changed drastically. In addition, 
very old zircons are usually not transparent; i.e. they absorb the TL quanta, which affects 
the dating results.  
 

Figure 2.2. Two dimensional representation of a NaCl crystal showing the F-center 
(a), and the Vk-center (b) in NaCl. The F-center is the proto-type of trapped electron 
centers and the Vk center is the most simple trapped hole center. 
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The continuous production of free electrons and holes as a result of the exposure to ionizing 
radiation is essential for the production of sufficiently stable defects, which produce TL. 
Due to the high mobility, free electrons and holes can migrate in the crystal until they are 
trapped by impurities, luminescent centers and other imperfections in the crystal. During 
irradiation the electrons and holes are (re-)distributed continuously over the available 
electron and hole traps. A necessary condition for a mineral to be a suitable luminescent 
material for TL dating is that the relevant traps are deep, i.e. not easily emptied. This 
implies that the energy of the trapped electron should be located sufficiently far from the 
bottom of the conduction band. Similarly, the energy of the trapped hole should be located 
sufficiently far from the top of the valence band.  
 
A trap is characterized by the energy E that a trapped electron (or hole) must acquire from 
lattice vibrations to escape to the conduction band (or valence band). Electrons in the 
conduction band can move freely in the crystal. Holes, which were removed from hole traps 
are free to move in the crystal, when they are excited to energy levels in the valence band. 
There is a characteristic temperature at which the thermal vibrations of the crystal lattice 
are sufficient to cause the release of trapped electrons. Some of the released electrons reach 
luminescence centers, which are filled with holes, and light is emitted in the recombination 
process. A similar reasoning holds for the case of luminescence produced by recombination 
of free holes at the electronic recombination centers. Figure 2.1 shows the schematic 
representation of the thermoluminescence process in an insulating crystal with forbidden 
gap width Eg. In the following, only hole-type luminescence centers will be considered 
because we will show that in zircon the important TL activators consist of trapped holes. 
 
 
2.3 Rate equations 
 
The processes, which have been schematically described above, can be summarized as 
follows with a simplified model (figure 2.1). The trapped electron is liberated from the trap 
by heating the crystal to moderate temperatures; it crosses a certain potential-energy barrier 
and when the electron recombines with a hole trapped at a recombination center, both 
defect centers annihilate. This recombination process is sometimes accompanied by 
emission of light. The rate at which the electrons, or holes, escape from the traps is roughly 
governed by the vibrational frequency (or attempt-to-escape factor) s of the charge within 
the trap and the height E of the potential energy barrier, which is referred to as the trap 
depth. The overall escape rate is proportional to s·exp(-E/kBT) The remaining parameters in 
the formula are kB, which is the Boltzmann factor and T is the absolute temperature. By 
heating a crystal with trapped electrons the luminescence signal starts at zero intensity (no 
electrons escaping), increases with increasing temperature (according to the above 
mentioned Boltzmann factor) and finally drops to zero at high temperatures when all traps 
are empty and all luminescence centers have been annihilated. The luminescence 
phenomenon results in a so-called glow peak (figure 2.3). A detailed analysis of the shape 
of the glow curve provides information about the trap depth E, frequency factor s, numbers 
and type of electron and hole traps, the electron mobility and the capture cross sections of 
the centers, involved in the TL processes.  
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The kinetics describing the thermoluminescence process was first proposed by Randall and 
Wilkins, and was based on a simple band model similar to but simpler than the one shown 
in figure 2.1 (Randall and Wilkins, 1945). They ascribe the occurrence of the TL peak to 
the thermal release of electrons from traps and their subsequent recombination with holes 
trapped at recombination centers. In this simple model only one kind of trap (electron traps) 
and one kind of recombination center (trapped hole centers) is considered, along with 
mobile electrons. Another assumption is that no direct recombination takes place from the 
electron trap to the recombination center; electronic transport takes place only via the 
conduction band. All concentrations to be used below are dimensionless and defined per 
lattice site 
 
Let us consider an insulating sample with electron and hole traps, which can be described 
schematically by the band-structure picture presented in figure 2.1. The behavior of the 
system can be described by a set of differential equations. There is a total concentration of 
N electron traps with trap depths Ee and a total concentration of M hole traps with trap 
depth Ep. The concentration of traps, which are occupied by electrons, is denoted by n and 
the concentration of traps, which are occupied by holes, is denoted by m. During heating 
the crystal, electrons are released from the traps, producing a concentration nc of free 
electrons in the conduction band, and there will be n filled and (N – n) empty traps. The 
number of electronic excitations per second in which the electrons are transferred to the 
conduction band obeys Arrhenius’  law. According to this law, the number of excitations per 
second is proportional to the number of electrons n and the Boltzmann factor, exp(-Ee/kBT), 

Figure 2.3. Schematic presentation of the 
temperature dependence of the luminescence 
output. 
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where Ee is the activation energy or trap depth, kB is the Boltzmann constant and T the 
(absolute) temperature.  
 
The electrons, which are excited to the conduction band, depopulate the traps. The 
corresponding rate equation can be written as 

.)( nTv
dt
dn −=  (2.1) 

Here ( )TkEsTv Be−= exp)( and s is called the frequency factor for trapped electrons. This 
quantity is called the attempt frequency and depends on the vibration frequency of the ions 
adjacent to the electron trap. Ee and s are assumed to be temperature independent. 
 
The depopulation of the traps is partly compensated by re-trapping of electrons from the 
conduction band by the empty traps. The rate of re-trapping is proportional to (i) the 
concentration of free electrons nc in the conduction band, (ii) the number of empty traps, 
which is equal to the total number of traps minus the number of filled traps (N – n), and (iii) 
the factor AN that characterizes the probability that an electron will be re-trapped. The first 
important rate equation for TL takes into account both un-trapping processes (2.1) and re-
trapping. Thus 

)()( nNnAnTv
dt
dn

cN −+−= . (2.2)

  

Electrons, which have escaped from the traps to the conduction band, have a certain 
probability to recombine with a hole in a luminescence center, yielding a photon with 
energy h�, which is characteristic for that particular luminescence center. The rate of 
recombination is proportional to the number of free (conduction) electrons nc, the 
concentration of the filled hole traps m and the probability Am that an electron will 
recombine with the hole trapped in the above mentioned type of recombination center. Thus 
the rate of change of the concentration of free electrons in the conduction band in the 
recombination process is 

mnA
dt

dn
cmionrecombinat

c −= . (2.3)

  

The rate of change of the number of occupied electron traps, given in (2.2) leads to an 
equal, but opposite contribution to the rate of change of the number of conduction 
electrons. Together with the contribution associated with recombination as given in (2.3), 
we obtain the important rate equation for TL describing the concentration of free electrons 
exited in the conduction band  

mnAnNnAnTv
dt

dn
cmcN

c −−−= )()( . (2.4) 

)(Tv  has been defined in (2.1). 
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The lifetime of the electrons in the conduction band is assumed to be very short compared 
to the characteristic time associated with the release and trapping of the electrons. Hence, 
the concentrations of the electrons in the conduction band nc will be small compared with 
the concentrations of the electrons in the traps n. The electron concentration in the 
conduction band will adjust very quickly to the variations of the concentrations of filled 
electron and hole traps. Therefore, the rate of change of the carrier concentrations nc in the 
conduction band is very small and it can be approximated to zero: dnc/dt = 0. Therefore 
(2.4) may be written as 

0)()(0 =−−−�= mnAnNnAnTv
dt

dn
cmcN

c , (2.5) 

which yields the solution:  

mAnNA
nTv

n
mN

c +−
=

)(
)(

. (2.6) 

When as a result of each recombination event a quantum of light is emitted, the intensity I 
of the emitted light is equal to the recombination rate of free electrons with trapped holes 
(the last term on the right-hand side of (2.4)) 

mAnNA
mn

TvAmnAI
mN

mcm +−
==

)(
)( . (2.7) 

This is the expression for the luminescence intensity obtained from the general Randall-
Wilkins model. 
 
Randall and Wilkins made the assumption that there is a strong tendency to recombination 
and that electrons, which are released thermally from the traps and excited into the 
conduction band recombine quickly with trapped holes; i.e. no re-trapping or trapping by 
any other trap or recombination center is allowed. The assumption that Amm >> AN(N-n) 
leads to first-order kinetics thermoluminescence behavior, which is described by 
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Second-order kinetics is obtained with the assumption made by Garlick and Gibson, 1948. 
In this approximation re-trapping dominates. This means that electrons, which are released 
thermally from the traps and excited into the conduction band, have a higher probability to 
be re-trapped by an electron trap than to recombine with a hole at a luminescence center, 
i.e. AN(n – N) >> Amm or ANN >> ANn, Amm. Since it is assumed in this section that charge 
transfer takes place only between one kind of trap and one kind of recombination center, we 
can write m=n+nc. We take into account that conduction electrons are trapped very quickly, 
which means n >> nc. This leads to  
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During TL the temperature increases linearly with time, i.e. 

β=
dt
dT

 or  tTT β+= 0 . (2.10) 

Here T0 is the initial temperature at time t=0 and β is the heating rate. To find the time, or 
equivalently, the temperature dependence of the TL intensity and to construct the glow 
curve, which is represented by the light output as a function of the sample temperature (or 
the time), one needs to know the concentration of the filled electron traps as a function of 
the temperature during the TL experiments. Substituting (2.6) into (2.2) and using (2.10) we 
obtain 
 

mAnNA
mA

n
Tv

dt
dn

mN

m

+−
−=

)(
)(

β
. (2.11) 

 
For the above-mentioned cases of first- and second-order kinetics (2.11) transforms into 
two closed equations 

n
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Solutions of these equations together with (2.8) and (2.9) yield the temperature dependence 
of the TL intensity, which is peak-shaped and is called the glow curve.  
 
We have simulated the TL experiment for particular first- and second-order cases. Figure 
2.4 shows the concentration of filled electron traps and the concentration of free electrons 
in the conduction band during thermal excitation. In both cases the concentration of filled 
electron traps decreases with increasing temperature, whereas the concentration of free 
electrons increases to a maximum value at characteristic temperature; above this 
temperature it decreases. The decrease of the concentration of filled electron traps in first-
order kinetics is faster than the decrease of the filled electron traps in second-order kinetics, 
because in the first-order case it is assumed that re-trapping is negligible. As a 
consequence, excitation of trapped electrons to the conduction band leads unavoidably to 
annihilation by recombination with trapped hole centers, whereas in the second-order 
process the trapped electrons might need two or more excitations in order to annihilate. 

 
 
 



30 Chapter 2 

400 450 500 550 600
0

0.5

1

1st order (shifted)
2nd order

Temperature, K

In
te

ns
ity

, a
.u

.

 
 
Figure 2.5. Computed TL peaks for first-order (---) and second-order (—) kinetics. Both 
peaks are normalized to the corresponding maximum values; the first-order-kinetics peak is 
shifted slightly along the T-axis. 
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Figure 2.4. Concentrations of filled electron traps for the first- and second-order 
approximation (left) and the exact solution of the differential equations for the 
concentration of free electrons in the conduction band (right) during the TL 
measurement. 
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The simulated first- and second-order glow curves are shown in figure 2.5. The basic 
difference between the first- and second-order kinetics is reflected in the symmetry of the 
TL peak. The characteristic feature of the first-order peak is that it is asymmetric. Above 
the temperature of the maximum TL the TL intensity decreases very rapidly with increasing 
T because in first order kinetics re-trapping does not play a role. The characteristic feature 
of the second order peak is that it is almost symmetric, because re-trapping slows down the 
process of annihilation. 
 
The discussion of the model of Randall and Wilkins is based on the relatively simple 
situation in which, only one kind of trap and one kind of recombination center are active. 
The two examples discussed so far, first- and second-order kinetics, are only special cases. 
Even if the simplifying conditions are assumed to be true in general, the resulting equations 
consist of many intermediate cases that do not have a distinct order of kinetics. 
 
In practice and in particular in natural minerals, several trapping and recombination sites 
exist giving rise to a multitude of peaks, which may or may not overlap. For a general 
description of the TL process, we need to take into account that the traps show a wide 
distribution of energy values. In addition we have to take into account several highly 
relevant processes, including trapping of charge carriers by recombination (luminescence) 
centers, trapping by non-radiative centers, mutual recombination, recombinations with 
defects of opposite charges at trapping centers, redistribution of electrons and holes over 
the available traps and luminescence centers (re-trapping) due to thermal excitation into the 
conduction and valence band. In chapter 7 a kinetic model of zircon TL is presented to 
improve our understanding of the processes involved in filling of electron and hole traps 
during radiation, fading, annealing and TL. 
 
 
2.4 TL method 
 
The development of thermoluminescence (TL) dating started in the late 1960s, initially for 
samples from pottery and other forms of baked clay. The TL, observed from these samples, 
is emitted by quartz, feldspar, zircon or a few other minerals. An early application was the 
determination of the age of art ceramics for museums and art auction rooms. During the 
1970s advanced dating methods were developed for archaeological pottery (Sutton and 
Zimmerman, 1976), and an increasing understanding of the technical problems has been 
obtained. TL dating of baked clay products is possible because resetting is ensured by the 
fact that during the production of pottery the objects were heated to high temperature. More 
recently TL dating has been extended to sediment samples (Wintle and Huntley, 1980; 
Singhvi et al., 1982; Debenham, 1985; Smith, 1988; Van Es et al., 2000). 
 
Thermoluminescence dating is based on the measurement of the number of light quanta 
emitted during heating by certain minerals, e.g. quartz, feldspar, flint, calcite and zircon. 
Luminescence originates from defect centers, which are created in the crystal lattice as a 
result of exposure to natural radioactivity. The total number of light quanta emitted by the 
sample is a measure for the dose to which the minerals were exposed since their deposition, 
and the time elapsed since burial. The crucial condition required for dating of sediments is 
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that exposure to sunlight causes the luminescence centers to be destroyed (optical 
bleaching). As a result, after the last exposure to sunlight the dating “clock” is started from 
time 0. 
 
2.4.1 Equivalent dose 
 
The equivalent dose (ED) is the laboratory irradiation dose that reproduces the natural TL 
signal. The latter signal is obtained after exposure of the mineral to ionizing radiation from 
natural radioactivity associated with impurities within the grains, radioactive nuclides in the 
immediate vicinity of the dating grains and cosmic irradiation. The sensitivity for TL 
differs from sample to sample. It depends on the efficiency of the processes leading to the 
formation of radiation damage centers, which in many cases depends strongly on the 
presence of impurities and other defects. It also depends on the optical quality of the 
mineral. There is no general rule relating the measured light intensity to the total received 
dose. This implies that the dose needed to reproduce the natural dose, the ED, has to be 
determined carefully by independent experiments.  
 
In the literature, several methods have been designed to determine the equivalent dose. This 
is due to the fact that TL of natural samples is complex. To obtain information about the 
nature of natural TL, Wintle has examined for sediment samples the effect of sunlight and 
found that exposure to sunlight did not erase the natural TL signal completely (Wintle et al., 
1979). Similar results were obtained in experiments with very long sunlamp exposures (> 
1000 hours) and the remaining signal was called the residual TL. It is assumed that this 
residual TL signal is at least partly due to the presence of TL centers that cannot be 
bleached easily by light, and it may also include a component, which even does not 
originate from radiation induced defects. Therefore, it is assumed that, in some cases, the 
natural TL, Inat, of a sediment sample consists of two components, 

dnat III += 0 . (2.14) 

Here I0 is the residual TL, which is assumed to be the TL, already present at the time of 
deposition, and Id is the TL due to the radiation dose since deposition. 
 
Estimates of ED are obtained by comparing the natural TL with TL produced by calibrated 
laboratory doses. Theoretically this comparison can be translated into a function of time. In 
the methods, which have been developed to calculate the ED, it is assumed that the natural 
irradiation conditions can be accurately measured or calculated, and that the TL response is 
the same for natural or artificial irradiation. It is also assumed that any competition of 
electron-trap filling during natural or laboratory irradiation remains the same and that 
electron and hole traps are stable over the relevant periods of geological time. Some of 
these assumptions have been proven valid whereas others remain under investigation and 
have placed certain constraints on the methods (Wintle, 1997; Olley et al., 1998; Murray 
and Roberts, 1998; Murray and Wintle, 2000a and b). 
 
We will discuss the advantages and disadvantages of the two methods in the ideal situation 
(i.e. without any residual TL), which are currently applied to determine the equivalent dose: 
(i) the regenerative dose method and (ii) the additive dose method.  
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2.4.1.1 The regenerative dose method 
 
In the regenerative dose method the natural TL (NTL) of the sample is compared with the 
TL resulting from laboratory radiation (figure 2.6). The development of the natural TL 
signal starts after resetting, which is fundamentally different for pottery and sediments. It is 
well known that in pottery resetting has taken place by heating to high temperatures, while 
in sediments it takes place as a result of exposure to sunlight. This has led to differences in 
details of the protocols used to determine the equivalent dose, including the method of the 
regenerative dose. In pottery dating, the TL signal is obtained by irradiating the grains to a 
laboratory dose (Di) after they have been heated, to release and measure the natural TL 
signal and annihilate the TL-producing 
centers. In sediment dating, the TL 
signal is regenerated by irradiating the 
grains, which have been optically 
bleached prior to irradiation. The 
sample is split into a number of 
portions because for each data point a 
new portion must be used. One portion 
is used to measure the natural TL. The 
remaining sub-samples are irradiated 
with various radiation doses (D1-D5) 
and the TL intensity of the samples is 
measured subsequently, thereby 
regenerating the thermoluminescence 
growth curve. Figure 2.6 shows the 
schematic representation of the 
regeneration method. The natural TL is 
known and when the natural dose is 
between D1 and D5, ED is obtained by 
interpolation (Wintle and Huntley, 
1980).  
 
An advantage of the regeneration method is that the ED is obtained by interpolation, which 
yields ED to a relatively high precision. A serious disadvantage of the regeneration method 
is that heating or bleaching might alter the sensitivity of the sample, implying that the 
regenerated TL growth does not accurately represent the growth of the TL signal during 
antiquity. In those cases one should apply proper corrections to interpret the TL results. 
 
2.4.1.2 Additive dose method 
 
In the additive dose method, measurements are made on a number of portions of the 
sediment sample. The natural TL signal is measured with the first portion. Each of the 
remaining portions is given a different additional laboratory dose (Di). This results in an 
increase of the luminescence signal. In this method it assumed that the “dating clock” was 
set to zero at the time of deposition. ED is determined by the intersection of the straight line 

Figure 2.6. Schematic representation of the 
regenerative dose method.  Natural TL (NTL) 
is compared with TL of annealed samples 
after laboratory radiation. The ED is 
obtained by interpolation. 
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obtained from the data points associated with 
the natural dose (ND), ND+D1, ND+D2, and 
ND+D3 and the horizontal axis (figure 2.6) 
(Aitken, 1974).  
 
The advantage of the additive dose method is 
that the sensitivity of the sample is not 
altered by any laboratory procedure to set the 
signal to zero, i.e. by heating or bleaching. 
The disadvantage of the additive dose 
method is that it involves extrapolation, 
which leads to increased statistical 
uncertainties in the determination of the age. 
From figure 2.6 it can be seen that the value 
of ED is obtained outside the experimental 
data set.  
 
It should be noted that for both the regeneration and the additive dose method linear growth 
of the TL intensity with the dose is not a necessary condition for dating but it is highly 
preferable. The growth of thermoluminescence with the dose is not always linear; in some 
cases one observes an initial supralinear range where the sensitivity increases with 
increasing dose, followed by a linear range characterized by constant sensitivity, as a 
function of the dose. Finally the sensitivity decreases due to the onset of saturation; the 
‘saturation’  level is not necessarily the same for all samples of the same mineral. The range 
of supralinearity has been observed only for beta and gamma irradiation and not for alpha 
irradiation (Aitken, 1985). 
 
The additive dose and the regeneration dose method are used in multiple-aliquot and single-
aliquot protocols (see e.g. Murray and Roberts, 1998; Murray and Wintle, 2000a and b). In 
the multiple-aliquot protocol, the measurements are carried out on a multitude of sub-
samples. For TL dating this is necessary because the TL measurement is destructive and the 
TL sensitivity of the sample is affected. In the single-aliquot protocol, multiple 
measurements are made on one portion of the sample. The practical advantage of this 
protocol is that only a small number of grains is needed to estimate the equivalent dose, 
whereas in the multiple-aliquot protocol large numbers of grains are required. Another 
practical advantage of the single-aliquot protocol is that subsequent steps, like preheating 
and TL measurements, can be performed readily with a sophisticated and automated reader.  
 
Although there are some advantages to use the single-aliquot protocol, for dating 
procedures it is essential that prior to any measurement the sub-samples should be identical 
as much as possible. This means for example that any treatment of the sample that might 
change the sample’ s TL sensitivity must be avoided. The additive dose method with the 
multiple-aliquot protocol allows us to prepare sub-samples, which had been subjected -
apart from the added dose- exactly the same pretreatment. Therefore we decided to use this 
method to determine ED.  
 

Figure 2.7. Luminescence output as a 
function of the added dose. The 
Equivalent Dose (ED) is determined by 
the intersection of the straight line with 
the x-axis. 
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2.4.2 Natural dose 
 
Natural TL in zircon results from continuous exposure to nuclear radiation from uranium 
and thorium impurities within the sample itself, from uranium and thorium in distant grains, 
from potassium (present in e.g. K-feldspar) in the sedimentary environment and from 
cosmic radiation. (See chapters 3 and 8). 
 
The basis of TL dating is the “age” equation:  

]/[
][

)(
aGyAD

GyED
yearsAge = .  (2.15) 

Here ED is the equivalent dose and AD is the dose to which the crystal is exposed annually. 
In zircon the build-up of the age-dependent luminescence is dominated by radioactive 
decay within the zircon grains due to the presence of trace amounts of uranium and 
thorium, which irradiate the material internally with �-particles. The range of the �-
particles originating from U and Th is 10-40 µm, which is smaller than the zircon grain 
itself (70-100 �m). Therefore zircon TL is predominantly due to internal radiation and the 
corresponding dose rates are much higher than those from external sources in the 
sedimentary environment. The annual dose can be calculated from the activity 
concentrations of the relevant �-emitting nuclei in zircon, which have been determined with 
�-ray spectrometry. The natural radionuclides providing the annual dose have very long 
half-lives and therefore the annual dose rate is assumed to be constant. For a more detailed 
and quantitative discussion of the dose rate response, the saturation dose, and the internal 
and external sources we refer to chapters 7 and 8.  
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3. NATURAL RADIOACTIVITY 
 
 
3.1 Introduction 
 
Following the discovery of the radioactivity of uranium by Becquerel, there was a 
successful search for other naturally occurring radioactive elements and the recognition by 
Rutherford and Soddy (Rutherford and Soddy, 1902) that radioactivity involved a change in 
mass and chemical nature of an element. The new element produced in any radioactive 
process was frequently radioactive as well. In fact, three radioactive series were recognized 
(238U, 235U and 232Th) in which heavy elements lost mass and changed their atomic number 
in successive steps, the changes ending only when the element became a stable isotope of 
lead. In all these spontaneous changes three types of radiation were recognized, namely �- 
(energetic helium nuclei), �- (electrons), and �- (energetic photons) radiation (see e.g. 
Evans, 1969).  
 
Nearly the entire annual dose in zircon results from the internal α-radiation emitted by the 
nuclei of radioactive impurities in the crystal, while there are much smaller contributions 
from other natural isotopes in the sedimentary environment and cosmic rays. For internal 
radiation sources three series of natural radionuclides are of interest; namely the thorium 
series, headed by 232Th. This nucleus undergoes �-decay, the ‘daughter’  nucleus formed, 
radium-228, is also radioactive. Radioactive decay continues to produce new radioactive 
daughters until lead-208, which is stable, is reached. Natural uranium consists of two series: 
the uranium series, headed by 238U and the actinium series, headed by the uranium isotope 
235U. The latter accounts for only 0.72% of the atoms in natural uranium. The various 
members of the thorium and uranium series emit a mixture of �-, �-, and �-radiation. The 
atomic abundances, half-lives, and decay constants of the most important isotopes are given 
in table 3.1. In addition, the primordial radionuclide 40K also contributes to the dose rate, 
because of its presence in minerals like feldspar. We note, as discussed in chapter 4, that 
feldspar is one of the minerals in coastal sediments. The radioactivity of potassium is due to 
its isotope potassium-40. This nucleus has a complicated decay involving electron capture, 
�

- and �+ decay and �-radiation. 
 
While studying the various decay series (figure 3.1) it should be remembered that different 
isotopes, for example radium, are chemically identical but differ in their decay properties. 
For example radium-228, the first daughter of the thorium series, has a half-life of 5.75 
years and is a �—emitter. Radium-224, occurring later on in the same series, has a half-life 
of 3.6 days, and is an �-emitter. Radium-226, in the uranium-238 series, also an alpha 
emitter, has a half-life of 1600 years. The numbers 224, 226, and so forth, refer to the total 
number of neutrons and protons in the nucleus and they represent the atomic weights of the 
corresponding isotopes, which is usually denoted by the symbol A; the scale is such that A g 
of an isotope contain 6.02 x 1023 atoms (Avogadro’ s number), that is, the mass of an atom 
of radium-224 is 224/(6.02 x 1023)= 37.2 x 10-23 g. 
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Thermoluminescence light in zircon originates predominantly from defect centers created 
by natural radioactivity. The amount of light emitted is directly proportional to the radiation 
dose rate and the time elapsed since burial. The intensity of the induced 
thermoluminescence light depends on both the rate of decay of the radioactive nuclei and 
on the energy carried by the radiation. For a more detailed and quantitative discussion we 
refer to chapters 7 and 8.  
 
 
3.2 Alpha-radiation. 
 
The energy released during the decay of uranium and thorium is mainly present in the form 
of �-radiation. Especially for the heavy nuclei (A>200) of the periodic system α-emission 
is a common mode of decay in the natural radioactive series. An �-particle consists of a 4He 
nucleus (two protons and two neutrons) and thus the decay process is written schematically 
as  

HeYX A
Z

A
Z

4
2

4
2 +→ −

− .  (3.1) 

Here, X is the parent and Y the daughter product. The range of an �-particle depends on its 
energy and the matter it traverses. For natural �-particles emitted in air at room temperature 
and atmospheric pressure the range is a few centimeters. In zircon however, the range of the 
�-particles is typically 10-40 µm. 
 
 
 
 

Table 3.1. Abundances, half-lives, and decay constants of the 
naturally occurring isotopes of uranium and thorium. 

Isotope Abundance      
% 

Half-life 
T½ (a) 

Decay constant 
� (s-1) 

238U 99.3 4.51x109 1.57x10-10 

235U 0.7 7.13x108 9.72x10-10 

232Th 100 13.89x109 4.99x10-11 
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3.2.1 Interaction of �-particles with matter 
 
Heavy charged particles, such as �-particles, interact with matter primarily through 
Coulomb forces between their positive charge and the negative charges of the orbital 
electrons of the atoms in the material. If the energy is sufficient, the electron is completely 
removed from the atom (ionization). Energy is transferred from the �-particle to the 
electron, and the velocity of the �-particle decreases as result of the interaction. Because in 
each energy transfer event only a small fraction of the total α-energy is involved, the �-
particle loses its energy in many successive interactions. At any given time, the �-particle 
interacts with many electrons, implying that the result is a more or less continuous decrease 
of its velocity until the �-particle has stopped. 
 
3.2.2 Stopping power 
 
The linear stopping power S for charged particles in a given material is defined as the 
differential energy loss for that particle within a material divided by the corresponding 
differential path length: 

dx
dE

S −= . (3.2) 

The value of –dE/dx along the particle 
track is also called the specific energy 
loss. A typical plot of the specific energy 
loss along the track of an �-particle has 
been shown in figure 3.2, and it is known 
as the Bragg curve. 
 
For most of the track, the effective charge 
of the α-particle is determined by the two 
proton charges, and the specific energy 
loss increases roughly as 1/E as a result of 
the interaction with the electrons in the 
material. Near the end of the track, the 
effective charge of the particle is reduced 
by electron pickup and the curve shows a 
very rapid decrease. 
 
 
3.3 Beta-radiation 
 
A large group of unstable atoms decays by emitting a negatively charged beta particle and 
an anti-neutrino from its nucleus. A process, which is often accompanied by the emission of 
gamma radiation. In this decay the mass number A remains unchanged but the atomic 
number Z is increased by one. This means that during the decay effectively one neutron is 
transformed into a proton. As the outgoing electron (�-) and the anti-neutrino share the 

Distance of penetration � 

-d
E

/d
x 
�

 

Figure 3.2. Bragg curve. Specific energy 
loss along a track of an �-particle.  
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excess energy according to the conservation laws of momentum and energy the �- spectrum 
becomes a continuum with a maximum intensity at about one-third of the maximum or end-
point energy, 	β = 1/3 Emax. Schematically we can write for the β-decay  

νβ ++→ −
+ YX A

Z
A
Z 1 . (3.3) 

Here, X is the parent and Y the daughter product, and ν  the anti-neutrino. A typical energy 
spectrum of �--decay is presented in figure 3.3.  
 
In the naturally occurring decay series 238U, 235U, and 232Th the mean �-energy 	� is about 1 
MeV at its maximum. The usual range in matter of such electrons is a few millimeters (i.e. 
much larger than the size of the grains). 
 
3.3.1 Interaction of ββββ-particles with matter 
 
Compared with α-particles, electrons lose their energy at a lower rate. Large deviations 
from the directions of the incoming electrons are possible because the electron mass is 
equal to that of the orbital electrons with which it is interacting, and a much larger fraction 
of its energy is lost in a single collision than for α-particles. An expression similar to that 
for α-particles has been derived by Bethe to describe the specific energy loss due to 
ionization and excitation (“ collision losses” ).  
 
Electrons also differ from α-particles, because energy may be lost by radiative processes as 
well as by Coulomb interactions. These radiative losses may take the form of 
Bremsstrahlung or electromagnetic radiation, which might originate from any position 
along the electron track. Radiative losses are most important for high electron energies but 
because the mean β-energy from decaying 238U, 235U, and 232Th is about 1 MeV, radiative 
losses represent a small fraction of the energy losses due to ionization and excitation. 
 
