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3 Radiometric measurements of 
sediment composition 

One of the techniques to measure underwater sediment composition is via γ-
ray measurements. The basics of detecting naturally occurring γ-ray nuclides 
are explained in this chapter.  

In the experiment on density gradation in the Scheldt flume, special focus is 
on the determination of the transport rates of the heavy and light-mineral 
fraction. To determine the sediment-transport rates per fraction accurately, 
the concentration of heavy minerals in the upper layer must be determined 
with enough precision. Therefore, a model is derived and calibrated that 
describes the heavy-mineral concentration in the upper layer of the sediment. 
The principles of this model are also used to determine the sediment 
composition from samples measured on a detector placed in the laboratory.  

In the experiments in the Large Wave Flume heavy-mineral concentrations 
are very low but with the sensitive radiometric techniques, the heavy-mineral 
distributions can be measured. Sample analysis shows that the median grain 
size of the sediment is related to the concentration of γ-ray emitting 40K. This 
relation can be explained by a larger surface adsorption for smaller grain sizes 
or increased K-feldspar concentrations in the finest size class. This relation is 
used to determine the median grain size of the sediment from the in situ 
measurements of γ-radiation. 

In the experiments in the LOWT, the γ-radiation is measured with varying 
distance between detector and sediment. The water in between detector and 
sediment shields part of the radiation and the measurements are corrected 
for this absorption. 
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3.1 General 
One of the possibilities of determining sediment composition in situ is via γ-ray 
measurements. In the past, these techniques have been applied regularly for studies of 
radioactive tracers in the field and in laboratory experiments (see e.g. Pilon, 1963). With 
the development of improved hardware and analysis techniques, the measurement of 
variations in low-activity, naturally occurring radionuclides became possible (see e.g. de 
Meijer et al., 1994; Tánczos, 1996). These naturally occurring radionuclides can be related 
to heavy-mineral concentrations (de Meijer et al., 1987; Tánczos, 1996) but also to 
concentrations of clay and sand (Venema et al., 1999a). In this thesis, natural γ-radiation is 
not only used to determine heavy-mineral concentrations in the sediment, but also 
median grain size will be measured in situ. The first part of this chapter describes the 
background information and the techniques of measuring natural γ-rays. In the second 
half, these techniques are calibrated for measuring zircon concentrations in experiments 
in the Scheldt flume and LOWT and for grain-size measurements in the LWF 
experiments.  

3.1.1 Radioactivity 
Radionuclides are nuclei that consist of unstable combinations of protons and neutrons, 
and disintegrate to other nuclei under the emission of radiation (radioactivity). The unit 
of radioactivity is Becquerel (Bq), indicating 1 decaying nucleus per second. 

Due to radioactive decay, the number of radionuclides in a substance diminishes in time 
according to: 

teNtN λ−= 0)( , (3.1)

where N(t) is the number of nuclides at time t, N0 is the number of nuclides at time t0, 
and λ is the decay constant related of the half-life time T1/2 by: 

2/1

2ln
T

=λ . (3.2)

The activity, A (in Bq), is defined as the number of nuclei that disintegrate per unit time 

(
dt
dNA −= ) and follows from equation (3.1) as 

NA λ= . (3.3)

If the decay product is not a stable nucleus, the product will further decay until it reaches 
a stable end member. Such a chain of decay products is called a decay series. The way the 
activities of the decay products evolve with time is described by the so-called Bateman 
equations (see e.g. Evans, 1969). For the present work it is important to know that when 
members of the decay series are in secular-equilibrium (when the formation and decay rates 
of the nuclei are the same), the activities of all nuclei are equal. Since all members have 
different half-life times, the number of radionuclides according to equations (3.2) and 
(3.3) is given as: 
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This implies that for nuclides with a short half-life time, the number of nuclei can be very 
small and non-detectable by chemical methods, whilst the activity concentration of the 
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nuclide can still be measured. In secular equilibrium, when Ai=Aj, this equation reduces 
to: 

j
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i
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N

2/1

2/1= . (3.5)

The specific activity or activity concentration, C,  is defined as the activity per unit mass of a 
sample (in Bqkg-1). The relation between activity and mass concentrations, in units like 
ppm, follows from equation (3.3), the natural abundance of the nuclide, its half-life time 
and the relation between mass and the number of nuclei by Avogadro’s number. Table 
3.1 presents the conversion between specific activity concentration and mass 
concentration of the different radionuclides. 

