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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. 
 