 
3.4 Gamma-radiation 
 
Gamma radiation is emitted by excited nuclei during their transition to lower nuclear 
energy levels. The excited nuclear states are created during the decay of a parent 

Figure 3.3. Energy spectrum of � --decay 



42 Chapter 3 

radionuclide. Beta-decay may lead to the population of an excited state in the daughter 
nucleus. De-excitation takes place through the emission of a �-ray photon whose energy is 
essentially equal to the difference in energy between the initial and final states. 
 
In the decay of the radionuclides of the 238U, 235U and the 232Th series, several �’ s are 
emitted, with energies ranging from 50 keV to 3 MeV. Per transition of an initial nucleus to 
a final nucleus (i.e. for 238U � 206Pb and 232Th � 207Pb) the average total emitted γ-energy 
is 2.89 MeV for the 238U series and 3.56 MeV for the 232Th series. Compared with the total 
energy released by 238U and 232Th (�-, �- and �-radiation) the fraction of the �-energy is 
about 7-8%. 
 
3.4.1 Interaction of �-rays with matter 
 
When �-rays pass through matter various interactions with the atoms in the material can 
take place. Three types of interactions are important, namely photoelectric absorption, 
Compton scattering, and pair production. All these processes lead to the partial or complete 
transfer of the γ-ray photon energy to the electrons of the atoms in the material (see e.g. 
Knoll, 1979).  
 
In the photoelectric process, a photon interacts with an absorbing atom, while the photon 
disappears completely. The photoelectric effect is the predominant mode of interaction of �-
rays of relatively low energies (< 0.5 MeV) (figure 3.4). 
 
Compton scattering takes place between the incident γ-ray photon and an electron in the 
absorbing material. It is often the dominant interaction mechanism for �-ray energies of 
radioisotope sources (0.5-5 MeV) (figure 3.4). For Compton scattering, the incoming �-ray 
is scattered over an angle 
 with respect to its original direction. A part of the energy of 
photon is transferred to the “ Compton electron” . This part varies from zero to a large 
fraction of the �–ray energy. The cross-section for Compton scattering (�) per unit mass can 
be approximated by  

1−⋅= γσ EConst .  (3.4) 

The fact that the Compton cross-section is independent of the atomic number Z of the 
absorbing material indicates that Compton scattering is more or less independent of the 
medium.  
 
If the �-ray quantum energy exceeds twice the rest-mass energy of an electron (1.02 MeV) 
the process of pair production is possible. In this case the �-ray quantum produces a 
electron-positron pair. This process is dominant for quantum energies > 4 MeV (figure 3.4). 
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3.5 Cosmic radiation  
 
The term cosmic-radiation refers to primary energetic particles of extra-terrestrial origin 
that enter the earth’ s atmosphere and to secondary radiation produced during interactions of 
the primary particles with the atmosphere. They are conventionally classified into galactic 
rays, which originate from outside the solar system, and solar radiation, which is emitted by 
our sun. Primary cosmic radiation is highly energetic; the energies extend into the range of 
hundreds of GeV. They induce various complex interactions with the earth’ s atmosphere. 
As a consequence of the attenuation and reaction within the earth’ s atmosphere and the 
influence of the earth’ s magnetic field, the intensity and type of radiation at the earth’ s 
surface depends on the geographical co-ordinates and the altitude. 
 
 
3.6 Absorbed dose 
 
The energy absorbed from any type of ionizing radiation per unit mass of the material is 
defined as the absorbed dose. The historical unit has been rad, or 100 ergs/gram. It has been 
replaced by the SI unit Gray (Gy), which is defined as 1 joule/kg. The two units are related 
by the expression 1 Gy = 100 rad. 
 

Figure 3.4. The relative importance of the three major types of �-ray 
interaction. The lines show the values of Z and h� for which the two 
neighboring effects are just equal. τ, σ, κ Represent the cross-
sections per atom for photoelectric absorption, Compton scattering, 
and pair production, respectively (from Evans, 1969). 
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The range of the α-particles in zircon grains is approximately 10-40 µm, which is smaller 
than the typical size of zircon grains (70-100 µm). As a result the �-particle energy will be 
absorbed almost completely within the surface layer of zircon grains. The usual range in 
matter of �-particles is a few millimeters. The penetration depth for �-rays is even larger. 
Therefore, more than 90% of the radiation dose in natural zircon crystals comes from 
internal �-radiation, which is easily quantified via direct radiometric measurements. 
External �- and �-radioactivity, such as radioactivity coming from the surrounding soil and 
cosmic radiation, is only a minor component of the total dose. 
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4. SEPARATION AND CHARACTERIZATION 
 
 
4.1 Introduction 
 
Coastal sediments as found on the island of Ameland (the Netherlands) are composed of a 
variety of minerals ranging from quartz, feldspars and garnets to zircon. In addition, natural 
sediments contain small amounts of organic materials, which can be removed very easily 
by cleaning the minerals with HCl and HNO3. After this treatment the residue consists 
exclusively of inorganic materials. Our objective is to extract the zircon fraction from this 
inorganic residue, because zircon was found to be a very promising mineral for TL and 
optical dating. Several authors have tried to use zircon for TL dating with only very limited 
success and one of the conclusions was that in general the quality of the grains was 
insufficient for dating purposes (see e.g. Zimmerman, 1979). These efforts include the 
development of a technology to restrict the TL measurements to detection of the light 
output of bright areas of the grains. The starting point of this investigation was that it is 
generally accepted that one of the necessary conditions for using zircon to perform TL or 
optical zircon dating is the selection of the best and most homogeneous zircon grains of the 
highest optical quality. 
 
The aim of this chapter is to demonstrate that (i) by means of careful procedures it is 
possible to separate the zircon mineral fraction from coastal sediment and (ii) by successive 
selection of the resulting zircon fraction a homogeneous sample can be obtained, which 
consist of highly transparent zircon grains. Improvement of the homogeneity of the zircon 
sample appears to be crucial for TL-dating applications, as will be explained below. 
 
Extracting zircon grains from the sediment using standard mineral-separation techniques 
such as sieving, heavy-liquid and magnetic separation is not sufficient. Even if a 100% pure 
zircon fraction is obtained by separating the sedimentary sample, optical inhomogeneities 
within the zircon concentrate can affect the TL dating results. In addition, these optical 
inhomogeneities cause variations in the efficiency of the luminescence emission, because 
an unknown part of the TL-light quanta is absorbed in the sample (self-absorption). It is 
clear that high-quality separation and zircon-selection procedures are crucial elements of 
the zircon-TL methodology. We have developed special procedures to select homogeneous 
sets of grains of the highest optical quality from the highly pure zircon fraction in order to 
improve the quality of the samples to be used for dating.  
 
The separation methodology used in our investigation, i.e. performing a sieve analysis, 
heavy mineral separation by means of heavy liquids or the Wilfley table, and magnetic 
separation with a Carpco Induced-roll separator and the application of an electrostatic 
separator, is in fact similar to the separation technique used in various industrial mineral 
separation processes (for more information see http://www.outotec.com). 
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4.2 Separation and selection of high quality zircon 
 
This chapter describes efforts to develop and test our separation and selection methods. The 
experiments presented in this chapter have been carried out under normal light conditions.  
An additional goal of the work presented in this chapter was to determine the activity 
concentrations and the TL efficiency for the various stages in the zircon-selection 
procedure. These experiments are independent of the light conditions during 
separation/selection of the high quality zircon. For dating however, all preparations should 
be carried out in darkness or under subdued red-light conditions to prevent (partial) 
resetting of the “ dating clock” . 
 
4.2.1 Sieving 
 
A first and important property of the coastal sediments from Ameland studied in this thesis 
is that the grains of the important minerals often have different sizes. The average size of 
the quartz grains is appreciably larger than the corresponding values for the heavy minerals, 
including zircon. The grain-size distributions of the various minerals in the sediment have 

Figure 4.1. Grain-size distribution of various minerals in a sediment from 
Ameland. (Taken from Schuiling et al., 1985). 
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been investigated by Schuiling et al. (1985). Because these properties are of crucial 
importance to the success of our separation efforts, we present the relevant information 
about the size distributions, published by Schuiling et al. (1985), in figure 4.1. 
 
Typically less than 5% of the bulk Ameland sediment consists of zircon and more than 70% 
consists of light minerals such as quartz (Schuiling et al., 1985), with grain sizes 
appreciably larger than for zircon, implying that we need highly efficient methods to 
remove the dominant light-mineral fraction. From figure 4.1, we can see that quartz, which 
is the overwhelming compound of the light fraction, can be reduced effectively by sieving 
at 100 �m. 
 
To start with the separation of the bulk samples into their mineral fractions, a sieve analysis 
was performed by means of a Retsch AS200 control “ g”  sieving setup, which contains 6 
sieves with mesh-sizes: 500 �m, 200 �m, 150 �m, 125 �m, 100 �m, 75 �m. By selecting 
grains between 75 and 100 �m, more than 85% of the bulk sediment is removed and the 
quartz content is reduced at least by a factor of two. By limiting the grain-size distribution 
we also remove a part of the zircon fraction but more important is that we improve the 
efficiency of the other separation steps such as density, magnetic and electrostatic 
separation. 
 
 

 
After sieving we clearly observe a visual difference between the fractions with small (<100 
�m) and large (>150 �m) grains (picture 4.1). The grains <100 �m have a higher 
percentage dark colored grains of heavy minerals such as rutile, magnetite and garnets. The 
fraction with the large grains contains predominantly quartz, which means that this sample 
is highly translucent and colorless. 
 
 
 

Picture 4.1. Sieved Ameland sample. Left: fraction 
with grain sizes between 75-100 �m, right: fraction 
with grain sizes > 200 �m. 



48 Chapter 4 

4.2.2 Light/heavy separation 
 
Further separation of the sieved samples was obtained by taking advantage of the fact that 
zircon is a heavy mineral whereas the dominant mineral in coastal sediment is the light 
mineral quartz. Using the histograms in figure 4.1 we can distinguish between light and 
heavy minerals. When the density � is less than 2.9 g/cm3 we are dealing with a light 
mineral. The remaining ones are referred to as heavy minerals. Among the light minerals in 
coastal sediment from Ameland are quartz, tourmalin and epidote. The remaining minerals, 
i.e. garnet, ilmenite, magnetite, monazite, rutile and zircon are heavy minerals. For this 
heavy/light separation we have two methods at our disposal: the Wilfley table and a heavy-
liquid separation technique.  
 
Principle of the Wilfley shaking table 
The Wilfley shaking table is used to separate large bulk samples (several tens of kg). The 
shaking table separates the sieved sand samples into light and heavy-mineral fractions 
provided that there is a marked difference in the density of the minerals. The principle of 
the operation of the Wilfley table is shown in figure 4.2. A slurry of sediment and water 
moves across the table and is caught and forms pools behind the longitudinal riffles. The 
longitudinal shaking action of the table deck causes the grains to be arranged according to 
their density. When the deck is accelerated in the forward direction, the minerals will move 
ahead during the forward stroke. At the end of the stroke, the direction of the motion of the 
table is reversed. Due to the large inertia heavy minerals tend to move more effectively to 
the end of the table, while the light minerals tend to follow more effectively the direction of 
the backward stroke. The water flow forces the light minerals to move slowly across the 
riffles down the small slope of the table. 

)) (( 
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Figure 4.2. Principle of operation of the Wilfley shaking table. The 
shaking action causes the grains to be arranged according to their 
density; heavy minerals move towards the end of the table, light 
minerals towards the slope side of the table. 
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After density separation with the Wilfley table the separation of the bulk sediment into 
heavy mineral and light-mineral fractions is immediately clear. The heavy-mineral fraction, 
which is dominated by dark-colored minerals such as garnets and rutile, is located at one 
end of the table with respect to the light fraction, which is dominated by light-colored 
mineral quartz. The light minerals are found overwhelmingly at the other end of the table 
(as indicated schematically in figure 4.2).  
 
Principle of heavy-liquid separation 
Heavy-liquid separation technique is applied to separate small samples (a few dozen 
grams). The sieved sand samples are split into their light and heavy mineral fractions by 
discriminating on the basis of the density of the minerals. In a heavy liquids with density �, 
grains with density > � sink, whereas grains with density < � float. By using bromoform (� 
= 2.9 kg/l) heavy minerals, such as zircon, rutile and ilmenite sink and are separated from 
the floating light minerals, like quartz and feldspars. 
 
By means of density separation it is easy to remove almost completely the floating quartz 
fraction of the sand, while the percentage of zircon in the sample increases. 
 
4.2.3 Magnetic separation 
 
Although with the two above-mentioned separation steps we were able to remove typically 
more than 90% of the original sample volume there is still a variety of minerals present in 
our heavy fraction (rutile, ilmenite, magnetite, garnets and zircon, and monazite, see figure 
4.1). It is clear that to extract pure zircon we need additional separation steps, the first one 
being magnetic separation. With this method we are able to distinguish between magnetic, 
slightly magnetic and non-magnetic components. This method is highly effective in 
removing magnetite and garnets but also most of the rutile is removed from the sample. The 
magnetic separation, which is carried out in a large number of iterative steps, separates the 
dark colored magnetic grains from the lighter colored non-magnetic fraction. After careful 
magnetic separation the sample consists predominantly of zircon and a small minority of 
rutile grains. With increasing magnetic field strength not only strongly magnetic 
(magnetite) grains, but also the weakly magnetic and to some extent the paramagnetic 
grains are removed.  
 
The strongly magnetic minerals (e.g. magnetite) are first removed from the sample by 
means of a hand magnet. This is necessary to avoid clogging the magnetic separator by 
these highly magnetic minerals. The remaining part of the sample is then separated by 
means of a Frantz Isodynamic Magnetic Separator or a Carpco Induced-roll magnetic 
separator. With the magnetic separator, the magnetic and paramagnetic grains are removed 
from the sample, leaving a concentrate of non-magnetic grains, consisting of an 
overwhelming majority of zircon grains. Even with the naked eye the effectiveness of the 
magnetic separator can be observed. The magnetic fraction is very dark or black as 
indicated in figure 4.3. In contrast with this the non-magnetic fraction is usually translucent 
with transparent, colored, and some dark grains.  
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The principle of operation of the Carpco Induced-roll magnetic separator is indicated in 
figure 4.3. A rotating magnetic cylinder lifts the magnetic grains from a moving stream of 
dry sand until they are removed from the cylinder by a brush (not shown). A splitter is 
adjusted such that the magnetic grains are separated from the non-magnetic ones. By 
stepwise increasing magnetic field strengths the ferromagnetic and the paramagnetic 
fractions (e.g. ilmenite and garnet) are removed in successive separation runs and the 
remaining concentrate is overwhelmingly non-magnetic. 
 
The ultimate result is an almost pure zircon concentrate (with only a few scattered rutile 
and quartz grains) with grains varying in color from highly transparent to sometimes black. 
These differences in appearance of zircon are well known and probably due to radiation 
damage induced by long-term exposure to radiation of �-emitting U and Th nuclei in 
zircon. This damage induces changes in the physical properties of zircon, including optical 
absorption and conductivity. In particular, the radiation-induced changes of the 
conductivity turn out to be highly useful in our zircon separation/selection methodology. 
 
4.2.4 Electrostatic separation 
 
After magnetic separation the concentrate consists predominantly of zircon grains. Also a 
few rutile grains are present. Microscopic observations have revealed that the grains in the 
separated sample show a wide variety of colors, which implies that within the group of 
zircon grains there are appreciable differences in the defect state. 

Figure 4.3. Illustration of the principle of operation of the Induced-roll magnetic 
separator. The grains are transported through an adjustable magnetic field 
between the North (N) and South (S) pole, where the magnetic grains are 
removed from the sample by means of lifting force exerted by the magnetic roll.   
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The aim of the final step in the separation process is the removal of the remaining (weakly) 
conducting impurities and (heavily) damaged zircon grains, which cannot be used for 
dating, as explained in the introduction and chapter 8. An important difference between 
unirradiated and irradiated zircon is, as mentioned above, the color which stems from the 
presence of radiation-induced color centers. Detrital zircon in sedimentary deposits is 
known to vary in color from transparent and colorless to pink, blue, violet, very dark and 
even completely black. Zircons used for dating needs to be as clear, transparent and 
colorless as possible, because these grains contain only low concentrations of ancient 
radiation-induced defects. Colored grains or grains showing light scattering by extended 
defects and inclusions are not suited for dating. These grains significantly reduce the TL-
light output and the selection procedure should be aimed at the removal of such grains. 
  
Non-conducting zircon can be transformed into a poor conductor by doping with ions that 
have charges deviating from those in the host crystal lattice. These impurity ions in zircons 
are trivalent rare-earth ions, 3d transition ions and U and Th. Many of these impurities have 
valences that deviate from those of the ions of the zircon crystal. An alternative way to 
increase the conductivity of insulators is to introduce defects, for example by creating 
radiation damage. The conductivity effects can be significant in particular for heavily 
damaged materials, i.e. materials with relatively high concentrations of radioactive nuclei 
or very old materials, which have been exposed to ionizing radiation for tens or hundreds of 
millions of years. This implies that a separation method capable to distinguish between 
highly insulating and (slightly) conducting grains will be useful in singling out the most 
perfect, dating-grade zircon grains. The capabilities of the electrostatic separation method 
are immediately clear. After each of the 10 successive steps, it is clear from visual 
inspection that more and more colored/conducting grains are removed from the sample and 
the final product is a pure collection of highly transparent and colorless zircon grains.  
 
Pure zircon is a good insulator and can be separated from the (slightly) conducting fraction 
in the non-magnetic residue by means of an electrostatic separator on the basis of the 
electrical conductivity. Figure 4.4 shows the principle of operation of the electrostatic 
separator. The electrostatic separator operates on the principle of contact charging. Contact 
charging of the grains is achieved by the vibrating motion of the funnel containing the non-
magnetic concentrate. Depending on the nature of the minerals and their conductivity 
properties, they are positively or negatively charged. The charged grains enter the separator 
and while falling the charged grains are separated on the basis of the charge they carry. As 
a result, the rutile and (heavily) damaged zircons (which are both slightly conducting) are 
attracted by the static electrode whilst the high-quality zircons fall more or less freely. Two 
splitters separate the non-conducting (high quality zircon), middling, and (slightly) 
conducting products (rutile and (heavily) damaged zircon).  
 
By increasing the temperature of the sample during the process to 60-70ºC, the separation 
of zircon from the conducting components can be improved significantly. At elevated 
temperatures the conductivity of poor conductors increases exponentially (see e.g. Kittel, 
1986) and as a result these poor conductors can be removed more easily by electrostatic 
separation. In addition, at higher temperatures moisture evaporates and this prevents the 
leakage of charge, which also leads to a more efficient separation. This procedure has its 



52 Chapter 4 

limitations, because at too high temperatures electrons recombine with holes in the zircon 
sample, which may under unfavorable conditions lead to a decrease of the TL signal.  
 
In iterative steps using the electrostatic separator we have removed to a major extent rutile 
and colored and heavily damaged zircon grains from the zircon fraction. Each successive 
separation step leads to a product, which has a more translucent appearance. Microscopy 
reveals that the majority of the rejected grains are colored zircons. After 10 stages of 
electrostatic separation there is no further improvement and the high-quality end product 
represents about 10% of the initial pure zircon fraction obtained after the magnetic 
separation step.  
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Figure 4.4. a) Schematic representation of the contact-charging process and 
separation of the positively and negatively charged grains and b) sketch of the 
operation principle of the electrostatic separator. The non-magnetic fraction, 
charged by contact charging of the moving grains, enters the separator. While 
falling, the negatively charged particles are separated from the positively charged 
ones. Rutile and (heavily) damaged zircons (which are more conducting than the 
undamaged grains) are attracted by the electrode; the high quality zircons, with 
only little damage, fall almost freely. 
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4.3 Characterization of separated fractions 
 
At several stages of the separation procedure the products were characterized by a variety 
of techniques: X-ray diffraction (XRD), scanning electron microscopy (SEM/Mapping), 
optical microscopy, cathodoluminescence (CL), and radiometry to monitor the separation 
process. These experiments are necessary in order to obtain independent information about 
the purity, chemical composition and the activity of the above-mentioned products and 
eventually the individual grains. The results are found to support our overall conclusion that 
zircon is a very promising mineral for TL and possibly also optical dating. 
 
4.3.1 XRD 
 
Several separated zircon fractions have been subjected to X-ray diffraction (XRD). When a 
monochromatic X-ray beam with wavelength � is projected onto a crystalline material, the 
X-rays interact with the electrons in the atoms, resulting in diffraction of the X-ray beam 
(figure 4.5) (see for example Myers, 1990). The path difference between the incident and 
reflected rays is 2dsin� , where � is the angle of incidence and d is the spacing between 
successive, parallel atomic planes. For any crystal, planes exist with a number of 
orientations; each with its own specific d-spacing. Diffraction occurs only if the distance 
traveled by the X-rays reflected from successive planes differs by an integral number n of 
wavelengths according to Bragg’ s law: n�=2dsin�  

By varying the angle � of the incident beam, the Bragg's Law conditions are satisfied by a 
number of d-spacings in polycrystalline materials. By plotting the angular positions and 
intensities of the resulting diffraction peaks a pattern is produced, which is characteristic of 
the compound and its crystal structure. An analysis of the d-spacing and intensity of the 
diffraction peaks enables absolute determination of the mineral species. This is achieved by 
comparing XRD recorded curves of the samples with known spectra from a large mineral 
database and by identifying the observed peaks. 
  
Figure 4.6 shows the XRD spectrum of a sieved Ameland beach pole 18/19 (P18/19) 
sample with grain sizes between 75–100 �m. The peaks indicated by arrows are reflections 
of specific crystal planes and are identified as zircon peaks. The remaining peaks in the 
spectrum are from other minerals present in the sample (e.g. ilmenite). In this particular 
sample almost no quartz was found with XRD. This result shows that by sieving the 
sediment with a mesh of 100 �m the percentage of zircon in the sample increases. 
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Figure 4.5. Bragg reflection from a set 
of parallel atomic planes, with 
spacing d. The angle between the 
incident and the reflected beams is 2�, 
the path difference is 2dsin�. 
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Figure 4.7 shows the XRD spectrum of the non-magnetic Ameland fraction (i.e. no 
electrostatic separation was applied to this sample) with grain sizes between 75–100 �m. 
Again, the arrows indicate the zircon peaks. Comparing figure 4.7 with figure 4.6 it is clear 
that almost all non-zircon peaks observed in figure 4.6 are absent. Hence, the non-magnetic 

Figure 4.6. XRD spectrum of a sieved sand fraction of Ameland with 
grain sizes 75-100 �m. The arrows indicate reflections of the crystal 
planes: (101), (200), (211), (112), (220), (202), (301), (321), (312), 
(400), (411), (004), (420), (332), (204). These peaks have been 
identified as zircon peaks. (The XRD measurement was carried out by 
F. van der Horst, Solid State Physics Laboratory). 
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Figure 4.7. XRD spectrum of a non-magnetic sand fraction of Ameland, 
with grain sizes 75-100 �m. The zircon peaks are indicated by arrows. 
(The XRD measurement was carried out by F. van der Horst, Solid State 
Physics Laboratory). 
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fraction consists of zircon grains, with only a small amount of impurity grains. Note that the 
intensities of the peaks in figures 4.6 and 4.7 differ due to texture effects. 
 
4.3.2 SEM/Mapping  
 
The composition of individual grains in the separated fractions has additionally been 
investigated by means of scanning electron microscopy-energy dispersive angle X-ray 
(SEM-EDAX). With SEM-EDAX mapping techniques, information is obtained about the 
relative concentrations of atoms heavier than carbon along with their positions in space, 
resulting in a spatial distribution of the elements (a map). In this way the elemental 
composition of individual grains in the separated sample is obtained. This method is used in 
the process of evaluating the separation procedures, because it has the capability to 
distinguish on the level of individual grains between the various minerals in the separated 
fractions. (For more information about SEM techniques see the Applied Physics-Materials 
Science group website: http://www.rug.nl/zernike/research/groups/mk/index). 
 

Figure 4.8 shows the SEM/Mapping result of the non-magnetic mineral fraction of an 
Ameland P18/19 sand sample (electrostatic separation was not applied), with grain sizes 
between 75-100 �m. The dark-colored grains in the figure represent the zircon grains and 
the light-colored grain indicated by an arrow represents the only quartz grain in this sample. 
The results presented in figure 4.8 support the conclusion drawn from the XRD results that 
the non-magnetic mineral fraction consists almost exclusively of zircon grains. 

Figure 4.8. SEM/Mapping result of the non-magnetic mineral fraction of a sample 
from Ameland. The dark grains represent the zircon grains; the gray grain 
(indicated by the lower arrow) is the only quartz grain in the picture. (The SEM-
EDAX mapping results were obtained with the equipment of the Research Group 
Materials Science and Engineering (Department of Applied Physics) and the 
measurements were carried out by C.G. van Dijk) 
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For more SEM/Mapping results of the separated fraction, we refer to chapter 8. In chapter 8 
we have analyzed the SEM/Mapping results in order to determine the composition of the 
separated fractions and the percentage of zircon of the sediment sample used for our dating 
experiments.  
 
4.3.3 Optical microscopy 
 
As stated in the introduction of this chapter, it is not sufficient for dating experiments to 
simply extract zircon grains from the sediment. To be suitable for dating, zircons should be 
as clear, transparent and homogeneous as possible. With optical microscopy we have 
investigated the quality of the grains. Figure 4.9 shows a photograph of a non-magnetic 
mineral fraction. From XRD and SEM results we know that this fraction consists 
predominantly of zircon grains. 
 

From figure 4.9 it is clear that the non-magnetic fraction consists of a collection of grains 
ranging from dark colored to clear and transparent ones. Figure 4.10 shows the zircon 
fraction after 10 stages of electrostatic separation. The colored zircon grains have indeed 
been removed from the zircon fraction and the final result is a set of translucent grains. The 
optical quality of this final product is much better than after magnetic separation and turns 
out to be sufficient for our dating applications. 

Figure 4.9. Photograph of the non-magnetic mineral fraction of an 
Ameland sample (grain sizes 75-100 �m) prior to electrostatic 
separation. The fraction consists of a variety of dark and clear 
grains. 

 

500 �m 
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4.3.4 Cathodoluminescence 
 
Cathodoluminescence (CL) in conjunction with scanning electron microscopy (SEM) is a 
powerful tool to study the homogeneity of zircons. With CL we can observe the detailed 
zoning structure of individual zircon grains, which is represented by dim and bright areas. 
The variations of the CL intensity were created as a result of re-crystallization during the 
extremely long history of the zircon grains. We assume that re-crystallization is enhanced 
drastically by the increased internal energy of the crystal due the presence of high 
concentrations of radiation-induced defect centers. In the re-crystallized regions the 
radiation damage is annihilated, i.e. these regions are ‘rejuvenated’ , and accordingly clear 
and transparent. The old regions of the crystal lattice contain a large amount of radiation 
damage and they are dark in CL, because the luminescent light generated during CL is 
absorbed. Depending on the time elapsed since the occurrence of the last re-crystallization, 
the regions vary in CL from bright to very dim. Areas with a recent re-crystallization event 
are bright and areas with old damage are dark. These dark and bright areas, which may be 
found within one and the same grain, have been exposed to radiation since the time of (re-) 
crystallization during periods ranging from short to a few billion years. Similar remarkable 
age differences within a single grain have also been observed with microprobe 
measurements and are referred to in the literature as zoning (see for example Ayers et al, 
2002).  

Figure 4.10. Photograph of the zircon fraction after 10 stages of 
electrostatic separation (grain sizes 75-100 �m). The fraction 
consists predominantly of clear and transparent zircon grains. 

500 �m 
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Extremely old grains contain large concentrations of radiation-induced extended defects 
and they may be even metamict and dark in CL because the luminescent light is absorbed, 
whereas the young grains, i.e. the ones with low concentrations of radiation damage, are 
bright in CL. For the same reason, inhomogeneities within the zircon population, which are 
due to zoning and old damage lead to a decrease of the thermoluminescence signal. Also in 
TL experiments we might be dealing with self-absorption and scattering of luminescence 
light by high concentrations of radiation damage in old regions in the grains.  
 

Figure 4.11 shows a CL image of a collection of zircon grains from Ameland (NL), which 
has not been separated with the electrostatic separator. The CL image shows zircon grains 
with bright and dim areas, revealing the zoned structure. This result underlines the fact that 
usually zircons are far from homogeneous. Figure 4.12 shows a CL image of a collection of 
zircon grains from the Trail Ridge deposit, Florida (USA). The separation procedure for 
this sample also included the refining electrostatic separation step. The result is a zircon 
population with an improved homogeneity. This shows that the final step in the separation 
procedure, i.e. the selection of transparent, colorless grains with reduced zoning by means 
of the electrostatic technique, is essential. 
 

Figure 4.11: Cathodoluminescence image of zircon grains from a 
sample of Ameland, (NL), after magnetic separation, but prior to 
electrostatic separation. The majority of the grains show extensive 
zoning. (The CL measurement was carried out by A. Rozendaal 
from the Department of Geology, University of Stellenbosch, RSA). 
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4.3.5 Radiometry and TL of electrostatically separated zircon  
 
We have shown in the previous sections that after each successive step with the 
electrostatic separator we remove more and more dark and colored grains from the sample. 
With radiometry we have checked if the 238U and 232Th concentrations in the zircon sample 
are affected by electrostatic separation, because the concentrations of 238U and 232Th control 
the internal natural irradiation dose rate. For this purpose, we have taken test-samples from 
a zircon sample after one, three, seven and ten electrostatic separation steps and measured 
the activity concentrations of 238U and 232Th of the separated fractions with �-ray 
spectroscopy.  
 
The decay schemes of the naturally occurring isotopes 238U and 232Th were given in table 
3.1.  For the 238U series, the most important γ-ray emitters are 214Pb and 214Bi and for the 
232Th series, 228Ac, 212Pb, and 208Ti are the important radioisotopes. The concentrations of 
238U and 232Th can be measured indirectly by measuring the concentration of �-ray emitters 
of the decay chains provided that there is secular equilibrium (see chapter 1). The samples 
were stored prior to �-ray measurements for at least three weeks, to ensure secular 
equilibrium. The �-ray spectrum was measured by R. ten Have at the Nuclear Geophysics 
Division (KVI) of our University using a �-ray spectrometer (HPGe semi-conductor 
detector; 0.12 < E� < 3 MeV). For the calculation of the specific activities, the 295 keV and 

Figure 4.12. Cathodoluminescence image of zircon grains from a 
sample of the Trail Ridge deposit, Florida (USA), after electrostatic 
separation. (The CL measurement was carried out by A. Rozendaal 
from the Department of Geology, University of Stellenbosch, RSA). 
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352 keV lines (214Pb) for 238U and the 239 keV and 300 keV lines (212Pb) for 232Th were 
analyzed. 
 
