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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. 
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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 
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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. 

 
 

)  2
 
d 

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). 

co
un

t

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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