Table 3.1: Relation between activity concentration (Bq kg-1) and mass concentration (in ppm) of the three 
naturally occurring radionuclides. 

Nuclide C (Bq kg-1) ppm 
40K 1 33.11 
238U 1   0.08 
232Th 1   0.24 

 

Radio nuclei decay mainly by the emission of α or β particles or by γ-radiation, each with 
different properties and energies. The decay-modes presented in next section are the 
modes that are most relevant for the study of natural radioactivity. 

Very heavy nuclei, as 238U, can disintegrate spontaneously in two parts (spontaneous 
fission). In this process several neutrons are emitted and the radioactive fragments decay 
further by emitting γ and β radiation. For naturally occurring radionuclides, this process is 
rare. 

Alpha particles are 4He nuclei, composed of two protons and two neutrons, and are 
generally emitted by heavy radio nuclei. Alpha particles have a very high rate of energy 
loss in matter. Consequently, α-particles have a penetration in depth in air of only a few 
cm, in more dense materials this penetration depth is even lower. 

Beta particles are fast electrons (e-) or positrons (e+) that result from transfer of a neutron 
into a proton (β-) or from a proton into a neutron (β+). Also β particles lose their energy 
rather easily in matter, and are absorbed within a few cm of water.  

If a nucleus is not stable after one of previously mentioned decay mechanisms but 
contains a surplus of energy, this energy is lost by the emission of photons (γ-radiation), 
without changing the Z-number (the number of protons in a nucleus) and A-number (the 
total number of protons and neutrons in a nucleus). These photons have an energy that is 
distinct for the emitting nucleus and have penetration depths larger than that of α and β 
particles. 

3.1.2 Natural radioactivity 
In nature, most elements are stable and only a few naturally occurring radionuclides with 
a long half-life time are present. For our purpose the relevant radionuclides are: 40K and 
members of the decay series 232Th and 238U (Figure 3.1). The half-life times of 238U and 
232Th are longer than, or comparable to the age of the Earth, indicating that both nuclei 
are still present in the Earth’s crust. 
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Figure 3.1: Simplified decay schemes of 238U, 232Th, and 40K with half life-times in years (y), months (m), 
days (d),  hours (h) and seconds (s). The most relevant γ-ray emitters are marked by the grey boxes. 

The decay chains of the three naturally occurring radionuclides are presented in Figure 
3.1. The emission of β-particles is denoted by diagonal lines, emission of α-particles 
occurs along the horizontal lines. The most relevant γ-ray emitters are denoted by the 
grey boxes. For each nuclide, the half-life time is given. As can be seen from Figure 3.1, 
the half-lifes, and therefore the concentrations of the members of the decay series vary by 
a factor of 1015. Most of the members can therefore only be measured by radioactive 
decay (see equation (3.5)).  

As can be seen from Figure 3.1, not all nuclei present in the decay chain emit γ-rays. For 
the 238U series, the most important γ-ray emitters are 214Pb and 214Bi and for the 232Th 
series, 228Ac, 212Pb and 208Ti. This means that concentrations of 238U and 232Th can be 
measured indirectly by the concentration of γ-ray emitters from the decay chain provided 
that secular equilibrium is present. The breaking of secular equilibrium is mainly a 
concern in the 238U series. The decay series of 238U contains a radium isotope, soluble in 
water (226Ra) with a half-life time of 1600y. The next decay product is Radon (222Rn), 
which is a noble gas and has the possibility to escape the medium. If the system in which 
the measurements take place is not a closed system, which means that nuclei disappear 
not only due to radioactive decay, and radium and or radon can escape. Measuring γ-rays 
from 214Pb and 214Bi will therefore underestimate the 238U concentration. To determine 
this effect of dis-equilibrium in sediment, concentrations of 238U in a zircon sample were 
measured with X-ray fluorescence, whilst the concentration of 214Bi was measured by γ-
ray spectroscopy. The results were compared and within the uncertainties, there were no 
indications that the systems were not closed (de Meijer et al., 1997), although it is known 
that 20-30% of radon formed in dry quartz sand does escape (van der Spoel, 1998). In 
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water saturated conditions, radon remains close to its locations of formation and secular 
equilibrium is assumed. 