Table 4.1 shows the averaged activity concentrations of 238U and 232Th of an Ameland 
P18/19 sample after magnetic separation (Ameland nm (non-magnetic)), after one step 
(Ameland nc(1), (non-conductive 1)), three steps (Ameland nc(3)), seven steps (Ameland 
nc(7)), and ten steps (Ameland nc(10)) of electrostatic separation. From table 4.1 it is clear 
that the activity concentrations ratios averaged before and after electrostatic separation are 
the same within the experimental precision. This result is very important because it means 
that the 238U and 232Th concentrations in the zircon sample are not affected by electrostatic 
separation and this means that for dating experiments it is sufficient to measure the activity 
concentration of the non-magnetic fraction for the calculation of the natural dose. The 
natural dose rate in the grains is not affected by the electrostatic grain selection procedures, 
which implies that before and after the electrostatic separation the U and Th concentrations 
are about the same. Another important conclusion that can be drawn from the results in 
table 4.1 is that obviously the zoned structure of the zircon grains is not due to variations of 
the U/Th concentrations as suggested in the literature (Zimmerman, 1979). This observation 
also supports the conclusion drawn in chapter 5 that the distributions of the irradiation 
sources and the luminescence activators are not anti-correlated. 
 

 
In addition, we have measured the TL intensity of the above-mentioned separated fractions 
with the Optical Multichannel Analyzer (OMA) setup, described in chapter 5. In principle 
one would expect that after each extra electrostatic separation step the TL intensity of the 
sample increases, because the transmission properties improve and the TL efficiency should 
increase (see also Amin et al., 1983; Amin, 1989). To verify this we have measured the TL 

Table 4.1. Activity concentrations and TL intensities after different stages of 
electrostatic separation. 

Sample U (�U) 
Bq/kg 

Th (�Th) 
Bq/kg 

Activity ratio 
U/Th TL (�TL) a.u.* 

Ameland 
nm 3260 (50) 430 (20) 7.50 (0.50) 17300 (1000) 

Ameland 
nc(1) 3290 (80) 447 (15) 7.40 (0.40) -- 

Ameland 
nc(3) 3220 (90) 454 (15) 7.10 (0.40) 17200 (1000) 

Ameland 
nc(7) 3240 (50) 460 (40) 7.10 (0.80) 16800 (1600) 

Ameland 
nc(10) 3220 (60) 456 (17) 7.10 (0.40) 15600 (1000) 

* a.u. = arbitrary units 
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signal of laboratory irradiated zircon samples obtained after three, seven and ten 
electrostatic separation steps. Prior to the TL experiment, the samples were irradiated using 
a 137Cs � ray-source, with a dose rate of approximately 2.5 Gy/min and a total dose of 10 
kGy. The TL output was measured over a temperature range, from 100 to 550°C, at a 
heating rate of 150°C/min. (See for a full description of the TL methodology chapter 5). 
For the analysis, the most intense and stable line of the 3D-TL spectrum, the 545 nm Tb 
line, was selected and the integrated peak area was calculated using Jandel Peakfit software.  
 
Table 4.1 gives a survey of the TL intensities of Ameland nm, Ameland nc(3), Ameland 
nc(7), and Ameland nc(10). From table 4.1 we can see that in contrast with our expectations 
the TL intensity does not increase after each extra separation step; it remains the same 
within experimental error although it even seems to decrease very slightly. This means that 
even though, with the electrostatic separator, we have improved the optical quality of the 
zircon population, the TL efficiency does not increase.  
 
With the information presented in table 4.1 in mind one could ask the question why this is 
the case and also if selection of colorless and transparent zircon grains is really a necessary 
element of the dating protocol. The TL results in table 4.1 obtained with nm, nc(3), nc(7) 
and nc(10) samples are about the same. It should be noted however, that these samples were 
irradiated to a very high dose, which corresponds with an age >10.000 years. Compared 
with the natural dose of the samples used for our dating experiments, described in chapter 
8, the laboratory dose is very high and the results are affected only slightly by the presence 
of the old damage in the dark regions of the zoned grains. Young sediments, such as the 
Ameland samples used in chapter 8, show a very weak TL signal and therefore the signal of 
the dark regions is affected to a much larger extent, because in this case the additional 
contribution to the TL signal associated with annealing of old damage is large. As a result 
the number of TL quanta emitted by dark areas is much larger than in bright areas. There is 
another phenomenon, which might also lead to a relative reduction of the TL emission 
originating from bright areas in the grains. Bright zones are more perfect than the dark 
regions in the grains, which contain high concentrations of radiation damage centers. There 
is evidence that in heavily damaged areas radiation damage is produced more easily than in 
perfect (unirradiated) zircon samples (Trachenko et al., 2001).  
 
With the electrostatic separator we remove the dark and colored zircon grains and keep 
only the highly transparent ones. These dark and colored grains contain old radiation 
damage, which is (partly) annealed at high temperatures during the TL measurements. It is 
most likely that annealing of old radiation damage (Amin et al., 1983), results in the 
emission of light. The background signal, which is recorded and subtracted after the TL 
measurement, does not contain this TL signal due to old radiation damage anymore because 
it was (partly) annealed during the first TL measurement. As a consequence the resulting 
TL signal of dark and colored zircon grains is probably higher due to annealing of a 
fraction of the old radiation damage compared to the TL signal from transparent, colorless 
grains, which do not contain this old radiation damage. Therefore, in addition to the above-
mentioned effects, which leads to reductions of the TL signal from bright areas there is at 
least one other phenomenon, which leads to an increased TL signal from bright areas.  
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The TL results in Table 4.1 suggest that for the set of samples, used for these experiments, 
the positive and negative contributions to the TL intensity, mentioned above, cancel. It 
should be noted that this does not imply that this cancellation also takes place in all 
irradiated samples. In particular, we don’ t expect that these contributions cancel in the 
samples used for our dating experiments in chapter 8. In general, we assume that for young 
natural samples the contribution to the TL signal produced by annealing of old damage in 
the dark regions is large compared with the TL associated with recent damage, which was 
produced after the last resetting. 
 
Another important reason for selecting grains with the highest optical quality is that in 
transparent grains the resetting is better. With dark and colored grains there is a risk that 
grains were not completely reset and this would infect the dating results. Further, as stated 
above, dark and colored grains contain old radiation damage, which will result in the 
emission of light during heating. This contribution to the TL signal, i.e. annealing of old 
radiation damage, is probably the explanation for the observed, and in the literature referred 
to as, ‘residual TL’ . This means that by selecting transparent grains, the uncertainties 
caused by incomplete resetting and residual TL are reduced. 
  
From the luminescence results in table 4.1 we can draw an important conclusion, which is 
directly related with the applicability of zircon as a dating medium. We have found that the 
luminescence intensity of zoned grains with significant colored and dark regions is equal to 
the intensity obtained from unzoned grains, which are clear and transparent. This implies 
that it highly unlikely that certain regions in the grains contain much fewer TL activator 
ions (i.e. Tb and Dy). In combination with the above-mentioned conclusion regarding the 
distribution of the U/Th radiation sources and the Tb/Dy luminescence activators are 
definitely not anti-correlated. 
 
 
4.4 Conclusions 
 
We have demonstrated with SEM-EDAX that three successive steps in the mineral 
separation procedure (i.e. sieving, heavy mineral separation and magnetic separation), 
described in this chapter, can be used for extracting an almost pure zircon fraction from 
coastal sediment. These separation steps can be performed conveniently in darkness, which 
is required for the preparation of samples used for TL-dating. 
 
Even though the above-mentioned separation steps appeared to be highly effective, they are 
not sufficient to prepare samples consisting of zircon grains, which are suitable for TL 
dating. Optical microscopy has revealed that after the above-mentioned separation steps the 
population of zircon grains vary in color from highly transparent and colorless via yellow 
and brown to black, while in some cases one observes a variety of other colors. Colored and 
black zircon grains are not suitable for dating, because a significant fraction of the TL light, 
which varies from grain to grain, is absorbed within the grains, while saturation of the TL 
output as a function of the irradiation dose also leads to a relative reduction of the intensity 
of the TL signal. Annealing of old damage, which is present in the dark areas of the grains, 
produces an opposite effect on the TL intensity. As a result, the measured TL signal –and 
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along with this also the dating experiment- is affected. To improve the accuracy of the 
dating experiments we have chosen to increase the optical homogeneity of the zircon 
fraction by removing the dark and colored grains.  
 
Optical microscopy experiments have revealed that with electrostatic separation we are able 
to select the most colorless and transparent grains from the almost pure zircon fraction, 
obtained after sieving, heavy/light and magnetic separation. After 10 electrostatic 
separation steps the homogeneity has reached saturation and no further improvements of 
the optical quality and homogeneity is achieved. Because of their improved homogeneity 
the resulting zircon grains are suitable for TL dating; the grains are mostly colorless, 
transparent and only a few grains are light yellow. 
 
From a radiological point of view the zircon grains have the same properties before and 
after electrostatic separation, which means that the variations of the optical quality of the 
grains in the zircon fraction are not due to variations in the concentrations of uranium and 
thorium. These variations should be assigned to natural processes such as heating or re-
crystallization, which took place during the history of the grains. 
 
In conclusion we can say that by selecting the high quality grains for optical dating the 
reliability of the dating experiments is increased. The fluctuations of the TL results, which 
provide the most important information about the dose acquired by the sample, are reduced. 
The results presented in this chapter show that the natural radiation sources in the grains are 
distributed randomly, just as the TL activators, Tb and Dy. This implies that the 
distributions of the actinides and HREE ions are not anti-correlated as suggested in the 
literature (see e.g. Zimmerman, 1979). The presence in natural zircon of U/Th on one hand 
and Tb and Dy on the other hand is unique and a very important advantage in dating 
technology. 
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5. TL RESULTS 
 
 
5.1 Introduction 
 
Natural zircon in sediments emits visible light, when it is heated to moderate temperatures 
(several hundred °C). This phenomenon is referred to as thermoluminescence (TL), and can 
in principle be applied to determine the age of the host sediment. The luminescent light 
originates from defect centers, which are created in the crystal lattice of zircon as a result of 
irradiation caused by natural radioactivity (see chapter 2).  
 
In this chapter we investigate the thermoluminescence behavior of a suite of zircon sand 
from a variety of geological locales. Because in zircon, like many other minerals, the 
luminescence properties are governed by defects and impurities, we have determined for 
the most important samples the concentrations of several impurities, among which are those 
of the lanthanide series. After laboratory irradiation, TL-emission spectra are measured for 
the purpose of quantifying the effects of the individual trace elements and the extent of 
fading. Zircon sand samples for this study were selected from the USA, the Netherlands, 
and South Africa. 
 
TL experiments on intentionally doped synthetic zircon single crystals have shown that 
important activators for luminescence in this material are Sm, Eu, Gd, Tb and Dy, which 
are all members of the Lanthanide Series (Iaconni and Caruba, 1980). Each of the 
luminescence activators contributes to the overall luminescence spectrum. In the TL spectra 
of natural zircons the contributions from the Tb and Dy activators can be distinguished 
clearly by the presence of the luminescence peaks located at positions, which are 
characteristic for these impurities. The contributions from the remaining REE-activators 
have not been observed. After irradiation a part of the trapped electrons recombines with 
holes, which leads to a decrease of the TL signal even if the sample is stored in the dark at 
about room temperature. This phenomenon is referred to in the scientific literature as 
fading. The fading properties of the individual peaks in the zircon luminescence wavelength 
spectrum are quite different. Some of the peaks fade rapidly, while other emission lines are 
stable at ambient temperatures. This observation is important, because it shows that the 
overall fading, which is the sum of all separate contributions, will be quite complex. It also 
suggests that measuring only the stable components of the luminescence spectrum offers an 
attractive solution to the problem of fading, which has been encountered by several 
scientists (see e.g. Clark and Templer, 1988). 
 
Single grains were analyzed chemically by means of laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) to investigate the chemical heterogeneity of the 
population of zircon grains as a function of the color of the grains and sample locality. The 
overall elemental composition of the zircon samples was determined by ICP-MS analysis 
carried out with a totally dissolved representative fraction of the zircon concentrate.  
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5.2 Characteristics of the zircon samples 
 
A suite of seven detrital sand samples from a diversity of geographic localities (in the USA, 
the Netherlands and South Africa), depositional environments, age and mineral provenance 
terrains were selected for our investigations. The depositional age of the sediment samples 
used in this study varies from recent to hundreds of thousands of years, whereas the 
absolute ages of the zircon grains themselves range from approximately 200 million to 
more than 1 billion years.  
 
For our dating efforts the age of the zircon crystal lattice (i.e., the age of crystallization) is 
of crucial importance, because during the full period of its existence the crystal is irradiated 
internally by α-particles due to the presence of the radioactive traces of the U and Th series. 
In addition, the crystal lattice is damaged by the recoiling heavy nuclei associated with the 
�-emission. Further, the 235U nucleus shows spontaneous fission, which gives rise to highly 
energetic fission products, leaving tracks in the minerals (fission tracks).  
 
Both the recoiled heavy nuclei and the energetic fission products give rise to dense forms of 
radiation damage (track damage) in the immediate vicinity of the radioactive nuclei. This 
track damage appears to be highly resistant to thermal annealing. However, during our TL 
experiments the temperature reaches values of about 550ºC, which is high enough to cause 
partial annealing of the above-mentioned hard damage. For more details about thermal 
annealing of track damage in zircon, we refer to the work in the mid 80’ s by Amin et al 
(1983). These authors have shown clearly why “ old damage”  along the tracks of recoiled 
nuclei and fission products can have a strong and deteriorating effect on the dating quality 
of zircon. 
 
After a TL experiment, which for zircon extends to temperatures as high as 550ºC, the 
optical transmission properties improve significantly, which leads to an enhancement of the 
TL efficiency. Obviously, in principle this effect is very significant for zircons, which are 
usually extremely old, but fortunately nature provides us with reasonable amounts of 
transparent and colorless grains of high optical quality. We assume that during its long 
history from time to time the radiation-induced defects in zircon are healed as a result of 
e.g. re-crystallization, heating, exposure to sunlight or a combination of these conditions. 
From the point of view of the optical and the TL properties one could say that from time to 
time zircon is ‘rejuvenated’ . This implies that efforts to select highly transparent grains is in 
fact the selection of just the younger, re-crystallized and possibly heated grains, which were 
-after rejuvenation- exposed in recent history to either sunlight (in case of sediments) or 
heat (pottery). 
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Table 5.1 Characteristics of the zircon sand samples 

Sample location Provenance Ages of zircons Depositional Age 

Ameland Island 
West Frisian 

Islands 
The Netherlands 

Erz Mountain 
Region, Central 

Europe 
225-275Ma(1) Recent 

Trail Ridge 
NE Florida 

USA 

Piedmont province 
and Southern 
Appalachian 

Mountains, USA 

300-600 Ma(2) 
(Piedmont) 

1.1 Ga(2)  
(Appalachian) 

Pliocene 

Green Cove 
Spring 

NE Florida 
USA 

Piedmont province  
and  

Southern Appalachian 
mountains, USA 

300-600 Ma(2) 
(Piedmont) 

1.1 Ga(2)  
(Appalachian) 

Pliocene 

Old Hickory 
deposit 
Virginia 

USA 

Piedmont province  
and  

Appalachian (Blue 
Ridge) Mountains, USA. 

300-600 Ma(2) 
(Piedmont) 

1.1 Ga(2)  
(Appalachian) 

Pleistocene 

Namakwa Sands 
deposit 

West coast 
RSA 

Namaqua Province  
and                   

Gariep Belt 

1090-1200 Ma(3) 

 
490-560 Ma(3) 

Cenozoic 

Iscor deposit 
East coast 

RSA 

Namaqua-Natal Province 
and 

Karoo Supergroup 

1090-1200 Ma(3) 

 
490-560 Ma(3) 

Cenozoic 

RBM deposit 
East coast 

RSA 

 
Namaqua-Natal Province 

and 
Karoo Supergroup 

1090-1200 Ma(3) 

 
490-560 Ma(3) 

Cenozoic 

(1) Andriessen, 1988; de Meijer and Donoghue, 1995. 
(2) Donoghue, 1999. 
(3) Rozendaal, 1999. 
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The geographic localities, mineral provenance terrains, depositional age and the age of the 
zircons, which were used in this investigation, are summarized in table 5.1. From table 5.1 
we can see that the overall age of the zircon crystals in the Ameland samples is relatively 
young and therefore they are, in principle, the more suitable materials for optical dating. 
However, the age of crystallization of the zircon crystals in the sediments from Ameland is 
about 250 Ma (Andriessen, 1988; de Meijer and Donoghue, 1995), which is a factor of 
2500 times the maximum age to be considered in TL dating experiments. It is probable that 
details of the behavior of the rock formation after the zircon crystal lattice was first created 
are relevant for the optical quality of the grains and the success of our dating efforts. 
Optically clear zircon is obtained only if during its history the relevant grains are bleached 
regularly and sufficiently by re-crystallization, heating or exposure to sunlight. 
 
5.2.1 LA-ICP-MS 
 
The concentrations of many trace elements in the zircon samples were determined by 
single-grain analyses using laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS). The results were based on measurements on 250 individual grains. The LA-
ICP-MS analyses for single grains were carried out by the group of Prof. A. Rozendaal 
(University of Stellenbosch, RSA) with a Perkin-Elmer/Sciex 6000 ICP mass spectrometer 
in conjunction with a Cetac LSX-200 Nd-YAG laser (266 nm, frequency-quadrupled from 
1064 nm) at the University of Stellenbosch, RSA. The laser beam, with a spot size of 25-40 
�m, is directed onto the surface of a zircon grain. As a result a part of the surface of the 
zircon grain is evaporated. The atomized sample ions are then separated by their mass and 
analyzed.  
 
Figure 5.1 shows the averages of the rare-earth element (REE; La, ..., Lu) concentrations in 
zircon from five geological locations. The values are normalized to the Chondrite standard 
(Evensen, 1978). Of significant interest in this figure are the consistent proportions of the 
heavy rare-earth elements (HREE, heavier than Eu) for all localities investigated. The 
absolute concentrations of the HREE vary slightly, but the interrelationships as a group are 
consistent. This applies to all samples, which have been investigated and is interpreted as a 
characteristic feature of zircon as such.  
 
It is important to note that the principal zircon luminescence activators (Dy and Tb) are 
members of the HREE family, which show consistent proportions for all zircon sand 
samples investigated thus far. If this consistency of the HREE proportions is indeed an 
inherent characteristic property of all natural zircon sand samples, irrespective of their 
source (Hoskin and Ireland, 2000), it implies that zircons from localities around the world 
can potentially be used for TL dating.  
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Several previous investigators of the TL properties of zircon suggested that there is a strong 
anti-correlation between the distribution of the rare-earth elements (REE) and actinide 
impurities (Fremlin and Srirath, 1964; Sutton and Zimmerman, 1976; Templer and Walton, 
1983; Templer and Walton, 1985; and Templer, 1985). Radioactive actinides are 
responsible for the internal irradiation (see chapter 3), while the rare earth impurities Dy3+ 
and Tb3+ act as luminescent centers. Anti-correlation between the distribution of the 
luminescent centers and the radioactive actinides would lead to the formation of radiation 
damage primarily in areas with reduced concentrations of rare earth elements. This 
reduction of luminescent ions leads to relatively low TL signals in the case of natural 
irradiation by actinides. Consequently, it was suggested that during antiquity most of the 
dose is deposited in the less TL sensitive zones (assuming the �-particles having 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 paleodose3, resulting in an 
underestimation of the age. This would imply that the production of “ natural”  radiation 

                                                 
3 Paleodose is the dose that a sample has received during antiquity (chapter 2).  
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Figure 5.1. Chondrite-normalized average rare-earth elements distribution in 
zircons from five sample locations. (The LA-ICP-MS measurements were 
carried out by the group of Prof. A. Rozendaal from the Department of 
Geology, University of Stellenbosch, RSA) 
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damage in zircons cannot be simulated by external sources. In those cases the only hope for 
reliable dating results is the application of the method of autoregeneration of TL. 

Figure 5.2 shows the relationship between the U+Th concentration and the heavy rare-earth 
element content for zircon from Ameland (NL), Namakwa sands (RSA), Trail Ridge 
deposit and Old Hickory deposit (USA). The diagrams show a positive and more or less 
linear relationship for zircons. Grains from the Namakwa Sand deposit (RSA) are 
particularly enriched in HREE and U+Th. Our results therefore show that there is grain 
wise a positive correlation between the distribution of the luminescence centers and 
radioactive trace elements. This means that high concentrations of HREE are found in 
individual zircon grains, which also contain high concentrations of U+Th. We found no 
evidence however that there is an anti-correlation between high luminescence regions and 
high radioactive content, as has been suggested. This is in agreement with our expectations 
based on chemistry considerations; taking into account (i) the similarity of the chemical 
properties of the HREE-ions and the above-mentioned actinides and (ii) the similarity of the 
ion sizes of these impurities, we do not expect anti-correlation effects either.  
 
The LA-ICP-MS analyses show high concentrations of U+Th in zircon grains with high 
concentrations of HREE. Heavy rare-earth element ions play a central role in the processes 
leading to the thermally stimulated emission of light of irradiated zircon. An important 
feature of zircons, studied from various places around the world, is that the respective 
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HREE ions are always present in significant concentrations and at relatively constant ratios 
(see also e.g. Hoskin and Ireland, 2000).  
 
5.2.2 ICP-MS 
 
The overall elemental composition of the zircon samples was determined by ICP-MS 
analysis carried out with a dissolved representative fraction of the zircon concentrate. I.e. 
unlike the LA-ICP-MS experiments, which have been performed as described in section 
5.2.1 on single grains, the ICP-MS experiments presented in this section have been carried 
out with zircon concentrates consisting of many grains. The ionized sample ions were 
separated according to the mass/charge ratio and then analyzed by their mass.  

 
Figure 5.3 shows the averages of the rare-earth element concentrations in zircon from 
Ameland, the Trail Ridge deposit, Green Cove Spring, the Old Hickory deposit, Namakwa 
Sands, RBM, and the Iscor deposit. The values are normalized to the Chondrite standard 
(Evenson, 1978). Figure 5.3 shows like figure 5.1 a consistent concentration profile of the 
HREE for all localities investigated. Unfortunately, due to technical problems the results 
for Tb have not been obtained, but it is clear from the results that both the LA-ICP-MS and 
the ICP-MS data show a consistent behavior for all HREE-ions investigated. 
 
The ICP-MS analyses show a high concentration of total HREE in natural zircon for all 
sand samples investigated. The normalized concentration profiles of HREE are similar for 
zircons from various locations and their values exceed the Chondrite concentrations by two 

Figure 5.3. Chondrite-normalized average rare-earth elements distribution in 
zircons from seven sample locations. (The ICP-MS measurement was carried out 
by the group of A. Rozendaal from the Department of Geology, University of 
Stellenbosch, RSA) 
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or three orders of magnitude. With regard to optical dating, our results appear to show that 
it is very likely that optical dating of zircons by means of the Tb3+-emission is possible for 
the vast majority of the zircon-bearing sediments from around the world. 
 
 
5.3 TL experiments 
 
Initially, seven zircon samples from detrital sand deposits and fifteen zircon samples from 
crushed rock were selected for our detailed TL experiments and in addition the sand 
samples were studied for their fading behavior. The rock samples were separated and 
crushed to sand size. An overview of the characteristics of the sand samples, used for our 
experiments, has been given in table 5.1. The TL results of the crushed-rock samples are 
not discussed in this chapter because the TL properties of some of these zircon samples 
were mainly used almost exclusively for the EPR experiments, discussed in chapter 6. In 
figure 6.2 we show the TL output of two crushed-rock zircon samples.  
The zircons were separated from the sediments as described in chapter 4 and have the 
following grain-sizes: Florida and Virginia (USA): grain-sizes < 250 �m; Ameland P18/19 
(Netherlands): grain sizes < 125 �m; Namakwa sands deposit, Iscor deposit, and RBM 
deposit (Republic of South Africa): grain sizes 75–150 �m.  
 
Prior to the TL experiment, the samples were irradiated using a 137Cs � ray-source, with a 
dose rate of approximately 2.5 Gy/min and a total dose of 10 kGy. Because we have used a 
high-energy γ-ray source to irradiate a sufficiently thin layer of zircon grains we can be sure 
that the production of radiation damage in the samples is homogeneous. (See chapter 3). 
Immediately after irradiation, and, in case of the sand samples, periodically thereafter, 
portions of the samples were measured for their TL response, using the OMA detection 
system at Solid State Physics laboratory, University of Groningen. To prevent (partial) 
resetting of the TL signal, all preparations in the laboratory were carried out in darkness or 
under subdued red-light conditions. 
 
5.3.1 Experimental set up 
 
5.3.1.1 The OMA set up 
 
An Optical Multichannel Analyzer (OMA) is capable of providing information about the 
wavelength composition of the TL light as a function of the temperature (this type of 
experiment is referred to as 3D-TL). In case of zircon this is a useful feature, because it 
allows one to recognize easily whether or not we are dealing with the right type of grains. 
Zircons show a characteristic TL response, which can be readily distinguished from the TL 
signal of for example quartz. A further advantage of this method is that the TL signal 
originates from a large number of grains, implying that the result is an average over the 
variations arising from individual grains. The disadvantage of this method is that the 
sensitivity of the detector is relatively poor compared to the sensitivity of photo-multiplier 
systems. For this reason the OMA system is not the most useful instrument to detect the 
weak signals generated in real dating experiments. On the other hand one obtains valuable 
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information about the TL process if samples with sufficient amounts of radiation damage 
are studied. 
 
The OMA TL set up consists of a Differential Scanning Calorimeter (DSC) oven, an optical 
spectrograph and a photodiode detector array connected to a personal computer (see figure 
5.4). During 3D-TL experiments the samples were heated linearly with time in a computer 
controlled DSC oven. The DSC set-up provides a computer-controlled heating facility for a 
constant heating rate. With the DSC set-up it is also possible to anneal samples at a constant 
temperature. During the heating process, the TL light emitted by the sample in the DSC 
oven is focused by a quartz lens on the entrance slit of an optical spectrograph. Inside the 
spectrograph the light is reflected by a grating of 1200 grooves/mm and the light is 
diffracted into its wavelength components. The exit slit of the spectrograph is mounted 
directly onto a silicon photodiode array detector. The detector consists of 512 elements and 
it is connected with an optical multichannel analyzer (OMA). 
 

The photodiode detector is controlled by the OMA system, which is also connected with the 
DSC set-up. During heating of the sample the photodiode array is scanned regularly by the 
OMA. A 3D-TL spectrum consists of 40 scans. Each scan represents a spectral distribution 
(between 237 nm and 786 nm) of the emitted light during a short time in a narrow and well-
defined temperature interval, between 100°C and 550°C. With the OMA TL set up 
described above, wavelength dependent thermoluminescence (3D-TL) measurements have 
been carried out for all zircon samples used for this investigation. 
 
5.3.1.2 Improvements: DCC camera 
 
For samples showing a relatively low TL intensity, e.g. very young samples, the TL signal 
cannot be distinguished from the background signal because of the poor sensitivity of the 
OMA detector.  To improve the detection limit of the TL system the OMA detector has 
been replaced in the second stage of this investigation by a cooled DCC camera (300/1340 
pixels) with higher sensitivity. However, for TL dating measurements, the superior and 
highly sensitive Risø TL reader with a photo-multiplier detection system is used, because 
usually the TL signals are very weak. 

Figure 5.4. Schematic representation of the OMA TL set-up. 
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5.3.1.3 Risø TL set-up 
 
Glow curves (TL intensity vs. the temperature) have been measured with a computer-
controlled Risø TL set-up consisting of a 24-sample glow oven/sample changer, contained 
in a vacuum chamber, a Sr-Y (90) �-source, and a photo-multiplier detector (see figure 5.5). 
With the TL reader it is, in principle, possible to measure sequences, which include 
irradiation of samples, preheat and TL measurements (For more information about the Risø 
TL Reader see: http://www.risoe.dk/).  

The Risø set-up is far more sensitive than the OMA set-up and the DCC camera, because of 
the high sensitivity of the photo-multiplier. The disadvantage of this TL set-up is that no 
wavelength information of the TL signal can be obtained. To overcome this disadvantage, 
but still utilizing the high efficiency of the photomultiplier tube we have inserted narrow-
band optical interference filters to select the stable (545 nm Tb3+) line for detection by the 
TL reader. With this procedure we are sure that in real dating experiments the light from all 
other sources, which disturbs the dating results, is removed before it reaches the detection 
system. 
 
5.3.2 TL spectra of selected zircon sand samples 
 
The OMA detection system was used in all TL experiments described in this chapter. The 
TL output was measured over a temperature range, from 100 to 550°C, at a heating rate of 
150°C/min. The mass of the samples was 20 mg or more. In this mass range, the TL output 
was found to be is independent of the mass (Hantke, 1991). The 3D-TL spectra, for all sand 
samples analyzed in this chapter, exhibit similar features (figure 5.6).  At temperatures 
higher than 150°C the spectrum exhibits a number of peaks, forming ridges at particular 
wavelengths. At temperatures lower than 150°C a broad swell and two narrow peaks are 
observed. 
 
The 3D-TL spectra in figure 5.6 show the TL output shortly after laboratory irradiation with 
10 kGy of γ-radiation from a 137Cs source. The Trail Ridge, Green Cove Spring and Old 
Hickory samples (figures 5.6a, b, c, respectively) exhibit good TL response immediately 
after irradiation. The 3D-TL spectra feature two narrow, high intensity peaks at 

Figure 5.5. Schematic representation of the TL reader set-up 
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temperatures <150°C and 6 narrow lines extending over a temperature range from 200°C to 
400°C. In addition, the samples exhibit a broad band at about 400 nm (for T < 150°C). 
 
