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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)  
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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.  
 
 
REFERENCES 
 
Aitken, M.J., 1985, Thermoluminescence dating. London, ACADEMIC PRESS INC. 
Allan, F, 1857, Het Eiland Ameland en zijne Bewoners. Amsterdam, Wed. Borleffs en Ten Have, 
126p. 
Biersack, J. P., and Ziegler, J. F., 1982, "The Calculation of Ion Ranges in Solids with Analytic 
Solutions", p157-176, in "Ion Implantation Techniques", Springer-Verlag, Berlin. 
Briesmeister, J., Ed., 1999, MCNP4C, A Monte Carlo N-Particle Transport Code System, Report 
CCC-660, Los Alamos National Laboratory, NM. 
Browne, E., Firestone, R. B., and Shirley, V. C., Ed., 1986, Table of radioactive isotopes, John Wiley 
& Sons, NY. 
Gann, V.V., 2000, Calculation of absorbed dose in grains of ZrSiO4 with impurities of 238U, 235U and 
232Th, Internal Report. With references: Attix, F.H. 1984, Phys. Med. Biol. 29, p869-871, and 
http://physics.nist.gov/PhysRefData/XrayMassCoef/cover.html. 
Graaf, E.R. van der, and Meijer, R.J. de, 2002, Applied Radiation and Isotopes 57, p73-83. 
Hendriks, P. H. G. M., Mau�ec, M. and Meijer, R. J. de 2002, Appl. Radiat. Isotopes 57, p449–457. 
Khan, F. M., 1984, The physics of radiation therapy, Williams & Wilkins, Baltimore, MD. 
Mau�ec, M., Hendriks, P.H.G.M., and Meijer, R. J. de, 2001, Monte Carlo simulation of natural 
gamma ray sprectrometry for underwater surfaces, Proceedings, International Conference on 
Advanced Monte Carlo for radiation physics, particle transport simulation and applications – MC 
2000, Lisbon, Portugal, A. Kling et al. Eds., Springer, p773-778. 
Mau�ec, M., and Meijer, R. J. de, 2002, Monte Carlo simulations of beta and gamma-ray doses in 
quartz sediments (draft to the KVI report M-007). 
Mau�ec, M. and Meijer, R.J. de, 2003, Update to Monte Carlo simulations of beta and gamma-ray 
doses in quartz sediments (Internal NGD-KVI report). 
Meijer, R. J. de, 1997, private communication. 
Meijer, R. J. de, Put, L.W., Schuiling, R.D., Reus, J.H. de, Wiersma, J., 1987, Natural radioactivity of 
heavy minerals in sediments along the Dutch coast. Contribution to the Symposium on Coastal 
lowlands, The Hague. 
NEN 5697: Measurements in line with NEN 5697, 2001, Radioactiviteitsmetingen: Bepaling van de 
natuurlijke radioactiviteit in steenachtige, vormgegeven bouwstoffen met behulp van halfgeleider-
gammaspectrometrie.  
NEN 5697, January 2001, Nederlands Normalisatie Instituut, Delft, The Netherlands (in Dutch).  
NVN 5623, Measurements strictly according to NVN 5623, 1991, Radioactiviteitsmetingen: bepaling 
van de activiteit van gammastraling uitzendende nucliden in een telmonster met behulp van 
halfgeleider-gammaspectrometrie.  
NVN 5623, March 1991, Nederlands Normalisatie Instituut, Delft, The Netherlands (in Dutch). 
Segre, E, 1953, Experimental Nuclear Physics, Vol. 1, New York, Wiley & Sons. 
Smith, H., Ed., 1987, Annals of the ICRP, Data for use in protection against external radiation, ICRP 
Publication 51, Pergamon, Oxford, UK. 
Turkin, A.A., van Es, H.J., Vainshtein, D.I., den Hartog, 2005, J. Phys. D: Appl. Phys. 38, p156–171 
Westhoff, V. en Oosten, M.F. van, 1991, De Plantengroei van de wadden eilanden. Stichting 
Uitgeverij Koninklijke Nederlandse Natuurhistorische Vereniging, 417p.  
Ziegler, J.F., 1985, The stopping and Ranges of Ions in Matter, Vol. 4, New York, Pergamon Press. 