3.1.3 Interaction of γ-radiation and matter 
When γ-rays penetrate matter, they can interact with atoms of the medium in various 
ways. The three main interaction processes in the relevant energy range of the γ-ray 
studies of natural radioactivity, 10keV<Eγ<3MeV, are 1) photo-electric absorption, 2) 
Compton scattering and 3) pair-production. This chapter will describe what the effect of 
these interaction processes is on the γ-ray spectrum of a source with mono-energetic 
photons (see e.g. Debertin and Helmer, 1988; Knoll, 1979).  

In the photo-electric absorption process, the full photon energy is absorbed and 
transferred to a so-called photo-electron. This electron is ejected from the atom with an 
energy Ee equal to:  

be EEE −= γ , (3.6)

where Eγ is the energy of the incident γ-ray and Eb the binding energy of the electron in 
its original shell. Unless the interaction occurs in a vacuum, the ejected electron will be 
slowed down in the neighbouring material and its energy will be absorbed. The photo-
electric effect is the predominant mode of interaction of gamma rays of relatively low 
energies. Besides the energy of the gamma rays, also the atomic number, Z, of the 
material determines the probability that a gamma ray will interact. This probability is 
expressed in cross-section (τ) per unit mass. This cross-section cannot be described by a 
single analytical expression, but its dependence on the atomic number and energy can be 
approximately described by:  

3. −≅ γτ EZConst n , (3.7)

where the exponent n ranges between 3 and 4. The strong Z dependence indicates that a 
high Z material is very effective in the absorption of photons. The strong dependence on 
the photon energy, is the reason why this effect is the dominant mode of interaction at 
low energies (<0.5 MeV) (see Figure 3.4). The photo-electric absorption effect in a 
detector will result in a sharp peak, the so-called photo peak (Figure 3.2). The intensity of 
the peak is a function of the intensity of the γ-ray flux and the absorption properties of 
the material.  

In the Compton scattering process, only a portion of the photon energy is transferred to 
a “Compton electron” and the remainder is carried away by a secondary photon (Eγ’). 
The energies of the outgoing electron and secondary photon are related to the scattering 
angle (Figure 3.3). After scattering, the secondary photon can be absorbed by photo-
electric absorption or scattered again by the Compton scattering process. It is possible 
that the photon or electron scatters out of the medium without depositing its full energy. 
The cross-section for Compton scattering (σ) per unit mass can be approximated by: 

1. −= γσ EConst . (3.8)

The fact that the Compton cross-section is independent of the atomic number Z, 
indicates that, contrary to the photo-electric effect, Compton scattering is more or less 
independent of the medium. The inverse relation with the photons energy indicates that 
Compton scattering is dominant at higher energies (~0.5-5 MeV) (see Figure 3.4).  
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Figure 3.2: The contributions of various interactions to a γ-ray spectrum of a mono-energetic source. All 
events (number of counts) that deposit their full energy in the detector, i.e. events that undergo photo-
electric absorption will show as a peak in the Eγ-spectrum: the photopeak (I). Events that interact via 
Compton scattering, show up in the Compton continuum (II). 

In an energy spectrum of a mono-energetic γ-ray bundle, the scattering process will lead 
to a distribution of energies lower than the energy of the incident γ-ray: the Compton 
continuum (Figure 3.2). Figure 3.2 is composed of a photopeak, due to the photo-electric 
absorption and of Compton scattered events in the detector (releasing their full energy by 
multiple scattering), and a continuum. This continuum is composed of Compton 
scattered photons that are not completely collected in the detector and of photons that 
were Compton scattered in the surrounding medium, and entered the detector as 
scattered photons with a lower energy than the original photon. 