 
 

b) 

a) 

c) 

d) 
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The TL intensity of the Ameland P18/19 sample (figure 5.6d) is much lower than that of the 
three USA samples described above, although it is comparable with the TL signal of the 
Namakwa Sands, Iscor and RBM deposits (figures 5.6e, f, g, respectively). Nevertheless, 

e) 

f) 

g) 

Figure 5.6. 3D-TL spectra of various zircon sand samples from seven locations: a) 
Trail Ridge deposit (USA) b) Green Cove Spring (USA) c) Old Hickory deposit 
(USA) d) Ameland P18/19 Island (NL) e) Namakwa Sands deposit, (RSA) f) Iscor 
deposit (RSA) g) RBM deposit (RSA), after artificial �-irradiation (dose 10 kGy for 
all samples investigated). Note that the intensity scale is in relative units and 
varies among samples. See table 5.1 for a more detailed description of the 
samples than the ones from the Trail Ridge deposit. 



TL results 77 

the two narrow peaks for T<150°C and the 6 narrow lines at higher temperatures can be 
distinguished clearly in all cases. The difference in intensity for the various samples might 
be related to the degree of coloring of the grains or possibly the optical quality of the 
surface of the grains. Furthermore, it has been observed that the intensity of the TL 
response of the samples decreases with increasing opacity of the zircon grains. 
 
The enhanced TL properties of the Trail Ridge (USA) sample are attributed to the high 
purity of the sample. Electrostatic separation has been used as a final stage, to produce a 
highly transparent zircon concentrate with few colored grains. This is in contrast with many 
of the other samples, such as the Ameland P18/19 (NL) sample, which has a much darker 
appearance. The Ameland P18/19 sample, used in the investigations presented in this 
chapter, has not been separated electrostatically. As a consequence it contains significant 
numbers of colored and dark grains, which might affect the TL properties of the sample. 
 
5.3.2.1 Analysis of the spectra 
 
To analyze the nature of the peaks, we have divided the results in three temperature ranges: 
the low (100-175°C), intermediate (200-300°C) and high temperature range (300-400°C). 
The low temperature results show two dominant narrow peaks and a broad band. For all 
samples the results in the high temperature range show six narrow peaks. 
 
The TL spectra for the three temperature intervals (low, intermediate and high) were 
averaged and plotted as a function of the wavelength. Figure 5.7 shows as an example the 
averaged TL intensities for a sample from the Trail Ridge (Florida, USA) deposit. Together 
with the two inserts from Iacconi and Caruba (1980), we can see that our spectra compare 
well with those for synthetic zircon doped intentionally with Dy3+ and Tb3+.  
 
From the comparison with the inserts in figure 5.7 the two narrow luminescence peaks at 
480 nm and 580 nm observed at low temperatures can be assigned to Dy3+ ions. The broad 
and weak emission peak at 365 nm in the insert of figure 5.7, for synthetic zircon doped 
with Dy3+, is not observed in the natural sand samples. In our samples, the doublet 
associated with Dy3+ (at 480 and 580 nm) and the broad band at about 400 nm are the main 
emission bands at low temperatures. At high temperatures the Tb3+ lines (377, 419, 485, 
545, 585, and 621 nm) dominate the emission spectrum.  
 
With increasing temperature, the Dy3+ peaks disappear as a result of annealing and the 
spectrum shows overwhelmingly the six-lines Tb3+ signal (see also Iacconi and Caruba, 
1980). It is important to emphasize that, for all sand samples used in this investigation, the 
3D-TL spectra show the same Dy3+ peaks at low temperatures and Tb3+ peaks at high 
temperatures (Jain, 1978, Huntley et al, 1988). We therefore conclude that TL of terbium 
and dysprosium impurities in zircon is common for zircon sand deposits around the world 
and when a useful TL dating technique can be developed for either of these two groups of 
TL peaks, it is likely that the technique can be generally applied to zircons. 
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5.3.2.2 Fading 
 
Anomalous fading has been one of the most serious obstacles of the development of zircon 
luminescence dating (Wintle, 1973; Sutton and Zimmerman, 1976; Templer, 1985; Durrani 
and Amin, 1985). Even at room temperature, the trapped electrons have a small but non-
zero probability to escape from the meta-stable traps and to recombine with holes, which 
leads to quenching of the TL-output. Electrons in shallow traps have a short lifetime. The 
lifetime of the trapped electron increases exponentially with the trap-depth (see chapter 7). 
For deep traps the life-time can be as long as millions of years. In some cases after 
exposure to laboratory irradiation the number of electrons escaping from deep traps seems 
to be significantly larger than expected from thermal excitation. This phenomenon is called 
anomalous fading. The aim of this investigation was to develop a protocol to eliminate the 
contributions of the defects producing short-term fading, which has previously been 

Figure 5.7. Averaged low (100-175°C, left) and high (300-400°C, right) 
temperature emission spectra of zircons from Trail Ridge (Florida, USA) 
after 1 week of storage following 10 kGy irradiation. The inserts represent 
the emission spectra (in arbitrary units) due to Dy3+ (left) and Tb3+ (right) 
in doped synthetic zircon published by Iacconi and Caruba (1980). 

In
te

ns
ity

 (a
.u

.) 

Tb3+ 

In
te

ns
ity

 (a
.u

.) 

Dy3+ 

300 400 500 600 700 800
0

50

100

150

200

250

300

350

400

A
ve

ra
ge

d 
In

te
ns

ity

Wavelength (nm)
300 400 500 600 700 800

0

50

100

150

200

250

300

350

400

A
ve

ra
ge

d 
In

te
ns

ity
 

Wavelength (nm)



TL results 79 

observed for laboratory-irradiated materials (and are absent in long-term naturally 
irradiated samples). This allows us to establish what the stable component of the TL signal 
is. This component should be the same as the TL signal acquired by “ natural”  irradiation. 
 
To study the long-term fading behavior of zircon, we have measured the TL signal of sub-
samples of a large irradiated batch of zircon from the Trail Ridge deposit, Green Cove 
Spring, and the Old Hickory deposit. The samples were stored as long as two years in the 

dark at room temperature after irradiation. Samples were taken periodically from storage in 
darkness and measured for TL, starting at one week after laboratory irradiation. Inter-
sample comparison and reproducibility of the measurements was checked for all samples. 
At best there is a delay of 1-2 hours between the end of the exposure to laboratory 

1 week 

20 weeks 

2 years 

Figure 5.8. 3D-TL spectra of a sample from the Old Hickory deposit (Virginia, 
USA) after 1 week, 20 weeks, and 2 years storage following 10kGy of �-
irradiation. 
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irradiation source and the TL measurement. Immediately after irradiation the TL intensity 
decays rather rapidly and the accuracy of the TL measurements carried out a few hours 
after irradiation is rather poor and insufficient for our purpose. 
 
During storage in darkness at room temperature the Dy signal (see figure 5.7) is found to 
decrease rapidly in intensity due to fading. After 16 weeks storage, the Dy peaks almost 
disappeared. This indicates that shallow and unstable traps produce the Dy-dominated 
signal during recombination. Another part of the spectrum, observed at high temperatures, 
which is dominated by the Tb luminescence however, does not show this extensive fading 
behavior.  After 16 weeks storage at room temperature, the TL emission primarily exhibits 
the Tb-dominated spectrum. As an example we show figure 5.8, which displays the fading 
results for a sample from the Old Hickory Deposit after 1 week, 20 weeks, and 2 years 
storage. 
 

 
Prolonged and extensive fading experiments have been carried out for zircon sand samples 
from the Trail Ridge deposit (Florida), Green Cove Spring (Florida) and the Old Hickory 
deposit (Virginia). In figure 5.9 the averaged high-temperature TL spectra of zircon from 
Trail Ridge after 1 week and after 2 years fading are presented. The spectra show almost 
exclusively the luminescence peaks associated with Tb3+. To study the long-term fading 
behavior of the Tb-signal in more detail, the 545 nm Tb line was analyzed and the 
integrated peak area of this line was plotted as a function of the storage time. The results for 
zircon sand samples from Trail Ridge have been plotted in figure 5.10. After approximately 
16 weeks of storage the signal is stable and shows no further fading. Similar results have 
been obtained for the samples from the Green Cove Spring and Old Hickory Deposits. 

Figure 5.9. Averaged high-temperature emission spectrum of zircon from the Trail 
Ridge deposit  (Florida, USA) after 1 week (a) and 2 years (b) storage following 
10 kGy γ- irradiation. 
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In dating experiments we want to use the 545 nm Tb3+ line because of its favorable fading 
properties (see figure 5.10). One should avoid simultaneous detection of Tb and Dy-light. 
One of the Dy-lines (i.e. the 480 nm) almost coincides with a reasonably strong Tb line (i.e. 
the 488 line). Fortunately, the dominant Tb-line at 545 nm (548 nm at high temperatures) 
shows a negligible overlap with the 580 nm peak of Dy. Therefore this most intense and 
stable segment of the Tb-dominated region of the TL spectrum, the 545 nm Tb line, was 
selected by peakfitting to study the zircon fading behavior. The averaged TL spectra in the 
high temperature range after 1 week and 2 years fading have been plotted in figure 5.9. It is 
clear that after 2 years storage in the dark, there has been a moderate decrease due to fading 
in TL intensity as compared to 1 week storage. 
 

In the literature it is suggested that it is not possible to exclude the fading part of the TL 
spectra by means of filters (Templer, 1985). Our results show clearly that the long-term 
fading problem is solved by selecting the stable part of the luminescence spectrum (the 545 
nm Tb3+ line) by confining the TL detection to a very narrow wavelength interval around 
545 nm. 
 
The effects of short-term fading can be diminished by a pre-heat between 100 and 150ºC. 
(See chapter 8). During this treatment the contribution from unstable defects is removed, 
while the radiation-induced electrons and holes redistribute over the most stable traps (see 
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chapter 7). The resulting TL signal, which consists predominantly of contributions from the 
most stable defects, is suitable for dating. 
 
 
5.4 Summary and conclusions 
 
An extensive study has been carried out for zircon sand samples from various locations 
around the world. Our bulk sample analysis (with ICP-MS) of zircon concentrates reveals 
that the concentration profile of the heavy rare earth elements (HREE) is similar for all sand 
samples, which have been studied in this investigation. In addition, we have found that the 
concentrations of the HREE exceed the chondrite concentrations by two to three orders of 
magnitude. 
The LA-ICP-MS analyses of single grains from several geological locations around the 
world confirm the results of the ICP-MS experiments of bulk zircon samples. An important 
result for the development of a zircon TL dating method is that we have shown by means of 
single grain LA-ICP-MS experiments that a positive correlation exists between the 
concentrations of U and Th and the concentrations of the HREE. This contradicts earlier 
speculations (Fremlin and Srirath 1964, Sutton and Zimmerman 1976, Templer and Walton 
1983, Templer and Walton 1985 and Templer 1985) that due to inhomogeneous distribution 
of the irradiation sources (U and Th) and the luminescence activators �-induced radiation 
damage is not created in the close vicinity of luminescence centers. This type of anti-
correlation of the concentrations of radiation sources and luminescence centers would 
suppress TL. We have found no evidence for such suppression. 
 
An important property of natural zircon is that heavy rare-earth ions are always present in 
zircon sand samples as trace impurities. Our analyses of the wavelength spectra of natural 
zircons as a function of the temperature and a comparison with the TL spectra observed for 
intentionally doped synthetic zircons have revealed that Tb and Dy ions are the most 
relevant members of this group of impurities, because they are responsible for the dominant 
part of the TL output after exposure of zircon to ionizing radiation. 
 
A comparison of the TL spectra of natural zircon sand samples immediately after exposure 
to ionizing radiation in the laboratory and samples, which were stored for a very long 
period of time in darkness, revealed that the TL signal associated with Dy is unstable and 
fades within a few weeks. On the other hand, the TL due to Tb shows limited fading even 
after storage up to two years. This implies that the signal associated with Tb is suitable for 
TL dating. 
 
The TL signal of Tb consists of narrow lines, and this turns out to be an important feature 
for dating experiments, because it allows us to reduce eventual unwanted and disturbing 
contributions to the TL glow curve from defects different from Tb, e.g. shallow hole traps 
such as Dy. To achieve this, we have to use the highly sensitive photomultiplier detection 
system of our Risø reader combined with a narrow band interference filter to detect only the 
545 nm band of the TL spectrum of Tb (see chapter 8). 
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In summary it can be stated that the results presented in this chapter show that natural 
zircon sand, in which we have always found sufficient amounts of Tb, has the ideal 
properties to serve as a medium for TL-dating. 
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6. ELECTRON PARAMAGNETIC RESONANCE 
 
 
6.1 Introduction 
 
In electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR), 
the resonant absorption of electromagnetic radiation by magnetic moments of unpaired 
electrons is measured in the presence of a static magnetic field. Electron paramagnetic 
resonance was discovered in 1944 by Zavoisky (Kazan State University, Russia). EPR has a 
wide range of applications in chemistry, physics, biology, and medicine; it may be used to 
probe the "static" structure of solid and liquid systems, and is also very useful for 
investigating dynamic processes. In the framework of this thesis it should be emphasized 
that EPR can also be used as a tool for dating geological samples (see e.g. Ikeya, 1993). 
 
Application of zircon as a medium for TL dating requires detailed knowledge of the 
processes taking place during, for example, exposure of zircon to ionizing radiation, long-
term storage, annealing, and excitation with (visible-UV) light. EPR is a powerful method 
for investigating the detailed physical properties of paramagnetic defects in ionic materials, 
including zircon. In particular, radiation-induced defects can be investigated effectively by 
means of EPR, because many of these defects are paramagnetic.  
 
The presence of a multitude of paramagnetic defects in natural zircon complicates the 
interpretation of the EPR signal. Nevertheless, natural zircon crystals have been studied 
intensively with EPR, and many of the paramagnetic point defects have been identified and 
described. In this chapter we will study the EPR spectra of the rare-earth ions Dy3+ and Tb4+ 
and several paramagnetic −n

mSiO  centers, which play a key role in the damage formation 
and TL processes in natural zircon4.  
 
 
6.2 EPR theory 
 
In EPR experiments defects are studied by observing the splitting between electron spin 
energy levels, which are modified by interactions of the defect with the crystal field, 
nuclear spins and moments and the external magnetic field. The most simple case is a free 
electron with spin s = ½. In the absence of a magnetic field the magnetic moment, 
associated with the electron spin, is randomly oriented and the two energy levels are 
degenerate. An applied magnetic induction5 B0 removes the degeneracy and splits the 
energy level into two levels characterized by the spin quantum numbers ms = ± ½. The 

                                                 
4 The EPR measurements have been carried out in Groningen in collaboration with Dr’ s G.R. Bulka 
and M.A. Laruhin, Kazan State University, Russia. An extensive account of this work has been given 
in Laruhin et al, 2002. 
5 The magnetic induction is denoted by B0 and is measured in tesla (T) in the SI system. However, in 
EPR spectroscopy the CGS unit gauss (G), where 1 G = 10-4 T, is commonly used.   
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splitting between the two energy states is called electron Zeeman interaction and is 
proportional to the magnetic induction (see figure 6.1a). Absorption of energy causes a 
transition from the lower energy to the higher energy state. The absorption frequency 
corresponds to the energy difference between the spin states. The frequency of 
electromagnetic waves may vary from e.g. the Megahertz range, via the frequencies of 
visible light, to those associated with ultraviolet light. Electromagnetic waves in the 
Gigahertz range are used for EPR experiments. 
 
The energy difference between the two spin levels of a free electron in an external magnetic 
field is ∆E = gβB0, where g is called the g-factor or the spectroscopic splitting factor and β 

is the electron Bohr magneton (
m

e
2
�=β ). Transitions between the two energy levels can be 

induced by means of an alternating electromagnetic field B1·e
i�t, with angular frequency ω, 

if ω� = g β B0. It is possible to scan through the spectrum of energy levels by changing 
either the magnetic induction B0 or the angular frequency ω. Allowed transitions obey the 
selection rule ∆ms = ± 1. 
 
For practical reasons in EPR measurements the transitions are measured using a frequency-
controlled klystron, operating at a fixed angular frequency ω and an external magnetic 
induction B0, which varies linearly with time. The resonance condition is given by  

β
ω

g
B

�=0   (6.1) 

The electronic energy levels may be split further by nuclear interactions when the spin 
quantum number6 I of the nucleus differs from 0 (figure 6.1b). For a given nuclear quantum 

                                                 
6 In atomic physics the symbol I is used; in nuclear physics J. We adhere to the former. 

ms = ½ 

ms = - ½ 
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-  1/2   
-  3/2 

-  3/2 
-  1/2  
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�E=��=gβB0 

mI 

(a) (b) 

Figure 6.1. Energy level diagram for a) a spin system with one electron S = ½ and 
b) the hyperfine line pattern produced by interaction with a nucleus of I = 3/2. In 
the calculation of the energy levels it was assumed that the nuclear quadrupole 
moment is 0. 
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number I splitting into (2I+1) energy levels is observed, the levels being characterized by 
the nuclear spin quantum numbers mI = I, I-1,..., -I. The interaction of the electron spin with 
the nucleus is called hyperfine interaction. When the unpaired electron interacts with more 
than one magnetic nucleus, the energy level scheme may become very complex.  
 
In the EPR spectrum the hyperfine lines associated with an interacting nucleus are 
equidistant at any particular setting of the magnetic field with respect to the defect axis7. 
The appearance of electron nuclear interactions is very powerful for the identification of 
defects because in many cases one can vary the isotope concentrations of the elements in 
the crystal. 
 
For a completely free electron the g-factor is 2.0023, which implies that at 1010 Hz 
(corresponding to microwaves with a wavelength of 3 cm) the magnetic induction required 
for resonance is 0.357 T (= 3570 Gauss). 
 
 
6.3 Experimental set up and radiation facilities 
 
The EPR measurements have been carried out with a Varian ‘E-line Centuries Series’  X-
band EPR spectrometer. A gas-flow helium ESR9 ‘Oxford instruments’  cryostat has been 
used to stabilize the temperature with an accuracy of 0.3 K, in the range 4.2 - 300 K.  
 
X-irradiation at room temperature has been carried out by means of an X-ray tube, with a 
tungsten anode, operating at 60 kV and 30 mA for several hours. A calibrated 137Cs source 
was used to produce �-irradiation at room temperature with a total dose 10 kGy, at a dose 
rate of 2.57 Gy/min. Much higher doses (up to several 100 kGy) and much higher dose 
rates (typically ~ 1 MGy/h) were obtained with electrons (energy ~ 0.5 MeV, maximum 
current ~ 1 mA). For the exposure of the samples to these high-energy electrons we have 
used the linear electron accelerator at the Solid Sate Physics laboratory, University of 
Groningen.  
 
Annealing experiments on irradiated zircon samples have been carried out in air as a 
function of the temperature up to 550ºC using the furnace of a Perkin Elmer DSC-7 
differential scanning calorimeter, which provides controlled heating rates in the range 120-
250ºC/min, and a cooling rate of 250ºC/min. 
 
 
 
 

                                                 
7 Note: The hyperfine lines are equidistant only if the external magnetic field is much larger than the 
hyperfine splitting parameter. If this is not the case second-order effects may be observed, and the 
hyperfine lines are not exactly equidistant. In addition, it should be noted that for spins with I>½ in 
principle nuclear quadrupole interactions contribute to the energy of the spin. These interactions also 
lead to non-equidistant patterns of hyperfine lines.  
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6.4 EPR results 
 
EPR measurements were made on single crystals of zircons (zircon single crystals) and 
zircon sand samples from various locations around the world. The single crystals used in 
this study were selected from samples from Harts Range (Australia) and Cambodia. The 
sand samples selected for our EPR investigations were from the Trail Ridge deposit 
(Florida, USA), and the island of Ameland (the Netherlands).  
 
The TL signal of laboratory-irradiated mineral zircon is dominated by the rare earth 
impurities Dy3+ and Tb3+ (see chapter 5).  The TL spectra of zircon sand samples have been 
discussed in detail in chapter 5. Between 100 and 200ºC the spectra show the well-known 
Dy peaks at 480 and 580 nm and above 200ºC the spectra are dominated by six Tb peaks 
located at 375, 416, 488, 545, 585, and 615 nm. 
 
The TL output of the samples after artificial γ-irradiation of 10 kGy was measured in the 
temperature range 100-400ºC, using a heating rate of 150ºC/min. For a detailed description 
of the TL methodology see chapter 5. The 3D-TL spectra of crushed rock zircon samples 
from Harts Range and Cambodia show the two Dy peaks and a broad band of unknown 
origin at low temperatures and the Tb peaks at high temperatures (see figure 6.2 and 
Iaconni and Caruba, 1980). 
 
6.4.1 Rare-earth impurities Dy3+ and Tb4+ 
 
We have investigated the radiation induced valence changes of the Dy and Tb ions and the 
valence changes of the irradiated samples during annealing by means of EPR, because it is 
well known that for rare-earth impurities these changes take place very often. Prior to 
irradiation, dysprosium and terbium impurities in zircon are in the trivalent state. During 

(a) (b) 

Figure 6.2. 3D-TL spectra of the crushed-rock zircon samples from a) Harts Range, 
Australia, and b) Cambodia, following 10 kGy of γ-radiation. The samples were 
collected and analyzed by J.F. Donoghue. 
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irradiation the trivalent Dy and Tb ions are transformed to another valency. From TL 
experiments we know that during recombination the dysprosium and terbium ions return to 
the trivalent state and as a result light is emitted, which is characteristic for Dy3+ and Tb3+, 
respectively.  
 
6.4.1.1 Dy3+ 
 
Dy3+ has a [Xe]4f 9 electron configuration and a 6H15/2 ground state8. Ball (1971), as well as 
other authors in earlier papers, described the angular dependence of the EPR lines of Dy3+ 
in zircon for X- and Q-band resonance conditions (i.e. with microwave frequencies of about 
10 and 35 GHz, respectively) with the following spin Hamiltonian (S=1/2, I=5/2): 

�=g��HzSz+g��(Hx.Sx+Hy Sy)+ASzIz+B(SxIx+SyIy) . (6.2) 

 
Here, the first two terms on the right-hand side describe the Zeeman interaction and the last 
two terms represent the hyperfine interaction, with isotropic and anisotropic hyperfine 
constants A and B, respectively. The EPR lines associated with Dy3+ can only be observed 
at low temperatures (T = 4K). At room temperature, the EPR lines are very wide, and 
therefore very weak due to spin-lattice relaxation, which is, in general very fast for rare-
earth impurity ions. Between successive EPR measurements at 4K it was necessary to 
remove the sample from the cryostat to allow exposure to ionizing radiation, fading or 
annealing. 
 
Figure 6.3 shows the EPR spectra of Dy3+ ions before and after exposure to γ-radiation and 
after subsequent annealing at 300ºC for 30 minutes. The concentration of the Dy3+ ions 
decreases drastically as a result of exposure to γ-radiation, which implies that the trivalent 
Dy-ions are transferred either to the divalent or the tetravalent state, by trapping radiation-
induced electrons or holes, respectively. With EPR only Dy3+ can be observed (and not 
Dy2+ or Dy4+, due to the electronic configuration, the transitions are forbidden in EPR), 
which means that for Dy we can only investigate the radiation-induced reduction of the 
concentration of Dy3+ ions. Ultimately, after exposure to very high irradiation doses the 
EPR signal associated with Dy3+ disappears. During subsequent annealing the intensity of 
the Dy3+ EPR signal increases. The same behavior is observed in crystals after exposure to 
irradiation from the electron accelerator (up to a total dose of 200 kGy). Annealing 
experiments show that the radiation-induced Dy-center is stable up to approximately 80ºC, 
and therefore we conclude that in the recombination/annealing process the Dy3+ center 
plays the role of a shallow trap (Laruhin et al, 2002). 
 
 

                                                 
8 In spectroscopic notation, discrete (electronic) energy levels in a multi-electron atom are described 
by term values with the general form: 2S+1LJ. Here S is the sum of all electron spins and 2S + 1 is 
called the “ multiplicity” , i.e. the number of J values for given values of L and S. L is the total 
quantum number J the spin-orbit coupling term, i.e. J = L + S. When L = 0, 1, 2, 3, 4, 5, ... the atom is 
in an S, P. D, F, G, H, ...  state, respectively. Dy3+ ([Xe]4f 9 electron configuration), having 5 unpaired 
electrons,  S=5/2, L=5, J=S+L=15/2, has a ground state, which is referred to as 6H15/2. 
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Figure 6.3. EPR spectra of Dy3+ ions in a natural zircon single crystal from Harts Range 
(Australia).  
 
 
 
6.4.1.2 Tb4+ 
 
From the point of view of dating the behavior of the terbium impurities forms the most 
interesting part of our EPR results, because the TL light, emitted at high temperatures, is 
predominantly due to Tb ions. With EPR only the tetravalent state of terbium ions (Tb4+) 
can be observed (and not Tb3+; due to the electronic configuration, the transitions are 
forbidden in EPR), which means that we can only investigate the changes in the 
concentration of the tetravalent terbium ions after exposure to γ-radiation and after 
subsequent annealing experiments and fading experiments.  
 
Tb4+ has a 4f 7electron configuration and a 8S7/2 ground state9, which is the same as for Gd3+ 
and Eu2+. The Tb4+ ion has a half-filled 4f shell, which has spherical symmetry, like noble 
gas atoms, and this property ensures the high stability of Tb4+.  The first studies of EPR on 

                                                 
9 Tb4+ has a half-filled f-shell, therefore S=7/2, L=0, J=7/2, i.e. the ground state can be written as 
8S7/2. 
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Tb4+ were made for the cubic crystal structures of ThO2 and GeO2, where the Tb4+ ions are 
situated at sites with cubic symmetry (Baker et al, 1965, Greznev et al, 1966). The first 
EPR investigation of Tb4+ ions at tetragonal sites has been carried out with zircon crystals 
(Hutton and Melhe, 1969). 
 

 
In figure 6.4 we show the EPR spectra of Tb4+ before and after exposure to γ-radiation and 
after subsequent annealing at 150, 450, and 550ºC. The EPR spectrum of Tb4+ shows four 
hyperfine lines (159Tb4+, I=3/2, natural abundance 100%). The EPR lines associated with 
Tb4+ can be observed at T = 50 K and lower. This is because the orbital angular momentum 
is 0, and the spin-orbit coupling is rather weak and therefore, the spin-lattice relaxation time 
is long compared with many other rare-earth ions, including Dy3+. Between successive EPR 
experiments at 50K we had to remove the sample from the cryostat to allow exposure to 
ionizing irradiation, and perform fading or annealing experiments. The EPR line at 650 
Gauss is associated with the MgO:Cr3+ reference sample. From figure 6.4 we can see, by 

Figure 6.4. EPR spectra of a natural zircon single crystal from Harts Range. The 
sample was annealed after �-radiation at 150, 450, and 550ºC for 30 minutes. Due 
to technical problems, a part of the line “before irradiation’ is missing. 
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comparing the intensity of the EPR signal with the one associated with the MgO:Cr3+ 
sample, that the concentration of Tb4+ increases during γ-irradiation. Subsequent annealing 
leads to a decrease of the intensity of the Tb4+ EPR lines and ultimately at temperatures 
higher than 550ºC the signal disappears completely. This implies that above 550ºC all 
terbium ions are transformed to the trivalent state. Similar experiments have been carried 
out after X- and electron beam irradiation with essentially the same results. 
 
We assume a similar charge transfer behavior for the rare-earth ions Dy and Tb during (i) 
irradiation and (ii) annealing and fading. Our results indicate that during irradiation the 
trivalent Dy and Tb ions change to the tetravalent state. During annealing at moderate 
temperatures the reaction Dy4+ → Dy3+ takes place and at higher temperatures the reaction 
Tb4+ → Tb3+ is the important one. This is consistent with the TL results, showing 
luminescence, which is characteristic for Dy3+ (for T between 100-200°C) and Tb3+ (for T > 
200°C). Therefore we conclude that (i) the Dy ions act as shallow hole-traps and (ii) the Tb 
ions act as deep hole-traps in zircon (Laruhin et al, 2002).  
 
Saturation of the formation of Tb4+ as a function of the irradiation dose 
 
For the development of a reliable dating method we need information about the saturation 
behavior of the defect concentration as a function of the irradiation dose. For example, a 
typical natural zircon crystal collects an internal radiation dose from the naturally occurring 
radionuclides uranium and thorium (see chapter 3) of about 10 kGy during a period of 
approximately 13 ka. It will be interesting to know at what dose the defect levels start to 
saturate.  
 
We have irradiated the same zircon mono-crystal up to various doses (with a fixed dose rate 
of 13 kGy/min) using an electron accelerator. After each irradiation run we completely 
annealed the sample at T = 550ºC to bring the system back to its initial state. In figure 6.5 
we show the concentration of Tb4+ centers in the zircon sample as a function of the 
irradiation dose. The solid line in figure 6.5 represents the calculated dose dependence of 
the Tb4+ concentration in zircon (see also chapter 7). In the next chapter we will show that 
with this model we are able to describe realistically the processes taking place during the 
excitation stage, i.e. during exposure to ionizing radiation. From figure 6.5 it is clear that 
saturation of the Tb4+ concentration becomes significant for doses D > 100 kGy, i.e. almost 
all Tb3+ centers are transformed into Tb4+. It should be noted, however, that it can be 
expected that the saturation behavior depends on the dose rate. Further experiments to 
establish the dose rate effects should be carried out in the future. This result suggests that in 
principle TL dating with zircon can be applied to sediments in a wide range of depositional 
ages, probably up to more than hundred thousand years.  
 
In the literature the saturation dose for zircon has been estimated to be at least 105 Gy 
(Sutton and Zimmerman, 1976). This value agrees with the calculated behavior of the TL 
signal as a function of the dose (see chapter 7) showing that, just as we have observed in 
figure 6.5, saturation does not occur below 105 Gy. 
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Figure 6.5. The concentration of Tb4+ centers plotted in arbitrary units (a.u., proportional 
to the intensity of the EPR lines) in zircon versus the irradiation dose. Saturation of the 
Tb4+ concentration starts at a dose > 100 kGy. The solid line represents the dose 
dependence of the Tb4+ concentration calculated numerically with the kinetic model 
discussed in chapter 7. The uncertainties in the data points are due to the uncertainties in 
the measurements. 
 