Compton electron

Incident photon
Scattered photon

 

Figure 3.3: Schematisation of the Compton scattering process. 

In the process of pair production, a photon is converted to an electron-positron pair, the 
electron is slowed down in the surrounding matter and, the positron annihilates with 
electrons in the matter. The threshold for pair production is 1.022 MeV, but becomes 
dominant in the energy range >4 MeV (see Figure 3.4). The cross-section of pair 
production depends on Z2 and increases sharply with the photon energy. Since the 
maximum energy of natural γ-rays is 2.6 MeV, this process is not of great importance and 
will therefore not be considered in further discussion.  
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Figure 3.4: Relative importance of the three major types of γ-ray interaction. The lines show the values of Z 
and Eγ (hv) for which the two neighbouring effects are just equal (from Evans, 1969). 

Attenuation of γγγγ-rays 
If a parallel beam of mono-energetic photons passes through an absorber with thickness 
z, density ρ and effective atomic number Zeff, photons will loose energy due to 
interaction processes. The probability per unit path length that a photon or γ-quant is 
removed from the beam depends on the energy of the γ-quant (Eγ), the density and 
effective atomic number of the medium and is described by µ: the linear attenuation 
coefficient. The linear attenuation coefficient (µ) has the dimension m-1 and varies with 
the density ρ of the absorber. Alternatively, the linear attenuation coefficient µ, can be 
replaced by the mass-attenuation coefficient µ’ (defined µ’=µρ-1), with the dimension kg-

1m2. The mass-attenuation coefficient is more or less material unspecific (Sowa et al., 
1989), does not depend on the density of a material and is therefore independent on the 
state of a material (e.g. in liquid or in gaseous form) or on the packing of the material.  

Since both the photo-electric effect and Compton scattering remove photons from the 
beam, the total mass-attenuation coefficient is the sum of the two cross-sections: 

στµ +=' . (3.9)

In the energy range of interest the attenuation coefficient decreases with increasing 
photon energy (Figure 3.5), which means that high energy photons have a larger 
possibility to pass an absorber undisturbed than low energy photons. 

The number of photons N(Eγ) of one particular energy Eγ that pass undisturbed through 
the absorber with thickness z, is given by: 

zEeENEN ρµ
γγ

γ )('
0 )()( −= , (3.10)

where N0(Eγ) is the initial number of photons of energy Eγ hitting the absorber.  

When sediments are considered, the medium consists of a mixture of elements. The 
mass-attenuation coefficient for a mixture of elements can be obtained by: 

∑=
i

iimixture m '' µµ , (3.11)

where mi is the fraction (by mass) of element i (with mass-attenuation coefficient µi’) in 
the mixture. 
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Figure 3.5: Mass-attenuation coefficients as function of the photon energy for three different materials: 
water (Zeff=3), quartz (Zeff=10), lead (Z=82) (data from Debertin and Helmer, 1988). 

In the case of a point source and an absorber in front of a detector, part of the Compton 
energies in the spectrum originate from the Compton-scattered γ-rays in the detector 
itself. Also γ-rays that are Compton-scattered within the absorber will reach the detector 
where they are detected by Compton scattering or photo-electric-effect. Also photons 
that enter the detector via back-scattering in the surrounding medium, will end in the 
Compton continuum (part II in Figure 3.2). These additional photons contribute to the 
shape and intensity of the spectrum. This effect is called build-up and will be discussed in 
more detail in section 3.4.1. 

3.1.4 The γ-ray spectrum 
Figure 3.2 describes the shape of an Eγ-spectrum, resulting from a mono-energetic 
source. In nature, however, γ-photons with different energies are emitted and the γ-
energy spectrum will be more complex than the one described in Figure 3.2. When 
photons from a source with different energies hit a γ-ray detector, the measured 
spectrum will be composed of a number photo-peaks and different Compton continua. 
Since the natural decay series of 40K, 232Th and 238U emit γ-rays with different energies, a 
γ-ray spectrum of natural sediment will contain various photo-peaks. Depending on the 
resolution of the detector system, the information in those γ-ray spectra can be translated 
in the activity concentrations of the different radionuclides either by photo-peak analysis 
or full spectrum analysis (FSA). 

3.2 Detection of gamma-rays 

3.2.1 Choice of detectors 
For the work of this thesis, two types of measurements have been conducted. Sediment 
samples have been measured in the laboratory, and in-situ measurements have been 
carried out on the sediment bed in the flume experiments. Each condition requires its 
own type of detector best suited for the desired information and the operating 
conditions. In next section two types of detector systems are discussed: semi-conductor 
detectors and scintillation crystals. The principle of operation of both detector types is 
similar in that sense that in both systems: 
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1) The energy of the photons is transferred to electrons by photo-electric absorption or Compton 
scattering. 

2) The number of electrons is measured. 
As described in the previous sections, the amount of absorbed γ-rays (process 1)) 
depends highly on the density and of the volume of the material. The type of interaction 
(photo-electric effect or Compton scattering) that causes the absorption is a function of 
the elemental composition of the material (parameterised in Zeff) and energy of the 
photons. A higher density of the detector material results generally in a higher amount of 
absorbed γ-rays: the response is high. The same holds for the volume of the detector: the 
larger the volume, the higher the probability that a photon will interact with the detector. 
Thus, increasing the density and volume of a detector system increases the response of 
the detector. For a determination of the energy of a photon, the photons should interact 
with the detector via the photo-electric effect (equation (3.7)). Therefore, increasing the Z 
of the detector material will increase the sensitivity of the detector system. 

In process 2), the measurement of the kinetic energy, the difference in detector type is of 
importance. In a scintillation crystal, the electrons that are generated in the processes of 
photo-electric absorption or Compton scattering will generate excited molecular states in 
the scintillation crystal. The photons that are emitted in the de-excitation of these 
molecular states are measured with a photo-multiplier tube (PMT). The chain of events 
that must take place in converting the incident photons to an electrical signal from the 
PMT, involves many inefficient steps. Therefore, the energy to produce one information 
carrier (light pulse) is large and the number of generated light pulses is relatively small. 
The statistical fluctuation in such a small number of information carriers places an 
inherent limitation on the resolution of a scintillation detector system and photo peaks 
will be rather broad (Figure 3.2). The only way to increase the statistical limit on the 
energy resolution after detection, and to decrease the width of the photo-peak described 
in Figure 3.2, is to increase the number of information carriers. In semi-conductor 
detector systems, the binding energies of electrons are small. Therefore, a semi-conductor 
detector allows the photo-electric interactions to be measured with a high resolution. 

A γ-ray detector cannot detect all photons that are emitted from the sediment. The 
efficiency of the detector system depends on the geometry of the detector and the detector 
response. For sea-floor detectors, placed on a sediment bed, only half of the detector 
“faces” the radiation coming from the sediment and the “effective surface” of the 
detector will be more or less half the actual detector surface. In a laboratory set-up, other 
geometries can be used to increase the efficiency of a detector system.  When a Marinelli 
beaker with sediment is placed over the detector, the detector is almost completely 
covered with sediment and the efficiency is increased compared to the conditions on the 
sea floor. 

In general, scintillation counters have a higher Z value and density than semi-conductor 
detectors and can be produced with larger volumes. Therefore, scintillation crystals have 
a higher response, which can reduce measuring time. However, when a high resolution is 
required (e.g. for spectroscopy), semi-conductors are most suitable. For laboratory 
measurements where the focus is on determination of specific γ-rays, the increased 
resolution outweighs the large measuring time of a High Purity Germanium (HPGe) 
semi-conductor detector. In measurements on the sea floor, measuring time is an 
important parameter determining the spatial resolution of the mapping. The high-
efficiency combined with the well-known composition of the radionuclide suite and the 
absence of the need to cool the detector (a semi-conductor detector must be cooled with 
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liquid nitrogen), a scintillation crystal is preferred for field measurements (e.g. the 
underwater bottom).  