 
An important consequence is that by using the plot of Zimmerman (1972), showing the 
relative �-efficiency as a function of the saturation dose (see figure 6.6), we find that the 
efficiency of alpha particles to produce TL in zircon is the same as for a beta source. From 
figure 6.6 it can also be observed that quartz has an extremely low saturation dose; 
correspondingly, the �-efficiency for quartz is very low, between 2% for the 110°C TL 
peak and 10% for the 300°C TL peak. 
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Figure 6.6. Relative �-efficiency as a function of the �-saturation dose. Taken from 
Zimmerman (1972). 

 
 
6.4.2 −n

mSiO  centers 
 
In addition to the ions of the rare-earth elements Dy and Tb, an important group of 
paramagnetic radiation-induced defects in zircon, which can be characterized by −n

mSiO , 
has been identified and investigated. Depending on the values of the integers n and m, we 
are dealing with either electron- or hole-centers. Most of the EPR lines associated with 

−n
mSiO  centers in natural zircons (i.e. non-irradiated zircons) are too weak to be 

characterized and assigned to particular defect centers. We have irradiated the samples in 
the laboratory with X-rays, γ-radiation, or electrons from an electron accelerator in order to 
increase the concentrations of the radiation induced defects centers to sufficient levels to 
study the effect of irradiation on the defect concentration and the thermostability of the 
centers.  
 
In figure 6.7 we show a typical EPR spectrum of a zircon single crystal from Harts Range 
(Australia) measured at room temperature after exposure to γ-radiation (10 kGy). The EPR 
line of Gd3+ is observed in zircon crystals from all sample locations and it is relatively 
strong in a wide range of temperatures, including room temperature. This property is very 
useful for the purpose of obtaining the precise orientation of the axes of the crystalline 
samples with respect to the direction of the static magnetic field. This signal has also been 

 A < 100% 
A

 
A = 100% 
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used to find the positions of the EPR lines of the radiation-induced signals and this has 
helped us to define the principal values of the magnetic parameters of the defects. 

 
The EPR lines of Cr3+ and Mn2+ are from the MgO calibration sample with well-known g-
factors, which is placed in the EPR cavity together with the zircon sample. These lines 
allow us to calculate the klystron frequency, if the magnetic field is known. 
 
For the identification of the centers we have studied the angular dependence of the EPR 
lines in the important crystallographic planes. As an example we show in figure 6.8 the 
behavior of the resonance lines in the vicinity of g=2 during rotation of the crystal with 
respect to the external magnetic field. In figure 6.8 the direction of the magnetic induction 
is perpendicular to the crystallographic [010] axis. The angular dependence was examined 
to calculate the g-tensor parameters. The position of one of the EPR lines in figure 6.8 does 
not depend on the orientation of the magnetic induction with respect to the crystallographic 
axes. The corresponding g-factor is isotropic (independent of sample orientation in a 
magnetic field), because also in the other planes of rotation the same independent behavior 
is observed; it is found to be 2.000 ± 0.001. This behavior is characteristic for the −5

4SiO  

Figure 6.7. EPR spectrum of several −n
mSiO  ion-radicals (measured at room 

temperature) in a γ–irradiated zircon single-crystal from Harts Range, Australia, 
B||[001]. 

 

                                             

                                             

                                             

                                             

                                             

                                             

3260 3280 3300 3320 3340 
-1.0 

-0.5 

0.0 

0.5 

1.0 

−3
2SiO)II(SiO3

2
−

−5
4SiO

Gd 3+ 

Mn 2+ :MgO 

Cr 3+ :MgO 

T = 300K 

In
te

ns
ity

 (a
.u

.) 

Magnetic field (Gauss) Magnetic induction (Gauss) 



96 Chapter 6 

center, which is formed during exposure of the zircon sample to ionizing radiation 
(Solntsev et al, 1974). The −5

4SiO center, identified as an electron-center, consists of an 

electron trapped by a host −4
4SiO  molecular ion, which is present in very large numbers. In 

this respect the −5
4SiO  center is different from all other centers studied in this investigation.  

 
Another defect, which appears in the crystal after exposure to ionizing radiation, is the 

−3
2SiO center (see figure 6.7). This defect shows EPR lines, which depend on the orientation 

of the sample with respect to the static magnetic field (figure 6.7). For an arbitrary 
orientation of the sample in the magnetic field this center shows four lines. The principal g-
values are gX = gY = 2.0110 and gZ = 2.0011. It should be noted that in general the principle 
axes of the defect don’ t coincide with the main crystallographic axes of zircon. The g-
values along the crystal axes are g[001] = 2.0025 and g[100] = 2.0098. The above-mentioned 
parameters are similar to the g-values of the −3

2SiO +Y3+ defect, described by Nizamutdinov 
(1976), with principal g-values gX = 2.0033, gY = 2.0076 and gZ = 2.0168. The g-factor 
provides information about the nature of the defects and it tells us whether it is an electron- 

Figure 6.8. The angular dependence of the value of EPR lines of 
SiO2

3- and SiO4
5- radicals in zircon single-crystals from Harts 

Range, Central Australia. (Note: gx and gz indicate the tensor 
directions and [001] and [100] indicate the crystal orientation) 
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or a hole-center. When g > 2.0023 it is usually a hole-center, and when g < 2.0023 it is an 
electron center. In accordance with the EPR data we conclude that the −3

2SiO  center is a 
hole-type defect. EPR spectra with approximately the same properties have been found for 
another hole-type defect, labeled −3

2SiO (II). It should be noted that not in all samples 
−3

2SiO (II) centers are produced, which indicates that these centers are probably non-
intrinsic, radiation-induced defects. This is in agreement with the interpretation given by 
Nizamutdinov (1976) in terms of combined defects consisting of −3

2SiO  and a Y3+ impurity. 
 
The −5

4SiO  center in zircon sand samples 
 
As described above, the position of the EPR line of the −5

4SiO  center is independent of the 
orientation of the magnetic field, i.e. the signal is isotropic. As a result of this property, the 

−5
4SiO  center can be detected in single crystals as well as in powders. This also means that 

this center can be investigated easily in single crystals with random orientations and 
concentrates of zircon from sediment samples, and it enables us to investigate these defects 
in zircon sand samples with grain sizes smaller than 100 µm, whereas the Dy3+ and Tb4+ 
centers have only been detected in zircon monocrystals. 
 
Figure 6.9 shows the EPR spectra of a zircon sand sample from the Trail Ridge deposit 
(Florida, USA). The natural zircon sand sample, which has not been irradiated in the 
laboratory, contains a detectable number of −5

4SiO  centers (figure 6.9a). Exposure of the 
sample to γ-radiation leads to an increase of the intensity of the EPR line associated with 
the −5

4SiO  center (figure 6.9b). After storage in the dark for 6 months at room temperature, 

the EPR signal due to −5
4SiO  centers has faded slightly, but it is still rather intense (figure 

6.9c).  
 
In figure 6.9 the EPR lines associated with the Ti3+ center can also be observed, because 
titanium is one of the many impurity ions in zircon. It should be noted that even though the 
EPR spectrum of the axially symmetric Ti3+ center in zircon is anisotropic, still two 
resonance lines can be observed. These lines are asymmetric and do not look like the first 
derivative of a Gaussian or Lorentzian resonance line. The Ti3+ peaks can be explained by a 
summation of the resonance lines associated with all orientations of the powdered sample 
with respect to the magnetic field direction. As a result two resonance phenomena are 
observed, which are located at positions in accordance with the principle values of the g-
tensor, i.e. g// and g

�
. 
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Fading of −n

mSiO centers 
 
From our TL experiments we know that storage of irradiated samples in the dark at room 
temperature leads to a decrease of the concentration of several types of defects (fading). To 
obtain more information about the fading process, we have studied the thermal stability of 
the paramagnetic −3

2SiO , −3
2SiO (II), and −5

4SiO  centers in zircon crystals. Figure 6.10 
shows the EPR results of a natural Harts Range zircon single crystal (i.e. before γ-
irradiation), after γ-irradiation and after storage in the dark for six months at room 
temperature following exposure to γ-irradiation. From figure 6.10 we can see that by 

Figure 6.9. EPR spectra of a zircon sand sample from the Trail Ridge 
deposit (Florida, USA): a) Before irradiation b) after exposure to γ–
irradiation c) after subsequent storage in the dark for six months. 
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comparing the intensity of the EPR signal of the −3
2SiO  center with the line associated with 

Gd3+, the intensity of the −3
2SiO center increases during irradiation and decreases slightly 

when the sample is kept in the dark at room temperature. The result shows that at room 
temperature in irradiated zircon samples significant fading of the −3

2SiO  centers takes 
place. 
 
The intensity of the −5

4SiO  center does not decrease appreciably, i.e. at room temperature 

the −5
4SiO  center is reasonably stable. The natural zircon crystal contains detectable 

numbers of −5
4SiO  centers and the irradiated sample shows a rather intense signal due to 

−5
4SiO  centers. Even after storage of the sample in the dark for six months the reduction of 

the concentration of −5
4SiO  centers is very limited. 
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Our results show that the −5
4SiO  center is an important defect, because it acts as a source of 

the electrons needed for recombination, which is the key process in luminescence dating. 
Figure 6.11 shows the behavior of the −5

4SiO  center during heating of a crushed rock 
sample from Harts Range (Australia) after �-irradiation. In this figure the integrated 
intensity of the −5

4SiO  peak after annealing is shown as a function of the annealing 
temperature. From figure 6.11 it is clear that with increasing annealing temperature the 
intensity of the EPR line of the −5

4SiO  center decreases. Between 400 and 450°C the signal 

decreases very rapidly with increasing temperature. This demonstrates that the −5
4SiO center 

loses an electron during heating as a result of recombination, because this process takes 
place in the same temperature interval as TL. The results presented in figure 6.11 also 
demonstrate that the −5

4SiO  center is far more stable than the shallow trap systems 
−3

2SiO and Dy4+ (see figures 6.12 and 6.14). The behavior of −5
4SiO centers is crucial for 

modeling TL related processes in zircon, because they are involved in many of the defect 
related and recombination processes at moderate and high temperatures.  
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Figure 6.11. The integrated EPR intensity of the −5

4SiO line of a �–irradiated crushed rock 
zircon sample from Harts Range (Australia) as a function of the annealing temperature. 
 
 
6.5 Kinetics of paramagnetic centers in zircon 
 
For the evaluation of the parameters, which are relevant for the kinetics (evolution) of the 
centers studied in this chapter, we have performed annealing experiments for some of the 
paramagnetic centers in irradiated zircon as a function of the temperature.  
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The annealing experiments have been carried out in a computer controlled DSC oven as a 
function of the temperature up to 550ºC. In figure 6.12 we show the effects of annealing on 
the behavior of −3

2SiO centers in a zircon single-crystal after exposure to γ-irradiation. From 
figure 6.12 it can be seen that annealing results in a rapid decrease of the concentration of 
the −3

2SiO centers, as a result of the small trap depth of these centers. The −3
2SiO centers 

have a strongly reduced stability at temperatures higher than 200ºC. Annealing for five min. 
at 200ºC is sufficient to completely diminish the EPR intensity of these defects.  

 
 
Remarkably, a comparison with figure 6.13 shows that the −3

2SiO  centers are much less 

stable than the −3
2SiO (II) centers. The reason for this is still unknown.  

 
For the development of a kinetic model, used to simulate the processes taking place at the 
various relevant stages of thermoluminescence dating, we need information about the 
annealing kinetics of the trapping centers. This will be used as input information for the 
kinetic model, which will be discussed in chapter 7. 
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proportional to the concentration vs. the annealing time, normalized to the intensity 
of the corresponding EPR line at room temperature. Symbols indicate the EPR 
intensity measured experimentally. Lines correspond to the calculated 
concentration, simulated with the model described in chapter 7, of filled hole traps 
with E = 1.12 eV. 
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−3

2SiO  centers 
 
We have observed that the −3

2SiO  hole-centers are not stable at temperatures higher than 
120oC. The EPR signal associated with this center disappears completely during annealing 
at temperatures above 100-120ºC. In figure 6.12 we show the EPR intensity of the −3

2SiO  
center versus the annealing time measured at room temperature, after annealing for 5 
minutes between 70 and 80ºC. Between successive EPR experiments the sample was 
removed from the cavity to anneal it for 5 minutes in the DSC oven.  
 
The detailed annealing behavior of these centers cannot be described by a simple 
exponential law corresponding to one well-defined shallow trap. This means that several 
centers are involved in the annealing process. The behavior of the electron- and hole-
centers is strongly coupled due to interaction, and the excitation of electron-hole pairs, 
trapping of free electrons and holes, redistribution of electrons and holes over the available 
traps by ionization and because subsequent re-trapping and recombination processes occur 
simultaneously. In fact, the situation in zircon is quite complex, because we have to take 
into account the effects of at least three hole-traps (Dy3+, Tb3+, and −3

2SiO ). In addition, we 
assume that there are several electron traps with different trap depths. 
 

−3
2SiO (II) centers 

 
The −3

2SiO (II) center is more stable than the −3
2SiO  center. In figure 6.13 we show the 

dependence of the EPR intensity associated with the −3
2SiO (II) center versus the annealing 

time for three annealing temperatures (180, 190, and 200ºC). From a comparison of figures 
6.12 and 6.13 it clear that for −3

2SiO (II) centers higher temperatures are needed to obtain 

the same fading of the EPR signal as for the −3
2SiO  center. This proves that the −3

2SiO (II) 

center has a significantly higher stability than the −3
2SiO  center. 

 
Again, we have used here the theoretical model to explain the experimentally observed 
annealing results for the −3

2SiO (II) center. The curves in figure 6.13 represent the best fits 
of the model calculations to the experimental data. The theoretical simulations of the 
kinetics of the −3

2SiO (II) hole-type center show that the activation energy (i.e. trap depth) 
of this defect is 1.52 eV. 
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The rare-earth impurities Dy3+ and Tb4+ 
 
In addition to the annealing properties of −n

mSiO  centers we have studied the annealing 
properties of the EPR signal of the rare-earth centers Dy3+ and Tb4+ in zircon single 
crystals. These centers play an important role in the TL process (see chapter 5). In figure 
6.14 we show the time-dependence of the relative intensity of the EPR signal for the Dy3+ 
center for annealing temperatures of 80, 90, and 100ºC. Here too, the decay curves do not 
behave according to a single exponential decay. With the model described in chapter 7 we 
have calculated an activation energy of ~1.2 eV, which means that for temperatures as low 
as 80-100°C fading occurs quite rapidly, indicating that the trivalent dysprosium impurities 
in zircon act as shallow hole-traps.  
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Figure 6.13. The dependence of the −3
2SiO (II) center relative EPR 

intensities as a function of the annealing time at 180, 190, and 200°C. The 
symbols indicate the experimentally observed EPR intensity. The lines 
correspond to the calculated decrease of the concentration of the filled 
hole-traps with a depth E = 1.52 eV. 
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A different behavior is found for the Tb4+. The EPR intensity starts to decrease at about T ~ 
300ºC, but after annealing at much higher temperatures, and even up to ~ 450ºC the signal 
is still present to some extent. The only explanation, that we can provide, is that the Tb4+ 
ion is a very deep hole-trap and the decrease of the EPR intensity is caused by 
recombination of this trap with electrons released from electron-traps connected to other 
impurities in the crystal. This means that we cannot measure the activation energy Ea of the 
paramagnetic Tb4+ center itself, but obtain some sort of effective activation energy Ea,eff of 
an annealing process, which depends almost completely on the availability of electrons 
released from many other centers in the crystal.  
 
We conclude that Tb ions in zircon act as deep hole-traps and find that the Tb4+ 
concentration saturates at very high doses (D > 100 kGy). This result is important, because 
in order to avoid problems with dating due to fading we need to use the most stable part of 
the TL spectrum (see chapter 5), i.e. the 545 nm Tb3+ line. The results in figure 6.5 show 
that TL dating with 545 nm luminescence of Tb3+ can be used for samples older than 
100.000 years. 
 
In addition, several −n

mSiO centers have been studied in natural and γ-irradiated zircon 

single crystals and sand samples. We have found that the −3
2SiO  centers play the role of 

Figure 6.14. Dependence of the relative intensity of the dysprosium EPR signal as 
a function of the annealing time for three temperatures. Curves correspond to the 
calculated concentration with E = 1.2 eV. 
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shallow hole-traps. The −5
4SiO  centers are the most interesting ones because this center is 

produced as a result of electron trapping by highly abundant host molecular ions of the type 
−4

4SiO . It is reasonably stable, its EPR spectrum is isotropic, and as a result of this 
property, the center is observed conveniently in natural and γ-irradiated sand samples.  
 
These results are important because we have unraveled several of the major processes 
taking place in TL dating. With this new information we have been able to test and improve 
the theoretical model, which will be discussed in chapter 7. 
 
 
6.6 Summary 
 
In conclusion we can state that the EPR results have helped us to understand the behavior 
of the defect system in irradiated natural zircon during: (a) exposure to ionizing radiation, 
(b) fading (i.e. long-term storage following exposure to ionizing radiation in darkness at 
room temperature), and (c) annealing at moderate and high temperatures. Our EPR results 
definitely support the description of the defect system in the framework of the simulation 
model (see chapter 7). On the basis of our observations we conclude that  
1. Saturation of defect formation in zircon as a function of the irradiation dose takes place 

at very high doses (>105 Gy) compared with for example quartz, where the TL 
intensity saturates for doses well below 103 Gy. This finding underscores the utility of 
zircon as a Quaternary dating medium. 

2. Rare-earth impurities in zircon play a role as hole-traps with depths, which depend on 
the rare-earth ion. In principle all rare-earth ions are present (see chapter 5) and 
therefore play a role in the hole-trapping and de-trapping processes and in electron-
hole recombination in zircon. 

3. In this thesis we have investigated only the behavior of the rare-earth TL activator ions 
Dy3+ and Tb3+. Trivalent Dy ions act as shallow hole-traps, showing rapid fading and 
TL emission at low temperatures. Trivalent Tb ions are deep hole-traps showing 
unimportant fading and prominent TL at high temperatures. 

4. In addition to the hole-traps associated with rare-earth ions there are at least two more 
hole-traps giving rise to trapped holes of the type −n

mSiO , one of which being very 

shallow (the −3
2SiO  center), while the second one is significantly more stable (the 

−3
2SiO (II) center). 

5. An important counterpart of the hole-traps mentioned in 2 and 3 is the −4
4SiO  host 

molecular ion, which acts as an electron-trap. Electron-trapping leads to the formation 
of paramagnetic −5

4SiO centers with reasonably high stability.  

6. The isotropic nature of the −5
4SiO centers in zircon and the reasonably high stability of 

these defects are favorable properties for EPR dating. 
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7. KINETIC MODEL FOR ZIRCON 
 
 
7.1 Introduction 
 
In this chapter we present the kinetic defect-interaction model for the thermoluminescence 
dating medium zircon, which has been developed to simulate the processes and stages 
relevant to thermoluminescence dating10. In this model we consider the following 
processes: (i) the production of electrons and holes and filling of electron and hole traps 
during natural (low dose rate) and laboratory (high dose rate) irradiation, (ii) fading 
processes after laboratory irradiation, (iii) short-time annealing at a given temperature 
(referred to as preheat), and (iv) heating of the irradiated sample to simulate TL 
experiments after laboratory and natural irradiation. 
 
The input parameters of the model, such as the type and concentration of the TL centers and 
energy distributions of the hole and electron traps, were obtained from TL, fading and LA-
ICP-MS experiments of samples from various geological locations. The most important TL 
activators in zircon were found to be Tb3+ and Dy3+ ions, as described in chapter 5. The 
ratio between the concentrations of Tb3+ and Dy3+ ions is similar for zircon from a number 
of geographic locales (see chapter 5). According to our EPR investigations on natural 
zircon Dy3+ and Tb3+ ions trap radiation-induced holes (see chapter 6). Therefore, we call 
Tb4+ and Dy4+ ions hole-type recombination centers. In each recombination event of an 
electron with a hole trapped by a recombination center there is a certain probability that a 
photon is emitted (luminescence).  
 
In addition to the Tb3+ and Dy3+ centers, we have introduced in the model a third type of 
recombination center, which is called the background (Bgr) center. In the TL spectra, 
emission of light with a rather broad range of wavelengths (300 to 500 nm) is observed (see 
chapter 5) at low temperatures. We attribute the broad emission peak to some background 
luminescent centers (Bgr centers). The nature of these centers is unknown. For simplicity 
we include in the model only one type of Bgr luminescent centers (LC’ s) and assume that 
the Bgr centers are hole-type, luminescent recombination centers with a fixed trap depth. In 
principle, their behavior is similar to that of Tb and Dy ions. 
 
Further, in the model we take into account the fact that in real materials the energy levels 
associated with electron- and hole-traps are distributed over a wide energy interval. Various 
trapping and re-trapping processes, plus the effects of redistribution of charge carriers over 
the available traps as well as recombination reactions between electrons and holes are 
naturally included in the model. 

                                                 
10 The kinetic model has been developed in collaboration with Dr A.A. Turkin, Kharkov Institute of 
Physics and Technology, Ukraine. An extensive account of this work has been given in Turkin et al., 
2003 and 2005. 
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7.2 The kinetic model 
 
7.2.1 Assumptions of the model 
 
The TL model is based on the well-known properties of thermoluminescence in insulating 
materials (see e.g. Horowitz, 1984; Aitken, 1985; McKeever and Chen, 1997). The energy 
absorbed from ionizing radiation (from external or internal radioactive sources) creates free 
electrons and holes in the electronic system of the material, which participate in the 
following processes:  
 
- Trapping by luminescent centers (LC). Some impurity ions and defects may trap an 

electron or a hole. When a charge carrier of the opposite sign arrives at one of the filled 
traps, it recombines with the trapped charge, which may result in the emission of a 
photon (radiative recombination). The ability to emit photons (luminescence centers) 
depends on the type of the impurity ion or defect.  

- Trapping by non-radiative centers. Free charge carriers may form bound states not 
only with LC’ s, but also with defects or various ions or radicals, the nature of which is 
frequently unknown. When a charge carrier of opposite sign arrives at a filled trap, it 
recombines with the trapped charge, but the released energy is dissipated by e.g. 
phonons without any emission of photons (hence, these centers are called non-
radiative). 

- Direct mutual recombination. Free charge carriers of opposite signs may recombine 
directly without being trapped by LC’ s or non-radiative centers. 

- Recombination of defects with opposite charges with respect to those in the filled 
trapping centers (both radiative and non-radiative). 

- Thermally activated excitation of electrons or holes from filled traps. A trapped 
electron/hole forms a bound state with a trapping center. The binding energy of this 
state determines the lifetime or the disintegration probability of the bound state. The 
disintegration probability increases exponentially with increasing temperature, i.e. the 
lifetime decreases exponentially. 

- Redistribution of electron and holes over the available traps and LC’s after thermal 
excitation of these charge carriers into the conduction and valence bands. Charge 
carriers, which are produced due to thermally activated excitation from filled traps, 
may be re-trapped by all other empty traps (i.e. both LC’ s and non-radiative centers).  

 
The terminology and possible transitions used in the model are shown in figure 7.1. We 
assume that the traps are distributed randomly in the lattice without spatial correlation. 
They interact only with free electrons or free holes. In each recombination event of an 
electron and a hole trapped at a LC a photon is emitted with a finite probability. We assume 
that trapped electrons and hole traps do not interact and recombine directly; i.e. there is no 
direct energy exchange between them.  
 



Kinetic model for Zircon 109 

   Conduction band 

Valence band 

Ni 

 Eei 

Tb   

Shallow   

Deep   
Mk 

Epk   

Luminescent  
Centers   

Deep   
Non - radiative e - traps   

Shallow   

Irradiation   

Non -  radiative  
hole traps   

hvT 

hvD 

Dy   Bgr   

hvB 

 
 
Figure 7.1. Band diagram representation of the electronic system of mineral zircon. All 
allowed electronic transitions within the system are indicated by arrows. The Dy, Tb and 
background centers (Bgr) are the only centers that contribute to the TL signal. Ni is the 
concentration of electron traps with energy Eei, Mk is the concentration of hole traps with 
energy Epk. (Turkin et al., 2003)  
 
The Tb3+ centers are assumed to be deep traps for holes, whereas the Dy3+ centers are 
shallow hole-traps (see chapter 6). The Bgr centers are also assumed to be shallow traps for 
holes, because the TL intensity associated with these centers disappears at approximately 
the same temperature as the TL signal from Dy3+ ions. The reason for the very high stability 
of the Tb4+ recombination centers is that this ion has a favorable electronic structure 
consisting of a half-filled 4f electron shell. This implies that a hole is bound more strongly 
to a Tb3+ ion than to Dy3+; in other words Tb3+ ions are expected to act as deep traps for 
holes, while Dy3+ ions are shallow traps for holes. This is consistent with our experimental 
observations, made with EPR and TL, and the observed fading behavior (see chapters 5 and 
6). 
 
The non-radiative centers, Ni and Mk (see figure 7.1), form two 'reservoirs', which 
accumulate electrons and holes during irradiation (the excitation stage of the TL process). 
At temperatures of several hundred ºC, luminescence occurs as a result of radiative 
recombination of holes trapped at luminescence centers and electrons, released thermally 
from occupied non-radiative centers. Non-radiative electron traps are assumed to have a 
rather wide and continuous distribution of binding energies (trap depths); this is in 
agreement with the observed broad glow curve. As will be shown, shallow non-radiative 
electron and hole trapping centers play a significant role in the fading behavior of the TL 
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signal observed for samples, which have been exposed to laboratory irradiation at a high 
dose rate. 
 
7.2.2 Rate equations 
 
The rate equations describing the charge transfer reactions shown schematically in figure 
7.1 are similar to the rate equations of bi-molecular chemical reactions. The concentrations 
of the free electrons, exited into the conduction band (nc), the free holes in the valence band 
(mv), the occupation of non-radiative electron trapping centers (ni), and the occupied 
radiative and non-radiative hole trapping centers (mk) all change with time according to the 
following equations: 
 
The rate of change of the concentration of free electrons in the conduction band is 

vce
k

kcm
i

iicN
i

i
e
i

c mnmnAnNnAnTK
dt

dn αν −−−−+= ��� )()( . (7.1) 

The rate of change of the concentration of free holes in the valence band is 

vce
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p
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dm αν −−−−+= ��� )()( .  (7.2) 

The rates of change of the concentrations of the occupied non-radiative electron trapping 
centers (Ni) are 

i
e
iivniicN

i nTnmBnNnA
dt
dn

)()( ν−−−= ,   i = 1,…ie.  (7.3) 

The rates of change of the concentrations of the occupied radiative (Dy, Tb, and Bgr) and 
non-radiative hole trapping centers (Mk) are described by an equation similar to (7.3), 

k
p
kkcmkkvM

k mTmnAmMmB
dt

dm
)()( ν−−−= ,   k = 1,…kp.  (7.4) 

We do not separately present the equations for the luminescent centers, because the 
structure of the equations for all hole-traps is the same. Here, the subscript k refers to Tb (k 
= 1), Dy (k = 2), Bgr (k = 3) and non-radiative centers (k = 4,.., kp). 
 
During a TL experiment the sample temperature T is increased at a constant rate 

β=
dt
dT

. (7.5) 

The nomenclature used here is similar to what is commonly used in the literature: n and m 
refer to electrons and holes, respectively. All concentrations are defined per lattice site and 
are dimensionless. In equations (7.1-7.5) Ni is the total concentration of electron-traps with 
energy Eei, i = 1,…ie; Mk is the total concentration of hole-traps with energy Epk, k = 
1,…kp, (k = 1, 2, 3 are reserved for Dy-, Tb- and Bgr luminescent centers, respectively); K 
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is the production rate of electron-hole pairs per lattice site (ionization rate); 
( )TkEes Bie

e
i −= expν  is the electron de-trapping rate, se is the frequency factor (or 

attempt-to-escape factor) for trapped electrons, kB is the Boltzmann constant; 
( )TkEps Bkp

p
k −= expν  is the hole de-trapping rate, sp is the frequency factor (or attempt-

to-escape factor) for trapped holes; nc is the concentration of free electrons; ni is the 
concentration of traps occupied by electrons; mv is the concentration of free holes; mk is the 

concentration of traps occupied by holes; β (°C/s) is the  heating rate during the TL 
experiment. 
 
The remaining parameters in the equations given above are the rate coefficients for trapping 
and recombination. For simplicity, similar to other models in the literature (developed, for 
example, for quartz (Bailey, 2001)), the rate coefficients are assumed to be temperature 
independent. The rate coefficients (transition probabilities) have the following meaning: α 
is the rate coefficient associated with the direct recombination of free electron and holes; AN 
is the coefficient associated with electron trapping by empty electron-traps; Am is the rate 
coefficient of electron recombination with the trapped hole; BM is the rate coefficient for 
hole trapping by empty p-traps; Bn is the rate coefficient for recombination of holes with 
trapped electrons in non-radiative defects. As an approximation it is assumed that the 
transition probabilities A and B do not depend on trap numbers i and k. 
 
The physical meaning of the various terms in the set of equations can be explained 
conveniently by using (7.1) of this set for free electrons as an example  
 

�
i

i
e
i nT )(ν  thermally activated de-trapping of electrons from all electron traps 

� −
i

iicN nNnA )(  capture of free electrons from the conduction band by all available 
unoccupied electron traps 

�
k

kcm mnA  annihilation of free electrons from the conduction band by 
recombination with trapped holes 

vce mnα  mutual recombination of free conduction electrons with free holes in 
the valence band 

 
As is known from the literature, because of the high mobility of the free charge carriers in 
semiconductors (see, e.g., see e.g. Horowitz, 1984; Aitken, 1985; McKeever and Chen, 
1997), (i) the concentrations of the free charge carriers are much smaller than the 
concentrations of trapped charge carriers, i.e. �<<

i
ic nn and �<<

k
kv mm  and (ii) 

contribution of direct recombination of free electrons and holes (band-to-band 
recombination; the last terms in (7.1) and (7.2)) is small compared with capturing of free 
charge carriers by empty traps and recombination of free charge carriers at the occupied 
traps. Our calculations agree with these facts.  
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Inspection of the kinetic equations shows that the time scales of the concentration span 24 
orders of magnitude. The concentrations of the free charge carriers change very rapidly 
with time and they adjust quickly to the current temperature and concentrations of traps. 
When the system is far from saturation ( ii nN >>  and kk mM >> ) the time scales of the 
variations of nc and m� are estimated as (for numerical values of parameters see table 7.1) 
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The time scales of the variations of the concentrations of the occupied traps, e
iν1  and 

p
kν1 , depend on the trap energy and the temperature; consequently, they cover a wide 

range, from fractions of a second to several hundred years. Therefore the TL is controlled 
by the energy distribution of the de-trapping rates pe,ν  or, equivalently, by the energy 
distribution of trap depths. In other words, thermally activated de-trapping acts as a 
bottleneck in the TL process.  
 