3.2.2 The HPGe set-up 
The HPGe system used at KVI is tailored for measuring low activity samples. Therefore, 
the count rate from background sources (as building materials and cosmic rays) is 
reduced by a castle of “old lead” placed around the detector. Moreover, the geometry of 
the sample on the detector was chosen to increase the efficiency of the system such that 
the sample covered the detector as much as possible (Marinelly beaker).  

A typical example of a γ-ray spectrum measured on the HPGe system is presented in 
Figure 3.6. In this figure, the energies of the different radionuclides is represented by 
sharp photo peaks or lines that are superimposed on a Compton continuum. From the 
energy of the peaks and their content, the identification and the activity concentrations of 
the different radionuclides is determined. The HPGe system is calibrated regularly such 
that the energy of the photo-peaks and the detector efficiency are well known. For the 
analysis, the total number of counts present in the photo-peaks denoted in Figure 3.6 are 
determined. Those numbers are corrected for background. By dividing this value by the 
branching ratio (that is the percentage of the decay of the nuclide that will proceed via 
the emission of a particular γ-ray), the detectors’ efficiency and the measuring time, the 
activity of the specific nuclide is determined for each line. The activity concentration of 
the decay series is obtained as the weighted average of the activity concentrations 
acquired for individual γ-rays. At present, the efficiency is only calibrated for energies 
<1.8 MeV, and hence γ-rays with higher energies are not used in our analysis. 
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Figure 3.6: Two γ-ray spectra of zircon normalised on time measured with the MEDUSA-BGO system and 
on the HPGe semi-conductor detector. The peaks that are used in the analysis of the HPGe spectrum are 
indicated. It should be mentioned that the spectra were measured in a different geometry, this difference 
and the differences in response of the systems explain the large differences in yield for both systems. 
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3.2.3 The BGO-laboratory set-up 
The BGO-laboratory set-up consists of a BGO scintillation crystal (see below) placed in a 
castle of old lead. This system is suited for measurements where nuclide-specific 
information is not required, but where small or low activity samples would result in too 
long counting times on the HPGe system. This detector system is calibrated specially for 
the measurements used in this thesis, more extensively described in section 3.5. 

3.2.4 The MEDUSA system 
The MEDUSA system has initially been designed to map natural γ-radiation in the field (de 
Meijer et al., 1996). Therefore, a γ-ray detector is needed that has a response that should 
be high enough to obtain sufficient statistics to identify individual nuclide activity 
concentrations of natural sediment in about 10 s. Moreover, the system should be able to 
withstand rough conditions under water where cooling with liquid nitrogen is not 
straightforward. Therefore, a scintillation crystal is chosen. The measurement of natural 
γ-radiation in the field is not new, but has been applied in boreholes (see e.g. Tittle, 1989) 
and airborne surveys (see e.g. Darnley, 1991), but also in seafloor measurements (Jones, 
1994).  In most of these cases NaI scintillation crystals are used. These crystals have a 
combination of properties that make them appropriate for many of these applications: 
they are available in large crystals, have a moderate resolution and can be used at normal 
temperatures. For mapping the low-activity sea-floor sediments, these detectors are not 
sensitive enough. The detector system that has been applied in the MEDUSA system 
consists of a 15 cm long, 5 cm diameter Bismuth Germanate (BGO) scintillation crystal. 
This detector has a high density (4.5¥103 kg m-3) compared to the density of a NaI crystal 
(3.7¥103 kg m-3) and a higher Zeff-value (Z=53 for Iodine compared to Z=83 for 
Bismuth). Therefore, BGO crystals have a five times higher response and a better peak-
to-Compton ratio, and acquisition time can be reduced. Compared to NaI, BGO is less 
brittle and not hygroscopic.  The disadvantage for BGO compared to NaI is the reduced 
resolution and temperature gain drift. To overcome these disadvantages, an on-line 
software gain-drift stabilisation is developed and a full-spectrum analysis technique is 
used to analyse the spectra (de Meijer et al., 1996; Hendriks et al., 2000), leading to an 
additional factor of three to five increase in sensitivity. 