An important property of kinetic equations (7.1)-(7.4) is that the total charge of the system 
is conserved, i.e. 0=−�−+� vm

k
kmcn

i
in . This property is used in numerical solution of 

(7.1)-(7.4) to check the accuracy of the numerical algorithm. 
 
7.2.3 Luminescence intensity 
 
The intensity of the luminescence light is defined here as the rate at which photons appear 
per lattice site. When we ignore the internal optical absorption, the intensity is equal to the 
product of the recombination rate associated with the electrons and the holes trapped by 
LC’ s and the probability for this recombination to yield a luminescence photon; a fraction 
of the energy released in one recombination event is transformed into a photon. In the 
following we assume that the probability for radiative recombination at LC’ s equals unity. 
Thus 
 

BgrcmBgrDycmDyTbcmTb mnAtImnAtImnAtI === )(       , )(       , )(  

 
In case of a TL experiment with a constant heating rate the intensity of the luminescence 
depends on the time (and on the temperature, equation 7.5). The intensity of the 
luminescence can be analyzed in terms of the luminescence spectra of the active species, if 
the emission spectra )(λiΦ  (i = Tb, Dy, Bgr) are known 

)()()(),( λλλλ BgrBgrDyDyTbTb IIItI Φ+Φ+Φ= . (7.6) 
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In the following we will use the emission spectra normalized to unity 1)(
0

=Φ	
∞

λλ di . Then 

λλ di )(Φ  represents the probability for the LC of type i to emit a photon with wavelength 
lying in the interval λλλ d+, .  
 
The integral intensity (total number of photons) emitted during the TL experiment as a 
function of irradiation dose φ is given by  

		 == TLTL tt
total dttGdtdtII

00
),(),,()( φλφλφ .  (7.7) 

Where tTL is the duration of the TL measurement, I(t, λ, φ) is the spectral distribution of the 
TL intensity (7.6) for a given dose φ, which is plotted as a 3D-TL spectrum. The glow 
curve is defined by the function  

	= λφλφ dtItG ),,(),( .  (7.8) 

Because during TL measurements the time and the temperature are related by T=T0+βt, 
G(t, φ) is usually plotted as a function of the temperature (glow curve), the acquired dose is 
the parameter, which determines the numbers of defects created in zircon. Therefore the 
acquired dose is the parameter, which controls the integrated light output associated with 
the full glow curve. 
 
In the next section we will specify the parameters used for our numerical simulations of the 
processes taking place during (i) radiation-induced excitation, (ii) fading, (iii) annealing at 
fixed temperatures (preheat) and (iv) the TL experiment.  
 
 
7.3 Model parameters 
 
The parameters presented in table 7.1 can be grouped into two categories: i. the fixed 
parameters that were not changed and ii. the fitting parameters, such as, the concentrations 
and trap depths of the luminescent recombination (TL) centers and the density of state 
(DOS) functions of the depths of the hole- and electron-traps. The fixed parameters include 
some standard parameters for semiconductors, the excitation rates and the parameters of 
laboratory treatments.  
 
The rate of production of free electrons and holes is defined per lattice site. Natural 
irradiation (ionization rate KNat, see table 7.1) depends on the concentrations of radioactive 
impurities and their decay rates. Laboratory irradiation (KLab, table 7.1) corresponds to 
irradiation from a 137Cs γ-source, with a calibrated dose rate of 2.57 Gy/min and a total dose 
of 10 kGy. 
 
 



114 Chapter 7 

7.3.1 Parameters of electron- and hole-traps 
 
The concentrations of the TL centers and the density of states of the depths of the hole and 
electron traps were deduced from a comparison of the experimental data and the 
corresponding simulation results. The model parameters were varied systematically to 
obtain an optimal fit to the available experimental data.  
 
For parameter selection the TL spectra and fading results of a sample from the Trail Ridge 
deposit (Florida, USA) were used (see chapter 5). Since both Dy3+ and Tb3+ are hole-traps, 
which are expected to have similar TL properties, the difference in their luminescent 
behavior is assumed to come from:  

i. The atomic concentration of Tb, which is appreciably smaller than the corresponding 
value for Dy. This assumption is confirmed by measurements of the rare-earth 
element concentrations using Laser Ablation – Inductively Coupled Plasma – Mass 
Spectroscopy (chapter 5).  

ii. The binding energy of holes with Dy3+ is smaller than for Tb3+, i.e. Dy3+ ions act as 
shallow traps for holes (table 7.1). The large trap depth of Tb3+ can be explained by 
the high stability of the very favorable 4f 7 electron configuration of Tb4+. The Tb4+ 
ion has a half-filled 4f shell. 

 
During TL measurements the Dy4+, Tb4+ and Bgr(n+1)+ centers recombine with electrons, 
which are released from non-radiative electron-traps and give rise to Dy3+, Bgrn+, and Tb3+ 
emissions. The Bgr component of the TL signal disappears more or less simultaneously 
with the TL signal associated with Dy3+. This implies that the trap depth of the Bgr centers 
is about the same as the trap depth associated with Dy ions.  
 
Another important experimental observation, which is also discussed in chapter 5, is that in 
the range T < 200ºC and during long-term storage in the dark at room temperature the Dy3+ 
signal fades and ultimately it disappears completely. This observation cannot be explained 
simply by the thermal excitation of holes from the active Dy4+ centers, because in that case 
after storage in the dark one would observe in this temperature range a strong peak 
associated with recombination of electrons with Tb3+ ions. To account for the 
disappearance of the low temperature TL signal during fading, we have to assume that after 
(high dose rate) laboratory irradiation many electrons have been trapped by shallow traps, 
which are released very easily during heating, giving rise to a high TL intensity at low 
temperatures (100-200ºC). Mathematically this implies that the distribution of the depths of 
the electron traps has a peak at about 1 eV below the bottom of the conduction band (figure 
7.2). 
 
During storage in the dark following (high dose rate) laboratory irradiation the electrons, 
which are released from shallow and unstable traps, are re-trapped at deeper traps or 
recombine with holes at a very low rate (i.e. the amount of ‘fuel’  for low-temperature TL 
decreases with time, which is recorded as fading of the low-temperature section of the TL 
glow curve). Since the fraction of occupied shallow traps is determined by the balance 
between the filling rate (ionizing irradiation) and the thermal excitation rate, one should 
expect a very low occupancy of the shallow traps during (low dose rate) natural irradiation; 
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hence, one does not expect low-temperature peaks in the TL glow curve. 
 

Table 7.1. Model parameters 

Electron trapping coefficient, αe  2x1017 (s-1) 

Hole trapping coefficient, αp  1x1017 (s-1) 

Rate coefficients for trapping and recombination 
AN =Am = �e 

BM =Bn = �p 

Electron attempt frequency for detrapping, se 1014 (s-1) 

Hole attempt frequency for detrapping, sp 2.5 x 1013 (s-1) 

Rate of production of free electrons and holes under natural 

conditions (0.8 Gy/a), KNat 
1.2 x 10-17 (s-1) 

Rate of production of free electrons and holes under γ-irradiation 

(137Cs γ-source, dose rate 2.57 Gy/min), Klab 

 

2 x 10-10 (s-1) 

Rate of production of free electrons and holes under e- irradiation 

(linear accelerator for electrons, dose rate 15 kGy/min), KAcc 

 

1.56x10-6 (s-1) 

Sample age, tNat  104  (a) 

Time of laboratory γ-irradiation, tlab  2.7 (days) 

Time of irradiation in linear accelerator for electrons, tAcc  15 (min) 

Temperature of the sample during irradiation and fading, T0 20 (ºC) 

Heating rate during the TL experiment, β  2.5 (ºC/s) 

Heating rate from room temperature to annealing temperature, βa  2.0 (ºC/s) 

Fitting parameters  

Concentration of Tb ions, M1 = MTb,  
40 (ppm) 

(1 ppm = 10-6) 

Binding energy of the trapped hole at a Tb4+ ion, ETb  1.9 (eV) 

Concentration of Dy ions, M2 = MDy  80 (ppm) 

Binding energy of the trapped hole at a Dy4+ ion, EDy  1.2 (eV) 

Concentration of background LC’ s, M3 = MBgr  90 (ppm) 

Binding energy of the trapped hole at a background LC, EBgr  1.2 (eV) 
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Because of the exponential temperature dependence of the de-trapping rates e
iν , traps with 

a given trap depth release electrons in a narrow temperature interval and give rise to a 
narrow TL glow curve. Experimentally, at high temperatures the emission from Tb3+ ions is 
almost continuous rather than peak-shaped. This indicates that during heating in the TL 
experiment the filled electron traps release electrons continuously, i.e. deeper traps come 
into play as the temperature increases. It implies that the energy distribution of the depths 
of the electron traps should be wide. The observed continuous emission from Tb3+ ions is, 
therefore, a superposition of a multitude of individual TL peaks, each of them being due to 
an electron trap with certain energy. The density of states or the distribution functions of 
trap energies of the electron and hole traps and the total numbers of these traps, which were 
used in the numerical simulation, are shown in figure 7.2. The peaks in the curves at about 
1 eV are responsible for the fading behavior, while the shape of the density of states at 
higher energies affect the shape of the Tb-emission for T > 200ºC. The density of states 
functions fe(Eei) and fp(Epk) are defined by (7.9).  
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Figure 7.2. Density of states functions (fe(Eei) and fp(Epk)) of non-radiative electron (Ni, i = 
1,…ie) and hole (Mk, k = 4,…kp) traps in zircon.  
 
We use continuous distributions of trap depths for the following reasons:  

(i) We believe that these distributions are more realistic for natural materials rather than 
single-valued trap depths associated with the localized states. It is likely that in 
defective or, especially, amorphous materials the structure and the electronic 
properties of the lattice surrounding the particular trapping center may exhibit 
random variation. The result is that the activation energies (trap depths) tend to be 
distributed rather than discrete. 
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(ii) Experiments suggest that superposition of TL peaks results from small energy 
differences iEe∆ between Eei ( iEe∆  << 1eV). Since it is not known how iEe∆  
depends on Eei, we use the continuous distribution (similar to formulation in 
McKeever and Chen, 1997). For numerical solution this distribution is again 
converted into discrete distribution, but with equidistant energy levels (see section 
7.4) 

(iii) In simulation it is easier to manipulate with parameters of the continuous 
distribution compared with a discrete set of trap concentrations with various energy 
depths.  

 
The shape of the density of states function was assumed to be the sum of two Gaussian 
distributions, which correspond to the populations of the shallow and the deep traps. The 
parameters of these distributions were adjusted to reproduce the glow curves and the fading 
behavior observed experimentally. It is not useful to consider traps with trap depths less 
than 0.75 eV, since the time period required for thermal excitation of the electrons/holes 
from these traps, 1/νe,p, is less than 0.3 s at room temperature. Our simulations have shown 
that the results are more sensitive to changes in the distribution function of the electron-
traps than to changes in the distribution function of the hole-traps. 
 
The emission spectra of the Tb, Dy and Bgr LC’ s were deduced using the experimental data 
on TL fading obtained for the sample from the Trail Ridge deposit (Florida, USA) and 
using the spectral distributions of the relevant TL components associated with the 
individual REE-ions given by Iacconi and Caruba (1980) (see chapter 5). Figures 7.3a and 
7.3b show the experimental emission spectra in the low- and high-temperature regime after 
1 day of fading.  
 
Emission spectra of Tb, Dy and Bgr centers were approximated by analytical expressions 
plotted in figures 7.3c and 7.3d. During simulation the spectral dependence of the 
luminescence )()()( λλλ BgrBgrDyDyTbTb III Φ+Φ+Φ  (see (7.6)) were calculated. By fitting 

the parameters of LC’ s, electron and hole traps, the intensities DyTb II ,  and BgrI  were 

adjusted to match experimental glow curves and 3D-TL emission spectra (see figures 7.12 
and 7.13) 
 
As indicated in figure 7.3a the low-temperature spectrum of natural zircon can be 
reproduced reasonably well by contributions from Dy and Bgr centers, although a very 
weak contribution from Tb centers seems to be present as well. The dotted line in figure 
7.3c is plotted to demonstrate also that superposition of the three spectra resembles the 
experimental spectrum in figure 7.3a. The high-temperature TL appears to consist 
exclusively of the Tb spectrum (see figure 7.3b). 
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Figure 7.3. TL spectra associated with Dy, Bgr and Tb luminescence centers. (a) and (b): 
experimental TL spectra averaged over the temperature intervals indicated in the figure, 
after one day fading. (c) and (d): simulated TL spectra used in our calculations. The dotted 
line in figure (c) shows the sum 	Bgr(λ)+	Dy(λ)+0.5	Tb(λ), implying that the low-
temperature TL spectra reveal a weak contribution from Tb. The simulated spectrum (d) 
and the high-temperature experimental spectrum (b) are associated with Tb. The 
experimental spectra (a) and (b) are normalized to arbitrary units. In figures (c) and (d) the 
TL spectra 	Bgr, 	Dy and 	Tb are normalized to unity (see section 7.2.3).  
 
 
7.4 Results of numerical simulations 
 
Various stages of TL are simulated by means of numerical solutions of the initial-value 
problem for the set of ordinary differential equations (7.1)–(7.4). Zero initial values of ni 

and mk are taken for the simulation of the excitation stage. The values at the end of the 
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excitation stage are used as the initial values for simulating subsequent treatments and 
measurements.  
 
The energy distributions of the hole and electron traps, presented in figure 7.2, were 
replaced by groups of discrete energy levels. The number of traps within a group depends 
on the spacing between levels EpEe ∆∆ ,  and the density of states of the depths of the 
electron and hole traps 

EeEefN iei ∆= )(  ,     EpEpfM kpk ∆= )( . (7.9) 

For the spacing between the levels we have used Ee∆  = 0.018 eV and Ep∆  = 0.020 eV. 
The small spacing between successive energy levels guarantees that the glow peaks due to 
electrons coming from different traps to recombine with a hole trapped at a LC will overlap 
and produce smooth glow curves, which is in agreement with our experimental 
observations. 
 
The algorithm used for numerical integration of the equations (7.1)-(7.4) is described in 
Hairer and Wanner, 1996. In addition to an intrinsic error control of the algorithm, the 
accuracy of calculations was monitored by checking the charge neutrality, which is defined 
as the relative excess charge of the system  
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For numerical calculations to be reliable, Qrel must consistent with zero. Throughout all 
simulations presented below, the value of Qrel was always several orders of magnitude 
smaller than the relative error tolerance of the algorithm, which was preset to 10-7.  
 
7.4.1 Natural irradiation at low dose rate 
 
In this section we present the results of simulations of natural room-temperature irradiation 
experiments of a sample 'characterized' by the material parameters given in table 7.1, which 
also defines the irradiation conditions used in this investigation. 
 
Figure 7.4 shows the kinetics of the charge accumulation in non-radiative traps and active 
Dy and Tb centers. From figure 7.4 it can be seen that the concentration of shallow traps 
(with trap depths less than 1.3 eV) reaches a quasi-stationary state after 10 years of natural 
irradiation. Only a very small fraction, less than 10-5, of all Dy3+ ions is occupied by holes 
(figure 7.4 lower panel). This fraction is determined by the balance of the filling rate, which 
depends on dose rate, and thermally activated de-trapping, which is sufficiently high 
because of the small trap depth (EDy = 1.2 eV).  
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Figure 7.4. Upper panel: Time dependence of the occupied fraction of the non-radiative 
electron traps (left) and hole traps (right) in the case of natural irradiation. Lower panel: 
Fraction of Tb and Dy ions, which have acquired a trapped hole (active LC). 
 
 
The population of Tb4+ centers does not show any sign of saturation, even after 104 years of 
natural irradiation. This is because Tb4+ has a very favorable half-filled 4f electron shell 
configuration, and therefore the holes trapped by Tb3+ ions are very stable. Since the trap 
depth for the Bgr LC is about the same as for Dy3+ ions (table 7.1), the behavior of the 
occupancy of the Bgr centers is about the same as for Dy4+ centers. 
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The model calculations show that during natural irradiation the concentrations of the free 
electrons (nc) and free holes (m�) are extremely small, less than 10-20 ppm, because these 
free charge carriers, generated by radiation, are trapped rapidly by the available electron 
and hole traps.  
 
7.4.1.1 Simulation of TL-experiments after natural irradiation (natural TL) 
 
In this section we simulate a TL experiment for a sample prepared as described in the 
previous section. The sample is heated at a constant heating rate β from 20ºC to 500ºC. It 
was found that at temperatures below 100ºC all processes in the trap system are very slow. 
Figure 7.5 shows the calculated dependence of the concentrations of the filled traps (left) 
and free charge carriers (right) on the temperature during TL measurements. From figure 
7.5 can be seen that for T>200ºC, as expected, the concentrations of the filled traps of both 
types decrease with increasing temperature, whereas the concentrations of free carriers 
increase. There is a small increase of the occupancy of the Tb luminescence centers at 
approximately 300ºC due to a redistribution of the holes between traps of various trap 
depths. 
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Figure 7.5 Calculated dependence of the concentrations of the filled traps (left) and free 
charge carriers (right) on the temperature during TL measurements. 
 
 
Figure 7.6 shows the simulated glow curves (the luminescence intensity of all LC in the 
chosen spectral range from 250 to 750 nm, see (7.8)) and the total TL signal emitted by all 
LC as a function of the age of the sample. With increasing dose the low-temperature tail 
shows broadening, which is due to luminescence associated with rather shallow traps. As 
discussed in chapter 2, the TL intensity in figure 7.6b shows a deviation from the linear 
dependence for low doses (supralinear behavior). This deviation is atributted to the 
competition between electron traps during exitation stage (McKeever and Chen, 1997). 
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As will be shown, after laboratory irradiation at high dose rate the redistribution of the 
electrons and holes over the available traps during fading and TL measurements is 
considerable, while after natural irradiation redistribution effects are unimportant, because 
the defect system is always in equilibrium as a result of the very low dose rate. 
 

Figure 7.6. Simulation of a TL experiment after natural irradiation. Glow curves of samples 
after various exposure times (left). Total intensity of the TL signal as a function of radiation 
dose (sample age)(right).  
 
 
7.4.2 Laboratory irradiation at high dose rate 
 
To compare simulated results for laboratory irradiation with those obtained for natural 
irradiation, the same material parameters were used to simulate the laboratory irradiation at 
room temperature. The dose rate of the laboratory irradiation using the calibrated 137Cs γ-
source is a factor of 107 higher than for natural irradiation (table 7.1). Therefore, as 
expected, the occupancy of shallow and deeper traps shifts towards higher occupancies of 
the shallow traps.  
 
The density of states for the occupied electron traps exhibits a peak about 1 eV below the 
bottom of the conduction band, which contributes during the simulated TL experiment to 
the luminescence between 100 and 200ºC, and is responsible for the fading behavior. This 
phenomenon is typical for laboratory-irradiated samples. The model calculations have 
shown that the accumulation of occupied traps is approximately linear with time, i.e. for the 
chosen set of parameters, during laboratory irradiation the system is far from saturation 
(figure 7.7).  
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Figure 7.7. Concentration of filled traps versus the laboratory irradiation time. 
 
 

 
 
Figure 7.8. Density of states of occupied non-radiative electron (left) and hole (right) traps, 
observed after fading (laboratory irradiation). The dotted line is the density of states of 
filled and empty traps.  Note the decrease of the fraction of the occupied shallow traps. 
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Figure 7.9. Redistribution of charge carriers over the available traps during fading. 
 
 
After the simulation of the laboratory irradiation the fading process is simulated at room 
temperature over a period of 1000 days. In these simulations a considerable redistribution 
of electrons and holes over the available traps is calculated (figure 7.8). This phenomenon 
can be understood as electrons and holes being released from shallow traps and captured by 
deeper ones. As a result the concentrations of the individual active LC’ s may change 
dramatically, especially after prolonged fading (figure 7.9). This means that the 
concentration of the Tb4+ centers increases at the expense of the hole centers corresponding 
with shallow traps. Accordingly, the relatively unstable Dy4+ centers decompose thermally. 
 
 
7.5 Comparison of model calculations with experimental data 
 
7.5.1 Simulation of TL-experiments after fading  
 
In this section the results of simulations of TL experiments after laboratory irradiation and 
fading are presented. During heating, a considerable redistribution of electrons and holes 
over the available traps takes place, resulting in drastic changes of the concentrations of the 
active LC’ s. According to figure 7.10 the concentration of the Tb4+ centers increases, 
because a fraction of the holes released by shallow non-radiative traps, Dy4+, and Bgr 
centers is trapped by available Tb3+-hole traps. The same is true for deep non-radiative hole 
traps.  
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Figure 7.10. Simulated dependence of the concentrations of filled hole traps (left) and filled 
electron traps (right) on the temperature during TL measurements after 1 day fading. 
 
 

Figure 7.11. Simulated thermal generation of free charge carriers in irradiated zircon (a); 
the contribution of various LC’s to the glow curve for laboratory irradiated sample after 1 
day fading. The intensities are normalized to maximum value of the total intensity (b). 
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In our simulations the thermal generation of free electrons and holes is calculated for a 
zircon system during heating at temperatures higher than 100ºC (figure 7.11a). From figure 
7.11 can be seen that the generation of free electrons and holes shows a peak between 100 
and 200°C. This leads to the appearance of a strong thermoluminescence peak between 100 
and 200°C (figure 7.11b), despite the decrease of the concentrations of Dy4+ centers and 
Bgr LC’ s.  
 
Free (mobile) holes recombine with electrons trapped by all traps (the 4-th term in (7.2) 
takes into account these reactions). Free holes also recombine with free electrons (the 5-th 
term in (7.2)). However the contribution of this reaction to the total balance is very small 
because, according to figure 7.11, the concentrations of free charge carriers are very low 
(they are captured immediately by all allowable traps). Ultimately, with increasing 
temperature, the concentrations of free electrons and holes tend to zero (not shown in figure 
7.11). 
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Figure 7.12. Comparison of simulated (a) and experimental (b) glow curves after fading 
(as indicated) following exposure to laboratory irradiation. 



Kinetic model for Zircon 127 

 
Figure 7.13. Simulated and experimental 3D-TL spectra for Trail Ridge samples after 1 
day, 2 weeks, and 1 year fading following laboratory irradiation. The data are normalized 
to the maximum intensities after 1 day fading. 
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Let us now compare the simulated results with real experimental data of TL fading of Trail 
Ridge deposit samples. Figure 7.12 shows the simulated and experimental glow curves of 
the laboratory-irradiated sample obtained after 1 day, 2, 4, and 16 weeks and 1 year fading. 
Figure 7.13 shows the experimental and simulated 3D thermoluminescence spectra of the 
laboratory-irradiated sample obtained after 1 day, 2 weeks, and 1 year fading. The 
simulated 3D-TL spectra have been constructed using the emission probability 
functions iΦ (λ) plotted in figure 7.3. It is clear from figures 7.12 and 7.13 that the 
simulated behavior of the TL spectra of zircon agrees quite well with the experimental data, 
especially in view of the uncertainty of the material parameters. This leads us to the 
following conclusion. The observed complex fading effects can be understood quite well in 
the framework of the physical model presented in this chapter; i.e. there is nothing really 
anomalous about the fading properties of the natural samples observed in our experiments 
after laboratory irradiation. 
 
7.5.2 Simulation of TL experiments after preheat treatments  
 
During long-term natural irradiation shallow and unstable traps are filled and emptied 
continuously, but deeper and more stable traps reach their equilibrium concentration after a 
long time. As a result, deep traps are preferentially occupied and therefore in samples, 
irradiated under natural conditions no low-temperature TL peak has been observed. In 
dating experiments the low-temperature Dy3+ peak, which is typical for laboratory 
irradiation, should be removed. Therefore, long-term natural irradiation is simulated by a 
short, high dose-rate laboratory irradiation, followed by a short preheat at moderate 
temperatures to empty the shallow traps. This short preheat allows the distribution of the 
electrons and holes over the available traps to reach equilibrium between filling and 
emptying. 
 
For the simulation we have “ prepared”  two types of samples:  
(1) an annealed sample (i.e. no residual TL signal), which was 'irradiated' at a low, natural 

dose rate (with production rate Knat=1.2x10-17 s-1) for 5x104 years. 
(2) an annealed sample, which was 'irradiated' at a low, natural dose rate for 104 years 

followed by ‘irradiation’  in the laboratory at a high dose rate (with production rate 
Klab= 2x10-10 s-1) for 19.2 hours. The total dose is equivalent to an exposure to 
natural radiation for 4x104 years. 

 
The samples of the second type (combined ‘natural’  and ‘laboratory’  irradiation) were 
subjected either to fading or to a short annealing of 30 min (preheat) at a temperature in the 
range between 100 and 200°C. Subsequently, the TL signal is simulated immediately after 
“ irradiation”  and after “ fading”  or “ preheat” . Figure 7.14 shows the behavior of the total TL 
intensity as a function of the dose for a number of preheat temperatures. From a comparison 
of the two panels of figure 7.14 we conclude that the simulated intensity of the sample 
exposed to natural radiation for 50 ka, for as well all LC’ s and Tb only, is approximately 
the same as for the sample of the second type after a combined treatment consisting of 
irradiation followed by a 30 min preheat treatment at 100ºC.  
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Figure 7.14. Dose dependence of the total TL intensity of all LC’s (left) and Tb (right) after 
laboratory irradiation and different preheat temperatures. The curve marked with circles 
corresponds to the samples of the first type (natural irradiation). The curve marked with 
diamonds corresponds to the samples of the second type (combined irradiation) without 
any preheat .The remaining curves correspond to the second sample after various types of 
preheat treatment. The total TL signals are normalized to the signal from the sample 
irradiated under natural conditions for 104 years. 
 
 
Figure 7.15 shows the TL intensity as a function of the dose after preheating and fading. 
The results in figure 7.15 indicate that 1 year fading is approximately equivalent to the 
short term (30 min) preheat at 100ºC. Nevertheless this does not mean that the defect states 
of the two samples are completely identical. Figure 7.16 shows the glow curves for the 1st 
and 2nd samples calculated for the maximum irradiation dose KNatx104years + Klabx19.2 
hours = KNatx5·104years (the data point associated with the highest dose in figure 7.15). The 
treatments after laboratory irradiation result in the removal of the Dy peak located between 
100 and 200ºC. However the detailed shapes of the resulting glow curves differ from those 
found for the naturally irradiated sample, while the total intensities (areas under the 
corresponding curves) are the same within an accuracy of 0.2%. The reason for this is 
obvious. In the samples of the two types the occupancies of the charge carriers in the 
available traps differ, despite the very similar overall behavior. From the simulations we 
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know that in the samples of the 2nd type the electron and hole traps are occupied in the 
energy interval from 1 to 1.5 eV. The electrons from these traps contribute to TL in the 
temperature range from 150 to 250ºC. At the same time the fraction of occupied deep traps 
is smaller than in the first sample; hence, the maximum intensity is smaller than for the 
naturally irradiated sample (figure 7.16). 
 
 

 
Figure 7.15. Dose dependence of total emitted TL intensity of all LC’s (left) and Tb (right) 
after several treatments. The curve marked with circles corresponds to the samples of the 
first type subjected to low dose rate natural irradiation for 50 ka. The curve marked with 
diamonds corresponds to the sample of the second type (combined natural and laboratory 
irradiation) without any post-irradiation treatment. The two remaining curves correspond 
to the samples of the second type after a preheat at 100ºC for 30 min and 1 year fading, 
respectively. In the figure on the right only the calculated total intensity of the Tb signal is 
presented. The total TL signals are normalized to the signal from the sample irradiated 
under natural conditions for 104 years. 
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Figure 7.16. Simulated glow curves for samples irradiated to the maximum dose. The thick 
solid curve corresponds to the sample of the first type. The thin solid curve corresponds to 
the sample of the second type subjected to a combined irradiation without any post-
irradiation treatment. The dashed curve: combined irradiation, and subsequent preheat at 
100ºC for 30 min. The dash-dotted curve: combined irradiation, and subsequent fading for 
1 year. 
 
It should be noted that the model parameters used here to explain the annealing results are 
the same as those used to describe TL fading. This is surprising and, at the same time, 
encouraging. It demonstrates the potential advantages of these simulation studies, because 
with the model we are able to reproduce a wide variety of aspects of the behavior of 
complex defect systems such as natural zircon. From a practical point of view this implies 
that the model will play an important role in the dating methodology for the TL medium 
zircon, because it provides us with prescriptions for the conditions during laboratory 
irradiation and subsequent preheat treatments, which are required for the determination of 
the equivalent dose of geological samples. 
 
 
7.6 Kinetics of traps in zircon after electron irradiation 
 
The kinetic model described in this chapter has been tested for a wide range of dose rates, 
i.e. production rates of the electrons and holes, and during annealing at several fixed 
temperatures. For the development of a reliable dating method we need information about 
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the saturation behavior of the defect concentration as a function of the irradiation dose. In 
chapter 6 the EPR results for zircon, which had been irradiated to various doses with an 
electron beam, have been presented and compared with the simulation results. It is assumed 
in the calculations that the dose rate of the electron beam, which is 15 kGy/min, 
corresponds to a production rate of electron-hole pairs equal to 10-6 s-1 per zircon lattice 
site. In figure 6.5 the numerically calculated dose dependence of the Tb4+ concentration in 
zircon has been shown (solid line) together with the intensity of the Tb4+ EPR lines. From 
figure 6.5 it is clear that the saturation of the Tb4+ concentration starts at a dose of about 
100-150 kGy. The number of filled Tb traps for the highest dose investigated in the 
framework of this research effort was found to be about 55 to 60% of the total number of 
available Tb impurities.  
 
The model, described above has been used to explain the experimentally observed 
annealing behavior, discussed in chapter 6, for −3

2SiO , and (II)SiO3
2
−  centers and the 

Dy4+center. Simulation of the annealing experiment included the following steps: 
1. Irradiation of the sample with a production rate of KAcc (see table 1) for 15 min;  
2. Fading during 3 hours at room temperature to imitate the real situation when some time 

interval exists between the irradiation of the sample and the measurements; 
3. Heating of the sample from room temperature to the annealing temperature at a rate βa; 
4. Annealing during 30 min at a fixed temperature. 
 
The model parameters used here to explain the annealing results are the same as those used 
for figure 6.5 to simulate the EPR observations for the Tb4+ centers after electron irradiation 
at a very high dose rate. The curves in figures 6.11-6.13 represent the best fits of the model 
calculations to the experimental data.  
 
It should be emphasized that the annealing curves represent the behavior of the trap system 
of zircon as a whole, rather than de-trapping of holes from particular traps. One can hardly 
expect to observe a simple exponential annealing behavior for a system containing a broad 
distribution of trap depths. In fact the annealing curves represent the full history of the 
sample including excitation stage, fading and transient processes between different types of 
treatment.  
 
 
7.7 Conclusions 
 
� With the kinetic model we are able to describe the processes related to 

thermoluminescence of zircon, including the excitation stage due to ionizing radiation, 
fading, annealing and during TL measurements.  

� We have selected and adjusted the values of a set of material parameters to reproduce 
the experimental glow curves and the 3D-TL emission spectra after laboratory 
irradiation followed by fading up to two years.  

� Our results show that the “ anomalous” -fading behavior of irradiated samples can easily 
be explained with this model 



Kinetic model for Zircon 133 

� The same parameters have been used to simulate preheat treatments after laboratory 
irradiation. The same set has also been used to describe successfully the saturation and 
annealing behavior of the filled trap concentrations investigated by EPR.  

� The model requires high concentrations of shallow electron and hole traps to explain 
the intense low-temperature TL peaks due to Dy3+ after laboratory irradiation. An 
important assumption in the model is that Dy3+ ions act as shallow traps for holes, 
whereas Tb3+ ions are deep hole traps. These assumptions are supported by our 
experimental results. 

� A significant redistribution of electrons and holes is observed in the trap system during 
storage in the dark after laboratory irradiation, as well as during annealing and during 
TL.  

� Because the model proved to realistically reproduce a wide range of aspects of the 
behavior of a complex defect system such as natural zircon, we propose that the model 
can be used to design the optimum TL dating protocol for this mineral. 
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8. TL DATING OF THE ZWANENWATERDUINEN 
SAMPLES 

 
 
8.1 Introduction 
 
As stated in the introduction of this thesis, our goal is to develop a reliable TL dating 
method for zircon. In this chapter we will demonstrate that we have created the conditions, 
which are required for the first real, reliable and well-controlled luminescence dating 
experiment with mineral zircon grains extracted from coastal sediment. To reach this goal 
we have developed special mineral separation and zircon grain selection procedures, and 
we have selected from the luminescence signal the most stable spectral component. In 
addition, we have designed (with the help of the simulation model outlined in chapter 7) 
methods to deal with the problems associated with the fundamental difference between low 
dose rate (natural) and high dose rate (laboratory) irradiation. We will show that the result 
of our dating experiment on age-controlled coastal dune sand is in excellent agreement with 
historical records. 
 
 
8.2 The Zwanenwaterduinen samples 
 
In this thesis we have used age-controlled coastal sand samples from the 
Zwanenwaterduinen region of the Dutch barrier island Ameland (figure 8.1). The dunes in 
this region were formed after efforts in the beginning of the 19th century to keep Ameland 
together were successful. From historical records we know that since the 17th century 
Ameland was nearly split into parts several times by storm erosion (Allan, 1857). In 1675 
due to a heavy storm Ameland lost a considerable part of the west side of the island (near 
Hollum). In 1686 a vessel was pushed by a heavy storm across the island from the North 
Sea into the Wadden Sea close by Zwanenwaterduinen. And also in the 18th century 
Ameland struggled against extremely high tidal surges several times. After a heavy storm in 
1825, which led to a critical situation, measures were taken including the construction of a 
dam, built in 1828, which resulted in high rates of sedimentation (Westhoff and Oosten, 
1991). This implies that at the time of our dating experiment in 2002 the sample had been 
covered for about 175 years.  
 
The beach and a part of the adjacent dune formations have been the subject of extensive 
radiometric mapping in a previous study (de Meijer et al., 1987). High count-rates have 
been observed a few hundred meters inland in the dunes near beach pole 10 (P10). The site 
where the highest radioactive count-rate in the Netherlands due to natural radiation is 
observed is a location in the Zwanenwaterduinen, implying that these sediments are 
relatively rich in minerals containing uranium and thorium, such as zircon. 
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The samples from the Zwanenwaterduinen area were taken with a special hand-operated 
corer to take undistorted 1-liter samples. With this device samples were taken from depths 
160 to 180 cm and 180 to 210 cm. Each of the samples was transferred immediately to a 
new and clean, light-tight paint-tin, which was closed and sealed as soon as possible.  
 
In the laboratory, all preparations have been carried out in darkness or under subdued red 
light to prevent optical resetting of the “ dating clock” . To ensure that there is no decrease in 
TL signal the samples were dried at about 45ºC in a light-tight oven. By preparing the 
samples in the dark and drying them at 45°C, there was no loss of TL signal, which would 
lead to inaccurate dating results. 
 
 
8.3 Separation/selection procedures 
 
The high-quality, transparent and colorless zircons needed for our dating experiments were 
separated from the sediment following the separation and selection procedures described in 
chapter 4. The total mass of the sediment sample used for these measurements was about 
2.5 kg. 
 
As mentioned in chapter 4, typically more than 70% of the sediment consists of light 
minerals like quartz (Schuiling et al., 1985), with grain sizes appreciably larger than for 
zircon. From section 4.2.1, we also know that quartz, which forms the overwhelming part 
of the light fraction, is removed effectively by sieving. By means of a sieving set-up 
containing 6 sieves, with grid sizes 500 �m, 200 �m, 150 �m, 125 �m, 100 �m, 75 �m, the 
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Figure 8.1. The barrier island of 
Ameland in the northern part of the 
Netherlands, showing the location of 
the 175-year old Zwanenwaterduinen, 
from where zircon sand samples were 
obtained for dating. 
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sediment was separated into grain size fractions. Grains with sizes between 75 and 100 �m 
were selected for further experiments, because of their high percentage of zircon grains. An 
analysis with SEM/Mapping was employed to determine the composition of the sample and 
more specifically the percentage of zircon in this fraction of the sediment sample. Figure 
8.2 shows a typical SEM/Mapping result of the fraction with grain sizes between 75-100 
�m. The black grains represent zircon and the gray ones are other minerals like the light 
minerals quartz and feldspars and the heavy mineral rutile. The mass of the grain size 
fraction 75-100 �m after sieving is ~ 35 g. Figure 8.2 indicates that ~ 10% of the grains in 
this fraction are zircon.  
 
 

 
Although by sieving the quartz content is reduced, there is still a considerable amount of 
quartz and other light minerals present in the sieved sample. Further separation of zircon 
from the samples can be achieved by taking advantage of the fact that zircon is a heavy 
mineral whereas the dominant minerals in coastal sediment are light minerals like quartz. 
By heavy-liquid density separation (using bromoform � = 2.9 g/cm3), the light-mineral 
fraction is removed almost completely, leaving a heavy mineral fraction of ~ 23 g. This 
means that more than 30% of the sieved fraction is removed by density separation. After 
heavy-liquid separation, the sample is analyzed to determine the percentage of the zircon in 
the heavy-mineral fraction. The percentage of zircon in the sample has increased to about 
20%.  
 
In the heavy-mineral fraction still a variety of minerals is present (rutile, ilmenite 
magnetite, garnets and zircon). Zircon is a non-magnetic mineral and it can therefore be 
separated effectively from the heavy fraction by means of a magnetic separator. With this 
method, we are able to distinguish between magnetic, slightly magnetic and non-magnetic 
components. The first step in magnetic separation is the removal of the strongly magnetic 
grains (e.g. magnetite) with a hand magnet. The remaining magnetic components in the 
heavy-mineral fraction are removed with a Carpco induced-roll magnetic separator. With 
increasing magnetic field strength not only strongly magnetic grains, but also paramagnetic 
ones (such as ilmenite and garnet) are removed. We have found that this method is also 
effective in removing rutile from the sample.  
 

Figure 8.2. SEM/Mapping results of 
the Zwanenwaterduinen sample, with 
grain sizes between 75-100 �m. The 
dark ‘grains’ represent the zircon 
grains and the gray ‘grains’ represent 
minerals, such as quartz, feldspar and 
some heavy minerals 
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After 10 iterations of magnetic separation with the magnetic separator the result is an 
almost pure zircon concentrate (mass of the zircon concentrate m ~ 5.2 g) containing only a 
few scattered quartz and rutile grains. Figure 8.3 shows the SEM/Mapping image of the 
non-magnetic fraction. The dark colored grains in the figure represent the zircon grains and 
the light colored ones represent impurity grains. From the figure it is clear that more than 
90% of grains in the non-magnetic mineral fraction are zircon. 
 
The final step in the separation process is aimed at the removal of the remaining impurities 
and (heavily) damaged zircon grains. By adding electrostatic separation we have removed 
rutile, which is conducting, and the (slightly) conducting zircon grains. From experiments 
under daylight conditions (as described in chapter 4), we know that in very favorable cases 
zircon grains are completely transparent, but often they are slightly yellow, dark brown, 
pink or even black. These differences in appearance of zircon are well known and probably 
this is due to long-term exposure to alpha particles emitted by radioactive U and Th nuclei. 
Colored grains or grains showing significant light scattering due to extended defects, such 
as inclusions or voids, are not suited for dating purposes. The separation/selection 
procedures are aimed at extracting the most colorless and transparent grains.  
 
When the surface of the grains is not completely clean, it might reduce the efficiency of the 
separation process and ultimately the result of the TL measurement might be affected. To 
improve the overall optical quality of the final product and to avoid errors due to 
conduction associated with contaminations at the surface, the sample was cleaned with 
concentrated HNO3 acid to remove impurities from the surface of the grains. 
 
Pure zircon is a perfect insulator. Due to long-term exposure to �-particles from U and Th 
nuclei, many of the physical properties of insulators change, including the conductivity. By 
means of electrostatic separation method we are able to distinguish between highly 
insulating and (slightly) conducting grains and it is very useful in selecting the optically 
most perfect grains from the zircon fraction. To improve the quality of the separation of the 
insulating zircon grains from the conducting components, the sample is heated to about 60–
70ºC prior to and during the separation process. At elevated temperatures the conductivity 
of poor conductors, like rutile and heavily damaged zircon, increases and as a result these 

Figure 8.3. SEM/Mapping result of the 
non-magnetic mineral fraction. The 
dark grains represent the zircon grains; 
the remaining grains are impurity 
grains. 
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poor conductors are also removed by electrostatic separation. In addition, at elevated 
temperature evaporation of water is stimulated and this prevents charge leakage, which 
leads to a more efficient separation process. 
 
After many iterative steps with the electrostatic separator we were also able to remove the 
slightly conducting, colored and heavily damaged zircon grains from the sample. After 10 
iterations of electrostatic separation there is no further improvement and the high-quality 
final product, consisting of predominantly highly transparent and colorless grains with mass 
~ 0.5 g, represents about 10% of the initial pure zircon fraction after magnetic separation. 
Figure 8.4 shows the SEM/Mapping result of the non-conducting fraction. The ultimate 
result is a zircon fraction with a purity of  > 95%. 
 

 
 
The first test dating experiments were performed with a part of the slightly conducting (i.e. 
not the top-quality) zircon fraction (see chapter 4). It consists for more than 90% of 
reasonably clear, transparent and slightly colored zircon grains and therefore this fraction is 
useful for test experiments. This zircon fraction was not ideal for real dating. Three portions 
of the sample were exposed to three extra �-doses Di from a calibrated 137Cs-source at the 
Radiobiology Laboratory of the University of Groningen. The 137Cs source was calibrated 
in June 2001 by irradiating tissue at a dose rate of 2.33 Gy/minute. The zircon samples 
were irradiated in November 2001, and therefore a 5 months decay correction in the dose 
rate should be applied. 137Cs has a half-life of 30 years and the dose rate in tissue after 
correction for 5 months is 2.30 Gy/min. The conversion factor for the calculation from the 
dose rate from a 137Cs source in tissue to the dose rate in zircon is 0.89 (Gann, 2000 and 
references therein); as a result the dose rate in zircon is 2.05 Gy/min. 
 
The samples, which received an extra �-dose were subjected to a preheat, to empty the 
shallow traps. Details of the preheat treatments were obtained with the kinetic model 
described in chapter 7. Using this model we compare the TL signal after natural radiation 
with the one obtained after a combined natural and laboratory irradiation. In both cases the 
sample received the same total dose. Figure 7.14 shows that the TL signal after natural + 

Figure 8.4. SEM/Mapping image 
of the ultimate zircon fraction. The 
black ‘grains’ represent zircon 
grains; the gray ‘grains’ (marked 
with an x) represent the impurity 
grains. 
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laboratory radiation with a preheat at 100ºC for 30 minutes, corresponds with the TL signal 
after natural radiation.  
 
The first set of test experiments was carried out with 3 samples, which received γ doses 
equal to D1, D2, or D3. They were preheated at 100ºC for 30 minutes and then measured for 
their TL signal, using the Risø TL reader. During the TL measurements, the samples were 
heated from 25ºC to 450ºC, with a heating rate of 5 ºC/s. The stable spectral component, 
which is the only one that we have found to be suitable for dating, is the narrow 545 nm 
Tb3+ peak (chapter 5). We have used a special narrow-band optical interference filters 
(width (FWHM) = 6.45 nm) to select this TL component for detection by the reader. 
 

 
Figure 8.5 shows the TL signals of Zwanenwaterduinen (ZWA) samples that had been 
exposed to the Natural Dose (ND) and 3 ZWA test samples that had received extra γ doses 
Di:  D1= 14 Gy, D2= 43 Gy, D3= 144 Gy, plus a preheat (at 100ºC for 30 min). 
 
During the preheat, applied after the exposure to laboratory irradiation, the Dy peak located 
between 100 and 200ºC was removed completely. However, the shapes of the glow curves 
(b-d) differ from the one observed for the naturally irradiated sample (a). This may be due 
to the fact that there is a Tb3+ peak present at 200ºC. To remove this peak a slightly higher 
preheat should be applied.  
 
A possible reason for the difference between the optimum preheat calculated by means of 
the simulation model and the experimental one may be that the theoretical preheat 
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Figure 8.5. TL signals of 4 ZWA test samples.  
a) Natural Dose (ND); b) ND + 14 Gy; c) ND + 43 Gy; d) ND + 144 Gy    
Prior to TL a 30 min preheat at 100ºC has been applied to all samples  
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parameters were obtained from a full series of experiments on zircon from the Trail Ridge 
deposit (USA), whereas our experiments have been carried out on samples from Ameland 
(NL). Further investigations on samples from different geological locales should clarify 
whether it is necessary to adjust the parameters in the simulation model for different sample 
locations. In principle, it is possible that these calculations are necessary, because in natural 
samples the concentrations of e.g. REE impurities differ from location to location, as was 
shown in chapter 5. 

 
Figure 8.6 shows the results of two ZWA samples, which had been exposed to ND + extra � 
doses Di and subsequently preheated at either 110 or 120°C. Sample (a), ND + 43 Gy, was 
preheated at 110ºC for 15 minutes and sample (b), ND + 144 Gy, was preheated at 120 ºC 
for 30 minutes. The preheat at 120ºC (figure 8.6, curve b) did not completely remove the 
low temperature Tb3+ peak. Therefore, in the real dating experiments a slightly higher 
preheat temperature (130ºC) has been applied to empty the shallow traps a bit more. For the 
shape of the glow curves, obtained after applying a preheat of 30 min at 130ºC, we refer to 
section 8.4.  
 
 
8.4 Equivalent Dose 
 
The equivalent dose (ED) is the laboratory dose, which is needed to reproduce the natural 
TL signal (see chapter 2). The selected concentrate of dating-grade zircon was split into six 
equal portions of about 80 mg each to allow measurements in accordance with the added-
dose protocol to determine the ED (see chapter 2). Six natural TL signals were taken from 
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Figure 8.6. TL glow curves of two ZWA test samples.  
a) ND + 43 Gy, preheat at 110ºC for 15 min. 
b) ND + 144 Gy, preheat at 120ºC for 30 min. 
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samples of ~10 mg each from the first portion. Because these samples were not exposed to 
any extra laboratory irradiation source, this part of the sample had been exposed to the 
Natural Dose (ND) only, which is equal to the accumulated radiation dose acquired during 
the 175 years burial period (according to historical records). The remaining five portions of 
the sample were exposed to extra �-doses Di from a calibrated 137Cs-source. We have 
irradiated the zircon samples in December 2001 at a dose rate in zircon of 2.04 Gy/min 
(with systematic errors ~ 3%). The samples were irradiated with doses: D1 = 43 Gy, D2 = 
88 Gy, D3 = 131 Gy, D4 = 175 Gy, and D5 = 261 Gy.  
 
All samples, which received a laboratory dose were preheated at 130ºC for 30 minutes prior 
to the TL measurements. After the preheat the shallow traps, showing a glow curve peaking 
at about 150ºC, appeared to be emptied completely. The observed broadening of the glow 
curve of the laboratory irradiated samples and the weak bump at about 200-250ºC (see 
figure 8.6) are reproduced by the model calculations presented in chapter 7. It was not 
possible to get completely rid of the low temperature Tb3+ peak. In addition, with increasing 
laboratory-irradiation dose the width of the low temperature side of the glow curve 
increases. The observations are in agreement with the results of the calculations presented 
in 7.5.2. The behavior of the simulated glow curve of ‘natural samples’  as a function of the 
dose, given in chapter 7 is the same as for samples after combined natural and laboratory 
irradiation with a preheat (see section 7.5.2). To improve the statistics, we have carried out 
for each dose six TL measurements with the Risø TL reader with samples of ~ 10 mg each. 
In this way we have obtained the integrated luminescence output of the sample-sets as a 
function of the dose. To select the stable 545 nm Tb3+ line for detection by the TL reader, 
we have constructed a special narrow-band optical interference filter (width (FWHM) 6.45 
± 0.04 nm). In figure 8.7 we show the transmission spectrum of the filter. 
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Figure 8.7. Characteristics of the filter used for detection of the 545 nm Tb3+ line. 
Due to inaccuracies in the production process the maximum transmission does not 
coincide exactly with the maximum of the Tb3+ line (545 nm). 
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The TL signal was measured in the temperature range from 25 ºC to 450 ºC, using a heating 
rate of 5 ºC/s. Figure 8.8 shows the TL signal of three ZWA samples; the first one had been 
exposed to the ND (figure 8.8a) and the two other ZWA samples received extra �-doses D3 

= 131 Gy and D5 = 261 Gy, respectively, plus a 30 minutes preheat treatment at 130ºC 
(figures 8.8b and 8.8c). The behavior of the experimentally observed glow peak with 
increasing added laboratory dose is similar to the simulated results (figure 8.9 and Turkin et 
al., 2005). With increasing laboratory dose the low temperature tail shows broadening, 
which is due to Tb3+ luminescence associated with rather shallow traps. The appearance of 
the bump in the low temperature tail of the glow curves in figure 8.8b and figure 8.8c 
suggests that small modifications of the distribution of trap depths around 1.5–2.0 eV may 
be required to further improve the agreement between theory and experiment. 
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Figure 8.8. TL signals of 3 ZWA samples.  
a) Natural dose 
b) Natural dose + 131 Gy + a preheat at 130 ºC for 30 minutes 
c) Natural dose + 261 Gy + a preheat at 130 ºC for 30 minutes 
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To calculate the equivalent dose, the glow curves were analyzed and the integrated peak 
area of the TL measurements was plotted as a function of the added γ-dose. The result is 
shown in figure 8.10. The linear fit through the data points justifies the assumption that the 
TL intensity increases linearly with the added �-dose. The value of ED is determined by 
extrapolation; the intersection of the straight line and the horizontal axis yields the 
equivalent dose, ED = 139 ± 14 Gy. 
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Figure 8.10. The average luminescence output as a function of the added �-dose. 
The Equivalent Dose is determined by the intersection of the straight line with the 
x-axis 
 

Figure 8.9. Comparison of the simulated and measured ZWA glow curves (see figure 
8.8). All data have been normalized to the maximum intensity obtained for a 175 year 
old sample. The measured ZWA glow curves shown by dashed lines have been 
obtained by averaging results of six measurements. Each set of six experimental glow 
curves is located inside the corresponding shaded area. The simulated curves are 
shown by solid lines. (Taken from Turkin et  al., 2005) 
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8.5 Annual Dose 
 
8.5.1 Alpha-radiation 
 
The ‘natural TL’  of zircon grains originates predominantly from internal �-radiation 
produced by the nuclei of uranium and thorium incorporated in the zircon crystal lattice, 
while there are smaller contributions from other natural radionuclides and cosmic rays. The 
annual dose (AD) in zircon11, due to the internal �-irradiation emitted by 238U, 235U and 
232Th can be described by the relation 

)(�)( gi
tot
i

i
ig REARD �=� , (8.1) 

where i refers to one of the radioactive nuclides 238U, 235U or 232Th, Ai is the specific 
activity of a nucleus of type i, Ei

tot is the total energy of the �-particles released by the 
nuclei of type i in the decay chains, and ηi(Rg) is the fraction of the energy of the �-particles 
from the nuclei of type i, which is absorbed in a zircon grain with radius Rg (below we will 
refer to ηi(Rg) as the self-absorption coefficient of the grain for �-particles of the nuclei of 
type i). It is easy to see that for a zircon grain with a radius much larger than the range of 
the �-particles, the self-absorption coefficient is approximately 1. Appreciable effects from 
the grain size are expected when the radius of the grain is close to the range of the �-
particles. 
 
The activity concentrations of 238U, 235U and 232Th in zircon can be determined with �-ray 
spectrometry (see chapter 4). The self-absorption coefficient 
 for �-particles depends on its 
energy and the size of the zircon grain. For the calculation of the annual dose of the sample 
the self-absorption coefficients for all �-emitting nuclei, which are present in the grains, 
should be determined. 
 
8.5.1.1 Self-absorption coefficient 
 
 
The nuclides in the decay series 238U, 235U and 232Th emit �-particles with energies in the 
range 4 - 9 MeV (see figure 8.11). The decay schemes of the radioactive 238U, 235U and 
232Th nuclei have been shown in figure 3.1.   
 
Alpha particles with initial energy E0 deposit only a part of their energy, ηE0, in the zircon 
grain. The remaining energy (1-η)E0 is deposited in neighboring grains, which can be 
quartz grains or other minerals, including neighboring zircon grains. For the calculation of 
the self-absorption coefficient 
 of �-particles in zircon, we assume that shape of the zircon 
grains can be approximated by spheres with radius Rg. 
 

                                                 
11 The dose rate calculations for �-radiation were carried out in collaboration with Prof. Dr. V.V. 
Gann (NSC KIPT, Ukraine). A full report of his work is given in Gann (2000). 
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In the process of continuous slowing down of an �-particle with energy � in matter, the 
stopping power, is described by the Bethe-Bloch formula (Segre, 1953) 

))(,()( 2 ZIvf
A
Z

Ez
dx
dE ρ=− .   (8.2) 

Here, ρ is the density of the material (in our case zircon, approximately 4.65 g/cm3, chapter 
4), z(�) is the effective charge of the moving �-particle, Z and A are the average atomic 
number and the atomic weight of the material, respectively, I(Z) is the mean excitation 
potential for the material, v the velocity of the charged particle, f(v, I) is a function, which 
depends on  v and I. In practical computations however, instead of (8.2) data tables (Segre, 
1953) or standard codes (Ziegler, 1985) are used. 
 
8.5.1.2 Range of α-particles in zircon 
 
The range of �-particles depends on their energy and the matter they traverse. In air, the 
penetration depth of �-particles is a few centimeters, but in dense materials, like zircon, the 
penetration depth is of the order of 10 − 40 �m. The tracks of �-particles tend to be quite 
straight because �-particles are not deflected strongly by the interactions with the atoms in 
the material. The interactions occur in all directions simultaneously and as a result the beam 
of the �-particles diverges. Alpha particles in a given material can therefore be 

Figure 8.11. The �-energy spectra for 
232Th, 235U and 238U.  (Taken from 
Gann, 2000) 
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characterized by a characteristic range. Figure 8.12 shows the schematic presentation of the 
boundary of the tracks of �-particles with a certain energy E in a given material. When the 
material is isotropic, the boundary in 3 dimensions shows rotation symmetry around the x-
axis. 

 

Figure 8.13. Alpha tracks in zircon, initial energy 6 
MeV, obtained with TRIM95. (Taken from Gann, 2000) 
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Figure 8.12. Schematic presentation of the boundary of the 
tracks of alpha particles. The �-particles are stopped within the 
boundary. (Taken from Gann, 2000) 
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The calculation of the penetration depth of an �-particle in a zircon grain has been carried 
out by means of the standard computer simulation program, TRIM95. TRIM95 (the 
Transport of Ions in Matter-version 1995), which has been developed for the determination 
of the ion range and damage distributions as well as the angular and energy distributions of 
backscattered and transmitted ions and is used to calculate the range distributions of a 
variety of ion/target combinations (Ziegler, 1985). 
 
Figure 8.13 shows the calculated trajectories of �-particles with an initial energy E0 = 6 
MeV in zircon, obtained with TRIM95. The simulation results show that the �-particle 
tracks in zircon are indeed quite straight. From figure 8.13 one can see that the range of the 
�-particles, with an energy of 6 MeV, in zircon is approximately 18 �m. The range of �-
particles of a given initial energy in zircon is a fairly characteristic quantity. Figure 8.14 
shows the dependence of the �-particle range R on its initial energy E0. The maximum 
energies in the decay of 238U, 235U, and 232Th for �-particles are 7.69 MeV, 8.026 MeV, and 
8.78 MeV respectively. The corresponding maximum ranges for �-particles in zircon are 
26.7 �m for 238U, 25.1 �m for 235U, and 32.7 �m for 232Th. 

 
8.5.1.3 Bragg curves 
 
We have calculated the specific energy losses for �-particles in zircon with initial energies 
4 MeV, 6 MeV and 8 MeV were calculated. In figure 8.15 the solid lines represent Bragg 
curves, which were calculated with TRIM95 and the dotted lines represent Bragg curves, 
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Figure 8.14. The range of �-particles in zircon as a function 
of the initial alpha-energy. (Taken from Gann, 2000) 
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which were calculated using the continuous slowing down approximation given by (8.2). 
Similar results were obtained for the Bragg curves, calculated on the basis of empirical data 
of the individual elements (Hantke, 1991).  
 

 
 
The self-absorption coefficient for �-particles in zircon depends on the impurity i (with 
i=238U, 235U, or 232Th) and on the grain size. Hantke concluded that for zircon grains with 
mean radius 56 �m (Hantke, 1991) about 85% of the energy originating from �-decay is 
absorbed within the zircon grain. In the work of Hantke, no selection of the grains on the 
basis of the size was made. 
 
From the calculations of the range of �-particles in zircon and the Bragg curve, 
approximate relations for the self-absorption coefficient as a function of the grain size have 
been derived for �-particles emitted by the relevant radioactive nuclei (Gann, 2000) 
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Figure 8.15. Bragg curves for alpha particles in zircon with initial 
energies 4 MeV, 6 MeV, and 8 MeV, obtained with TRIM95 (solid 
lines) and the corresponding results for the continuous slowing down 
approximation, equation 8.2 (dotted lines). (Taken from Gann, 2000)  



150 Chapter 8 

Ufor 238
3
gg R

118.6
R

6.955
1� +−= ,     (8.3) 

Ufor 235
3
gg R

157.2
R

8.062
1� +−= ,    (8.4)

  

Thfor 232
3
gg R

214
R
8.46

1� +−= . (8.5) 

The dependences of the self-absorption coefficients on the grain size for zircon containing 
238U, 235U, and 232Th have been plotted in figure 8.16. 

The fraction η of the �-dose deposited within zircon grains with diameters between 75 �m 
and 100 �m can now be calculated. For the average radius of the grains we take Rg = 44 ± 
6, and the calculated self-absorption coefficients are: 
 
η = 0.84 ± 0.02  for 238U 
η = 0.82 ± 0.03  for 235U 
η = 0.81 ± 0.03  for 232Th 
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Figure 8.16. Dependences of self-absorption coefficients on the grain size 
for �’s from the radioactive impurities 238U, 235U, and 232Th. 
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The values for the self-absorption coefficient have been calculated on the basis of new 
information, which is available for the interactions of �-particles with matter. It should be 
noted that our new results are in good agreement with the values calculated previously by 
Hantke (1991).   
 
8.5.1.4 Dose rate calculations 
 
For the calculation of the contribution to the dose rate produced by �-particles the following 
assumptions have been made:  
 
I. The grain-size distribution (the zircon grain diameters fall between 75 �m and 100 

�m) and the low emanation rate of zircon justify the assumption that emanation of 
radon is negligible (de Meijer, 1997). 

II.  The members of the decay series are therefore in secular equilibrium, i.e. for each 
of the relevant decay series we can conclude that the activity of each radionuclide 
is the same.  