The set-up of the system can be adjusted for a specific experiment, but consists in general 
of a 5 mm thick aluminium tube with an inner diameter of 6.0 cm (Figure 3.7). The tube 
(with a length of 1.3 m) is sealed on one side with an aluminium cone that contains a 
water pressure sensor; on the other closed side an armoured coaxial cable is led through a 
sealing. Besides the BGO scintillation crystal and photo-multiplier tube (PMT), 2 extra 
sensors were added to the system: a pressure sensor to measure the water depth and a 
microphone that records the sound of friction between the detector casing and the 
sediment bed (see chapter 4). The microphone is placed on the electronics board inside 
the tube. The electronics digitises, amplifies and transfers the signals from the different 
sensors to a data logging PC.  

In sea-floor measurements, the detector system is placed in a watertight casing, which is 
connected to an armored coaxial towing cable. The electrical part of the cable is used to 
power the electronics and to transfer the data to the onboard PC. The casing is placed in 
a 30 m long, 10 cm diameter PVC hose, to prevent the detector of being snatched behind 
obstacles on the bottom. Signals of the sensors are digitized in the probe and are sent 
over the cable to an onboard PC, where the signals are stored together with D-GPS 
position information. The software analyses the data in real time in terms of the activity 
concentrations. Data are also stored on disk for off-line analysis.  
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Figure 3.7: Schematic presentation of the MEDUSA detector system and its components as it used on the 
sea floor. The outer casing consists of a 5 mm aluminium tube. 

The γ-ray spectrum of zircon measured on a HPGe system, exhibits a set of sharp photo 
peaks or lines (Figure 3.6), whilst the spectrum of zircon measured with a BGO crystal 
shows only a few, much broader photo-peaks. Therefore, for some nuclides, the distinct 
energies are not recognisable (Figure 3.6). For the analysis of the BGO spectra, Full 
Spectrum Analysis (FSA) (de Meijer et al., 1996; Hendriks et al., 2000) is used. The 
principle of the FSA analysis is based on the assumption that the count rate at each 
energy bin, Yi, is the sum of the contributions of the individual nuclides plus a 
background contribution. The contributions of the individual nuclides are included in a 
standard spectrum (Xj, the γ-ray spectrum of 1Bqkg-1) multiplied with the activity 
concentration of the specific nuclide (Cj): 

∑ +=
j

ijjii backgroundCXY . (3.12)

Here, i is the number of the energy bin.  The standard spectra are detector and geometry 
dependent and are determined in the laboratory. 
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Figure 3.8: A total γ-ray spectrum composed of 3 standard spectra, representing 1 Bqkg-1 of K, U and Th. 

The activity concentration of the radionuclide j in the sediment follows from a fit of the 
calculated spectrum to the measured spectrum with a least-squares procedure. Figure 3.8 
shows a total spectrum composed of the three standard spectra of K, U and Th measured 
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with the MEDUSA BGO-crystal. This figure shows that the standard spectrum of K is 
completely different from the U and Th spectra. The spectra of U and Th are more 
similar in shape and consequently in the analysis, U and Th have a larger co-variance than 
K and Th or U. Sometimes it is therefore advantageous to determine the U+Th and K 
contribution to a spectrum and the U and Th standard spectra are often summed. 

3.3 Radiometric fingerprinting of sediments 
The differences in physical properties of sediment are often reflected in radiometric 
characteristics of sediments. It is known that some heavy minerals (e.g. zircon and 
monazite) have concentrations of U and Th that are several orders of magnitude higher 
than light minerals (e.g. quartz, feldspar and clay) (de Meijer et al., 1990). Even within the 
suite of light minerals the concentrations of K, U and Th are higher in the fraction < 63 
µm than in the fraction >63 µm (Venema et al., 1999a). The activity concentrations that 
are characteristic for each sediment fraction are called the radiometric fingerprint. The 
radiometric fingerprint is the activity concentration of the different radionuclides (i) for 
each sediment type or fraction, j: Di j. This fingerprint will not only depend on sediment 
type but of course depends also on the origin of the sediments and should be determined 
for each study.  The analysis that determines the radiometric fingerprint of the individual 
sediment types in the sample, is based on the principle that the total activity 
concentration is the sum of the activity concentration of each fraction: 

∑=
j

jiji mDC , (3.13)

where Ci is the measured total activity concentration of radionuclide i, and mj is the mass 
fraction of sediment j. When Ci is measured and Dij is determined in the laboratory, the 
fraction of sediment j can be determined. This concept is used for the determination of 
the sediment composition in the experiments described in this thesis. 