 
The activity concentrations of the �-emitting nuclei 238U, 235U and 232Th in zircon have been 
determined with �-ray spectrometry (NVN 5623, 1991) (see chapter 4). The �-ray spectrum 
was measured at NGD/KVI using a �-ray spectrometer (HPGe semi-conductor detector; 
0.12 < E� < 3 MeV). For the calculation of the specific activities, the 295 keV and 352 keV 
lines for 238U and the 239 keV and 300 keV lines for 232Th were analyzed. The activity 
concentration of 235U was derived from the one for 238U with the assumption of secular 
equilibrium in the uranium decay series (see chapter 1) and the natural abundance ratio for 
235U/238U. We note that the values were corrected for the presence of a small amount of 
non-radioactive light and heavy mineral grains other than zircon. This results in the 
following activity concentrations (Ci) for 238U, 235U and 232Th (van der Graaf, 2002): 
 
C238U = 3570 ± 50 Bq/kg 
C235U =  164  ± 2  Bq/kg 
C232Th=  513  ± 12 Bq/kg 
 
By using (8.1), we can calculate the contribution of the internal �-dose to the total annual 
dose in our zircon sample. The calculated self-absorption coefficient η of the �-dose 
deposited within the grains (of nominal diameter 90 �m), the summed �-energy, the activity 
concentrations and the contribution of the internal �-radiation to the annual dose are shown 
in table 8.1.  
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Table 8.1 Activity concentrations in mineral zircon and their contributions to the 
Annual Dose (AD) 

Nuclide 
Activity 

concentration 
(Bq/kg) * 

Self-absorption   
η 

Eα
tot 

(MeV) 

Contribution of internal 
α-irradiation to the AD 

(mGy/a) 

238U 3570 ± 50 0.84 ± 0.02 42.9 650 ± 30 

235U 164 ± 2 0.82 ± 0.03 41.8 28.4 ± 1.4 

232Th 513 ± 12 0.81 ± 0.03 35.9 76 ± 5 

* Corrected for the presence of a small amount of light and heavy mineral grains other 
than zircon. 

 
The corresponding contributions to AD given in table 8.1 are in good agreement with the 
literature values (Aitken, 1985) We have found for the value of the total internal annual �-
dose in our sample ADα

internal = 750 ± 30 mGy/a. The remainder (1- η) of the �-energy, 
which is 146mGy/a, is deposited in neighboring grains including quartz, feldspar, rutile, 
zircon, etc. A few percent (typically less then 5%, see Schuiling et al, 1985) of the bulk 
Ameland sediment consists of zircon, yielding a small (external) contribution to the annual 
dose in distant zircon grains. The average contribution to the annual dose is equal to 
ADα

external = 4 ± 2 mGy/a.  
 
8.5.2 Beta- and gamma- radiation 
 
In addition to the �-radiation, there are contributions from distant � and � sources in the 
sediment, which are associated with the decay of isotopes of the U and Th series in distant 
grains (mainly zircon) and from 40K sources in the sedimentary environment (e.g. feldspar). 
The contribution of external � and � radiation to the annual dose was calculated by Dr. M. 
Mau�ec12 (NGD/KVI) by means of special Monte Carlo (MD) simulations (Mau�ec and R. 
J. de Meijer, 2002). The most important features of these calculations and the results will be 
given in section 8.5.2.1. 
 
8.5.2.1 Monte Carlo simulations (Mau�ec and de Meijer, 2002) 
 
The calculation of the external �- and �-dose rate contribution in zircon is not 
straightforward because it stems from literally an infinite source. To tackle this problem, 
Monte Carlo (MC) simulations of radiation transport were implemented. They reliably 

                                                 
12 The MD calculations outlined in this section were carried out by Dr. M. Mau�ec (NGD/KVI) in the 
framework of the collaboration between the Solid State Physics Laboratory and the Nuclear 
Geophysics Division, both at Groningen State University. 
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describe the postulated physical system and allow calculations for comprehensive sets of 
three-dimensional geometries. 
 
Calculations of the �- and �-dose in terms of a Monte Carlo model, using grains with sizes 
in the range of interest and embedded in large dimension sediment (i.e. mimicking infinite 
dimension) are not feasible for the following reasons: 
• At present, with the MCNP (Monte Carlo N-Particle) code grain-size samples cannot 

be modeled. It is only possible to simulate their bulk density, material composition and 
radiometric properties.  

• Furthermore, to efficiently sample the grain-size region by Monte Carlo simulation, the 
development and implementation of special techniques would be required, which was 
not possible within the allotted time schedule. 

 
Consequently, the calculation of the external �- and �-dose rate components is limited to a 
simulation of the separate �- and �-doses, averaged over a large volume of quartz sediment 
assuming, that both components can be treated as long-range contributions from distant 
natural � and � sources. 
 
For the computational work, the general purpose Monte Carlo n-particle transport code 
MCNP4C (Briesmeister, 1999) was used, averaged over a large cylindrical volume of 
quartz sediment. The sediment with average bulk density of 1.65 g/cm3 was modeled in a 
form of cylinder, 60 cm in radius and 50 cm in height. This was estimated previously to be 
sufficient to mimic an axial and radial closed, infinite system (Mau�ec et al., 2001). 
Further, the natural radionuclides (K, U and Th) are uniformly distributed over the 
geological formation, and are sampled proportionally to the corresponding activity 
concentrations. 
 
The activity concentrations of the four naturally occurring radionuclides (40K, 238U, 235U 
and 232Th) (in Bq/kg) with associated total probabilities (P) for �-ray emission are presented 
in table 8.2.  All �-ray emissions, probabilities, energies and relative intensities of the �-rays 
emitted in the decay series are based on the Table of Isotopes (1986).  
 
 

 
 
The activity concentrations of 40K, 238U and 232Th have been measured by means of �-ray 
spectroscopy (NEN 5697, 2001) using a high-resolution HpGe detector. The activity 

Table 8.2. Radiometric properties of the quartz sediment modeled with MCNP. 

Nuclide Total P for  
�-ray emission 

Activity concentration  
(Bq/kg) 

40K 0.107  216 ± 3 
238U 2.191 58.2 ± 0.3 
235U 5.222 9.2 ± 0.3 

232Th 2.610 64 ± 0.7 
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concentration of 235U was derived from 238U with the assumption of secular equilibrium in 
the uranium decay series (see chapter 1) and the natural abundance of 235U relative to 238U. 
 
In the MCNP code, the sampling probability of an individual radionuclide is proportional to 
its activity concentration and the total emission probability of a �-ray within the appropriate 
decay scheme. The following formula has been used to calculate the specific radionuclide 
energy distribution sampling probabilities (PE) within MCNP: 

�
=

⋅

⋅
=

N

i
ii

ii
Ei

Cp

Cp
P

1

 . (8.6) 

Here Ci is the activity concentration of nuclide i, pi is the total probability of �-ray 
emissions for nuclide i and i refers to the type of nuclei (runs to N=4 in our case). 
 
The implementation of (8.6) for individual activity concentrations with associated 
probabilities for �-ray emission, as presented in table 8.2, yields the energy distribution 
sampling probabilities for 40K, 238U, 235U and 232Th of 0.0631, 0.3487, 0.1314 and 0.4568, 
respectively. 
 
In general, the absorbed dose (D) in an arbitrary medium can be calculated from the energy 
fluence ψ and the weighted mean mass-energy absorption coefficient (µen/) using the 
relation (Khan, 1984)  

ρ
µψ enD ⋅= . (8.7)

   

For the calculation of the dose rates, MCNP uses a modification of an estimated particle 
flux with the corresponding flux-to-dose conversion factors. To obtain the cumulative dose, 
the dose rates estimated by MCNP have to be integrated in time. To accurately assess the 
dose deposition in a specific material, the corresponding flux-to-dose conversion factors 
should be used (see Mau�ec and de Meijer, 2003).  
 
Mau�ec and de Meijer were able to calculate the annual dose associated with natural � and 
� radiation in zircon grains, which embedded in the sediment from Zwanenwaterduinen 
(with statistical uncertainties ~ 3%) (Mau�ec and de Meijer, 2002; and Mau�ec and de 
Meijer, 2003):  
 

mGy/a87.3== externalann ADD βγβγ , 
 
This is in good agreement with the value (3.2 mGy/a) obtained with the literature 
conversion factors (Aitken, 1985).  
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8.6 Calculation of the age of the Zwanenwaterduinen sample 
 
With the �-dose obtained in section 8.5.1 and the �- and �-doses obtained in the previous 
section, see table 8.3, the total annual dose ADtotal therefore becomes ADtotal = 760 ± 30 
mGy/a. 
 
This result confirms that the annual dose is determined predominantly by the internal dose 
deposited y �-particles. Another important finding is that the annual dose of zircon is much 
higher than for quartz and feldspar. Typically, the annual dose in quartz and feldspar is of 
the order of a few mGy/a. 
 
  
 
 
 
 
 
 
 
 
  
 
 
 
The age of a sample is given by the age formula: 
 

( ) ( )
( )aGyAD

GyED
yearsAge = . (8.8) 

 
Using the results obtained for ED and AD, we calculate that the Zwanenwaterduinen 
sample is 183 ± 14 years old, which is in excellent agreement with historical records 
(175a).  
 
The uncertainty in the age is determined by the uncertainties in the Equivalent Dose (139 ± 
14 Gy) and the Annual Dose (760 ± 30 mGy/a). The uncertainty in ED is obtained by 
fitting the data points in figure 8.10 with a straight line. The minimum and maximum 
values of the parameters (a and b) of the linear fit (y=ax+b) through the data points will 
then determine the minimum and maximum value of ED, 125 Gy and 154 Gy respectively, 
yielding a value for the uncertainty in the ED of 14Gy. The uncertainty in the AD and age 
is determined with standard calculation methods. 
 
This result demonstrates the utility of zircon TL as a chronometer for determining 
depositional age of geological deposits – even relatively young ones – and is a significant 

Table 8.3 The contributions to the total annual dose 

internalADα  750 ± 30 mGy/a 

externalADα  4 ± 2 mGy/a 

externalAD βγ  3.87 ± 0.12 mGy/a 

ADtotal 760 ± 30 mGy/a 
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step in the development of zircon as a reliable chronometer of sedimentary events during 
late Quaternary time.  
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9. SUMMARY 
 
 
The interest in Quaternary geochronology rapidly increases, because high-resolution 
histories of recent Quaternary events are important issues in e.g. sea level studies. Carbon-
14 method is a major standard method for recent times but it can only be used for dating 
carbon-bearing material of 60 ka age or younger. Younger sediments are often dated with 
quartz by measuring the light intensity originating from recombining defects, which were 
created in the crystal lattice during irradiation. However, the results of this method are 
strongly affected by variations in the surrounding sediment. 
 
Exactly because of this, dating with zircon (ZrSiO4) has major advantages: (1) the build-up 
of the age of the sample takes place inside the grains, because they are irradiated internally 
by alpha particles from U and Th, elements which are incorporated in the crystal lattice. (2) 
The dose rates are 2-3 orders of magnitude higher than quartz and (3) it a common mineral 
in most sediments. In this thesis we will demonstrate that the known problems with zircon 
dating are solved by, among others, selecting suitable grains.  
 
What is thermoluminescence (TL)? Thermoluminescence is the thermally stimulated 
emission of light. When irradiated (zircon crystal) grains are heated to a few hundred ºC, 
the damage in the crystal lattice is restored and the grains emit visible light: 
thermoluminescence. The higher the radiation dose the more light is emitted. Below 150°C 
the TL spectra feature two narrow peaks due to light emitted by an impurity (Dysprosium 
ions: Dy) and a broad band at about 400 nm. Above 200°C, the two peaks and the band 
have disappeared as a result of annealing and the spectrum shows six narrow lines due to 
the emission of light by another impurity (Terbium ions: Tb). Exposure of the zircon grains 
to sunlight also resets the dating clock to zero, while the irradiation by U and Th continues. 
Therefore, the dating “ clock”  is started from 0 after the last exposure to sunlight. 
 
We have solved the problems with zircon dating by: (i) Selecting the most homogeneous 
grains of the highest optical quality. Dark grains are not suited since they show scattering or 
absorption of light. In addition, the resetting in transparent grains is more complete. (ii) 
Investigating zircon during irradiation, thermal treatment, optical bleaching and long-term 
storage in the dark to deal with the problem of the decrease of the TL signal after laboratory 
irradiation (fading), while further improvement was obtained by selecting the most stable 
component of the TL spectrum for dating. (iii) Developing a model, which describes the 
defect system in irradiated zircon. The model is used as a tool to optimize the dating 
procedure. 
  
The most important achievement of our research project is that we have developed standard 
procedures for optical dating of young coastal sediments with zircon TL. To substantiate 
our claim we have carried out a full analysis of each step in the dating procedure of a 175-
years-old, age-controlled, historical sediment sample from the coast of the Dutch Island of 
Ameland. The results of these experiments have provided us with detailed information on 
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the behavior of zircon in each step of the dating protocol. Experiments on zircons from 
several places around the world proved that our method is effective. 
 
Separation of heavy-mineral zircon from the sediment and selection of dating-grade zircon 
grains was achieved by means of standard mineral-separation techniques, including (1) 
separation on the basis of the grain size by means of a sieve analysis, (2) separation into a 
light and heavy fraction, (3) magnetic separation of the heavy fraction yielding a non-
magnetic product, which consists predominantly of zircon grains, and (4) repeated 
electrostatic separation to remove the conducting rutile and dark zircon grains. After each 
step, more and more colored grains are removed and the final product is a pure collection of 
highly transparent and colorless zircon grains, which are suitable for dating. Figure 9.1 
shows the non-magnetic fraction (left) and the final result after electrostatic separation 
(right). 

In the literature it was suggested that zircon contains areas, which are rich in Dy and Tb, 
but poor in U and Th and vice versa. This would lead to the formation of radiation damage 
primarily in areas with reduced concentrations of TL activators. Therefore, the activity 
concentrations of U and Th and the TL efficiency were measured after each step in the 
zircon selection process. The U and Th concentrations in dark and transparent grains are 
approximately the same. We expected that the TL efficiency would increase, because more 
and more dark grains were removed in the selection process. However, the TL signal 
remains more or less the same, implying that the Dy and Tb concentrations are 
approximately constant. Laser Ablation Inductively Coupled Plasma Mass Spectrometry 
(LA-ICP-MS) experiments confirm these results and show that that there is a positive 
correlation between the concentrations of U and Th and the concentrations of the heavy rare 
earth-elements. 
 
In dating experiments we will use the most intense and stable line of the TL spectrum, the 
545 nm Tb3+ line. The intensity of this line is stable in the dark after 16 weeks storage and 

Figure 9.1. Left: Photograph of the non-magnetic mineral fraction of an Ameland 
sample (grain sizes 75-100 µm). The fraction consists of a variety of dark and 
clear grains. Right: Photograph of the zircon fraction after 10 stages of 
electrostatic separation (grain sizes 75-100 µm). The fraction consists 
predominantly of clear and transparent zircon grains. 
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definitely up to 2 years after irradiation. This observation shows that by exclusively 
detecting the 545 nm Tb3+ TL line can solve the fading problem in dating. 
 
Electron paramagnetic resonance (EPR) has been used to investigate the paramagnetic 
defects, among which Dy3+ and Tb4+ and several paramagnetic −n

mSiO  centers, because they 
play a key role in the TL process. The presence of rare-earth ions allows us to study the 
damage formation, fading and TL processes of natural zircon. Saturation of the defect 
concentration as a function of the dose takes place at very high doses (>105 Gy). From this 
result we conclude that the efficiency of �-particles to produce radiation damage is the 
same as for �’ s and �’ s. The EPR results have also revealed that during irradiation Dy3+ is 
transformed into Dy4+ and Tb3+ into Tb4+. In addition we have shown with EPR that Dy3+ 
ions act as shallow hole-traps and Tb3+ ions can be considered as deep hole-traps, showing 
unimportant fading. 
 
With the kinetic model we can describe the behavior of electron and hole traps during 
irradiation, fading, and TL. The description of the defect system is supported by our EPR 
results. Comparison of the simulated and experimental results show that fading of irradiated 
samples can easily be explained, which implies that there is nothing really anomalous 
about the fading behavior of natural zircon, observed in our experiments after laboratory 
irradiation. In addition, simulations have shown that we can mimic natural irradiation by a 
short laboratory irradiation followed by a preheat. Because our physical model proved to 
reproduce closely very different aspects of the behavior of zircon, we propose that this 
model can also be used to design the optimum conditions for the TL dating protocol. 
  
Our goal was to develop a reliable TL dating method for zircon. We have been able to 
create the conditions, which are required for the first reliable and well-controlled 
luminescence dating experiment with zircon grains extracted from the Zwanenwaterduinen 
region of the Dutch barrier island Ameland. The basis of TL dating is expressed by the 
“ age”  equation:  

( ) ( )
( )aGyAD

GyED
yearsAge = .  (9.1) 

Here ED (equivalent dose) is the laboratory γ-dose in Gray (Gy) needed to reproduce the 
natural TL signal and AD (annual dose) is the dose to which the crystal is exposed 
annually. AD is determined by means of γ-ray spectrometry. 
 
The selected zircon concentrate was split into six equal portions. The natural TL signal was 
recorded from the first portion. This part of the sample received the Natural Dose (ND) 
only, which is equal to the radiation dose acquired during the 175 years burial period. The 
remaining five portions of the sample were irradiated in the laboratory to five different 
extra γ-doses from a calibrated 137Cs-source. The glow curves were analyzed and the 
integrated peak area of the TL measurements was plotted as a function of the added γ-dose 
(Figure 9.2). ED is determined by extrapolation; the intersection of the straight line and the 
horizontal axis yields the equivalent dose, ED = 139 ± 14 Gy. Note that at the intersection 



160 Chapter 9 

TL = 0, which characterizes the moment when the geological clock was started the last 
time. 
 

 
The total annual dose is ADtotal = 760 ± 30 mGy/a. From the results for ED and AD, we find 
with equation (9.1) that the Zwanenwaterduinen sample is 183 ± 14 years old, which is in 
good agreement with historical records (175 years).   
 
Our result demonstrates the utility of zircon TL as a chronometer of sedimentary events 
during the most recent geological period: the late Quaternary. The application in 
geochronology is not restricted to geological specialists; it is also important in paleoclimate 
research and archaeology.  
 
In conclusion we can state that zircon TL dating has some major advantages, because the 
build-up of the age is predominantly due to short-range radiation from well-defined 
internal, radioactive sources and not to long-range radiation from external radioactive 
sources. We expect that with the present technology and sensitivity, samples as young as 12 
months may be datable, which would make zircon TL dating an innovating tool in 
environmental forensic investigations. Saturation of the TL signal takes place at very high 
doses, therefore, zircon is not only suited for dating recent events, but it can also be used 
for dating samples with ages up to a couple of hundred thousand years.  
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Figure 9.2. The dating clock started 183 years ago. TL is expressed in arbitrary units. 
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10. SAMENVATTING 
 
 
De belangstelling voor het dateren van gebeurtenissen uit de kwartaire periode, zoals 
geologische klimaatveranderingen en opwarming van de aarde (broeikaseffect, Global 
Change), groeit snel. De meest bekende dateringsmethode is de 14C-methode, maar die kan 
alleen toegepast worden op organisch materiaal tot 60.000 jaar oud. Jongere sedimenten 
worden veelal gedateerd aan de hand van kwarts waarbij de lichtintensiteit wordt gemeten, 
uitgezonden wanneer roosterbeschadigingen, die door natuurlijke straling veroorzaakt 
waren, worden gerepareerd. Deze methode is echter te afhankelijk van de omgeving waarin 
de korrels hebben verkeerd. 
 
Juist op deze punten hebben dateringen met zirkoon (ZrSiO4) grote voordelen, want: (1) de 
informatie over de ouderdom (stralingsschade) is opgeslagen binnen de korrels, omdat ze 
inwendig bestraald worden met �-deeltjes van U en Th, elementen die in het kristalrooster 
zijn ingebouwd. (2) Het dosistempo is 2-3 orden van grootte hoger dan in kwarts en (3) 
zirkoon komt in bijna alle sedimenten voor. In dit proefschrift wordt aangetoond dat de 
huidige nadelen van zirkoondateringen zijn overwonnen o.a. door een selectie van 
geschikte korrels. 
 
Wat is thermoluminescentie (TL)? Thermoluminescentie betekent letterlijk licht uitzenden 
door verwarming. Wanneer men bestraalde (zirkoonkristal) korrels verhit tot een paar 
honderd graden, wordt de schade aan het rooster hersteld en zenden de korrels zichtbaar 
licht uit: thermoluminescentie. Hoe hoger de dosis, hoe hoger de TL-intensiteit. Beneden 
150°C bestaat het TL lichtspectrum uit 2 smalle pieken, die we toewijzen aan licht dat door 
een verontreiniging (Dysprosium ionen: Dy) wordt uitgezonden, en een onbekende brede 
band. Boven 200°C zijn die pieken en de brede band verdwenen en in plaats daarvan zijn er 
6 smalle pieken die worden toegeschreven aan een andere verontreiniging (Terbium ionen: 
Tb). De stralingsschade wordt ook hersteld door zonlicht. Daarbij wordt de “ dateringsklok”  
op nul gezet (“ resetten” ), terwijl de bestraling door U en Th blijft doorgaan. Bij het dateren 
bepalen we dus de tijd die verstreken is sinds de korrels voor het laatst aan zonlicht 
blootgesteld zijn en de dateringsklok weer vanaf 0 ging lopen.  
 
De problemen rond datering met zirkoon hebben we opgelost door: (i) Selectie van korrels 
van de hoogste optische kwaliteit, want donkere korrels zijn ongewenst, omdat daarin het 
TL licht geabsorbeerd wordt. Ook worden donkere zirkonen minder goed gereset. (ii) 
Onderzoek van zirkoon onder invloed van bestraling, verwarmen, optisch resetten en opslag 
in het donker om de problemen van afname van het TL signaal na kunstmatige bestraling 
(fading) op te lossen. Belangrijke winst is geboekt door de stabiele component van het TL 
spectrum voor het dateren te gebruiken. (iii) Ontwikkeling van een model dat het gedrag 
van de defecten in zirkoon beschrijft. 
 
Het belangrijkste wapenfeit is dat we een procedure hebben ontwikkeld voor TL datering 
van jonge zirkoonhoudende sedimenten. Om dit te staven hebben we een analyse 
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uitgevoerd van alle dateringsstappen van Ameland-zand, dat volgens historische bronnen 
175 jaar oud was. Dit leverde gedetailleerde informatie op over het gedrag van zirkoon 
tijdens elke stap in het dateringprotocol. Experimenten aan zirkoon van diverse continenten 
tonen aan dat onze methode effectief is. 
 
Het scheiden van het zware mineraal zirkoon van het sediment en de selectie van de meest 
geschikte korrels omvat de volgende stappen: (1) het zand wordt met een zeef op 
korrelgrootte gescheiden, (2) dan volgt scheiding in een lichte en zware fractie, (3) de 
zware fractie wordt gesplitst in een magnetische en een niet-magnetische fractie waarvan de 
laatste vrijwel geheel uit zirkoon bestaat, (4) voor het verwijderen van geleidend rutiel en 
donker zirkoon wordt elektrostatische scheiding toegepast. Het meest kleurloze en heldere 
materiaal voor de dateringen werd verkregen door de elektrostatische scheiding vele malen 
te herhalen. Na elke extra stap bevatte het extract minder donkere korrels. Figuur 10.1 toont 
de niet-magnetische fractie (links) en het resultaat na elektrostatische scheiding (rechts). 

In de literatuur is gesuggereerd dat er in zirkoon Dy en Tb-rijke gebieden zijn, die arm aan 
U en Th zijn en omgekeerd. Deze anti-correlatie zou zirkoon ongeschikt maken voor 
dateringen, omdat de stralingsschade daar geproduceerd wordt waar geen TL activatoren 
zijn. Daarom zijn in alle stadia van de zirkoonselectie de specifieke activiteit van U en Th 
en de TL efficiëntie gemeten. De U en Th concentraties in zwarte en heldere korrels blijken 
nagenoeg gelijk te zijn. Omdat tijdens de scheiding meer en meer gekleurde en zwarte 
korrels worden verwijderd, zou de TL na elke selectiestap moeten toenemen, maar in de 
praktijk blijft het ongeveer gelijk. Dit betekent dat ook de Tb en Dy concentraties 
nauwelijks variëren. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) metingen bevestigen dit en tonen een positieve correlatie van de U en Th 
concentraties en die van de zware zeldzame aarden in plaats van een anti-correlatie. 
 
Voor dateringen gebruiken we de meest intense component van het TL spectrum: de 545 
nm lijn van Tb3+, waarvan de intensiteit na 16 weken opslag in het donker tot zeker tot 2 

Figuur 10.1. Links: foto van de niet-magnetische fractie, korrelgrootte 75-100 µm,  
van een Ameland zandmonster. De fractie bestaat uit een verzameling donkere en 
heldere korrels. Rechts: foto van de zirkoon fractie (75-100 µm) na 10 stappen met 
de elektrostatische scheider. De fractie bestaat voornamelijk uit heldere en 
doorschijnende korrels. 
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jaar na bestraling, stabiel blijft. De oplossing van het fadingprobleem bij dateringen is 
gevonden door de exclusieve detectie van de 545 nm Tb3+ TL piek. 
 
Elektron paramagnetische resonantie (EPR) aan zirkoon is uitgevoerd -met voornamelijk 
éénkristallen- aan paramagnetische defecten, waaronder Tb4+ en Dy3+ en enkele 

−n
mSiO centra, omdat ze een belangrijke rol spelen bij TL. Ionen van zeldzame aard metalen 

zijn gunstig voor dateringsonderzoek, omdat we deze defecten tijdens de bestraling, fading 
en verwarmen kunnen volgen. De verzadiging van de defectvorming treedt op bij zeer hoge 
doses (> 105 Gy). Hieruit concluderen we dat de effectiviteit van de schadevorming van �’ s 
gelijk is aan die van �’ s en �’ s. De EPR resultaten tonen verder aan dat door bestraling Dy3+ 
wordt omgezet in Dy4+ en Tb3+ in Tb4+. Dit betekent dat Dy3+ en Tb3+ ionen een gat kunnen 
invangen. Hierbij gedraagt Dy3+ zich als een ondiep centrum en Tb3+ als een diepe 
vangstplaats voor gaten, dat nauwelijks fading vertoont. 
 
Het simulatiemodel verschaft inzicht in het gedrag van elektron en gat vangstplaatsen 
tijdens bestraling, fading en TL experimenten. Het gesimuleerde gedrag wordt bevestigd 
door de EPR resultaten. Uit een vergelijking van de gesimuleerde en experimentele 
resultaten blijkt dat fading van zirkoon goed beschreven wordt; d.w.z. er is niets 
abnormaals aan fading zoals het tijdens onze experimenten is waargenomen. De simulaties 
laten ook zien dat we natuurlijke bestralingen kunnen imiteren door een korte laboratorium 
bestraling gevolgd door een voorverwarming (preheat). Omdat het simulatiemodel het 
gedrag van bestraald zirkoon reproduceert, stellen we dat het model een bruikbaar 
hulpmiddel is voor het ontwerpen van een dateringsprotocol.  
 
Ons doel was om een TL dateringsmethode voor zirkoon te ontwikkelen. We hebben de 
voorwaarden gevonden, waaraan voldaan moet worden om TL dateringen met zirkoon uit 
te voeren. Als test hebben we een monster uit de Zwanenwaterduinen op Ameland gebruikt. 
De ouderdom van het sediment wordt berekend met de volgende vergelijking  

]/[
][

)(
jaarGyAD

GyED
jarenOuderdom =   .  (10.1) 

ED is de equivalente dosis in Gray (Gy), d.w.z. de kunstmatige dosis die het natuurlijke TL 
signaal reproduceert en AD de jaarlijkse natuurlijke dosis. AD wordt berekend uit de 
specifieke activiteit van uranium en thorium. 
 
Het zirkoonconcentraat is verdeeld in zes porties. Van de eerste portie werd het natuurlijke 
TL signaal gemeten. Deze heeft de Natuurlijke Dosis (ND) ontvangen tijdens de 175 jaar 
die het in de grond heeft doorgebracht. De vijf andere porties zijn met een gekalibreerde 
137Cs �-bron extra bestraald tot vijf doses. De geïntegreerde TL piek is geplot als functie 
van de extra �-dosis (Figuur 10.2). ED is bepaald door de rechte lijn, die zo goed mogelijk 
bij de meetpunten past, te extrapoleren. Het snijpunt met de x-as levert ED= 139 ± 14 Gy. 
Daar is TL=0 en dat is het moment dat de dateringsklok weer vanaf 0 begon te lopen.  
 
De jaarlijkse interne dosis t.v.g. de �-deeltjes uit U en Th is AD�

intern = 750 ± 30 mGy/jaar. 
Daarnaast zijn er kleine bijdragen van � en � straling afkomstig van U en Th en 40K uit het 
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omringende sediment. De totale jaarlijkse dosis ADtotaal bedraagt 760 ± 30 mGy/jaar. Met 
de equivalente dosis en de jaarlijkse natuurlijke dosis kunnen we met vergelijking (10.1) de 
ouderdom van het Zwanenwaterduinen monster berekenen. Het resultaat, 183 ± 14 jaar, 
komt zeer goed overeen met de historische ouderdom van 175 jaar. 

 
Onze resultaten tonen aan dat TL van zirkoon gebruikt kan worden voor de tijdsbepaling 
van sedimentaire gebeurtenissen in de late kwartaire periode. Dit is de kortste en de meest 
recente geologische periode en daardoor ook het meest onderzocht. Niet alleen geologen 
hechten veel belang aan dit soort dateringen; ze zijn evenzeer van belang voor de 
bescherming van onze kustgebieden en in archeologisch onderzoek. 
 
Tot slot kunnen we zeggen, dat zirkoon grote voordelen heeft voor het dateren van recente 
gebeurtenissen omdat de schadevorming plaatsvindt door goed gedefinieerde radioactieve 
bronnen binnen de korrels en niet door bronnen in de omgeving. Met de huidige 
technologie zullen monsters van 12 maanden oud gedateerd kunnen worden, waardoor 
zirkoon TL als ‘stopwatch’  bruikbaar is in allerlei forensisch onderzoek. Er treedt geen 
waarneembare verzadiging op van het TL signaal en daarom is zirkoon niet alleen geschikt 
voor recente gebeurtenissen maar kan de methode ook op honderdduizenden jaren oude 
monsters worden toegepast. 
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Figuur 10.2. De dateringsklok begon 183 jaar geleden te lopen. De luminescentie 
opbrengst was toen 0. De TL is uitgezet in willekeurige eenheden. 
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