3.4 Calibration and data analysis MEDUSA data Scheldt flume 
experiments 
In the Scheldt flume experiments, only the variation in the zircon concentration in the 
upper layer (~5 cm) of the sediment is of importance. Since the measurements with 
MEDUSA give a value of the activity concentration averaged over the thickness of the 
total bed, a more detailed analysis is required. 

Interpretation of γ-radiation of a sediment bed is complex and its precise description is 
far from straightforward. At present, Monte Carlo simulations are becoming the method 
to quantitatively understand and describe the γ-ray spectra. Such simulations are, 
however, beyond the scope of this thesis. Therefore, we have opted for more 
phenomenological approach by constructing and validating a model that parameterises 
the zircon concentration in the upper layer. This parameterisation is based on an effective 
mass-attenuation coefficient, µ’, and the sediment thickness.  

3.4.1 Parameterisation 
Thus far in measurements with MEDUSA, efficiency calibrations (‘standard spectra’) are 
used to determine the relation between the γ-ray spectra and the activity concentration of 
radionuclides in the sediment, assuming a homogeneous sediment layer. This efficiency 
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calibration is measured for several geometries and thereby contains already corrections 
for self-absorption and the effects of the geometry.  

In the present data analysis, we will focus on an accurate derivation of the depth-
dependent activity concentrations or composition (the mass concentration of one 
sediment type i, mi) of the sediment bed from the measured activity concentrations. Since 
a detailed 3-D model for these type of measurements is presently not available, the 
parameterisation will be based on 1-D model. Calibration measurements will be used to 
validate this parameterisation and to determine effective parameters. 

In this section we start with a description for a homogeneous layer and subsequently 
expand the model to a configuration of two homogenous layers. In this description, we 
assume that the effect of varying sediment thickness on the measured activity 
concentrations can be described by a 1-D model (Debertin and Helmer, 1988) and that 
effects of a natural 3-D configuration (build-up, variation in geometry) can be described 
by effective parameters. Instead of presenting activity concentrations for γ-rays of 
different radionuclides, an effective activity concentration, C’, will be used. The total 
count rate, N, is the total number of counts per second of a defined part of a Eγ-
spectrum (ROI) due to the effective concentration C’ in the sediment, scattering and 
absorption of the emitted γ-rays and the response of the detector.  

The measurements of the profile in the flume and calibration measurements were not 
carried out on a finite sediment bed (Figure 3.9). Since the detector will view also areas 
outside the sediment in the flume, there will be an effect on the relation between 
sediment height and measured count rate.  

(-detector

PMT

(-detector

PMT

 

Figure 3.9: Schematic presentation of the cross-width detector set-up in the flume and “view” of the 
detector for two different heights of sediment. 

In the experiments in the Scheldt flume, the detector is placed on a sledge on top of the 
sediment bed (Figure 3.10). A 5 mm thick piece of lead was needed to keep the sledge in 
contact with the sediment. Due to the weight of the detector and plate, small-scale ripple 
structures are flattened. The piece of lead was placed between the sediment and detector 
and shields part of the radiation. This shielding is energy dependent and will decrease 
accordingly the amount of γ-rays detected. The situations in Figure 3.9 and Figure 3.10 
illustrate the complex geometry and the need for parameterisation in terms of effective 
coefficients to be validated in calibration experiments. 
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Figure 3.10: Set-up of the calibration measurements. The detector is placed on the sledge on the sediment. 
A piece of wood with on top 2mm of lead is placed on one side of the sledge similar to the set-up in the 
experiments. The circle denotes schematically the “view” of the detector for γ-rays with a penetration 
depth of 35cm. 

One layer 
We assume that a detector is placed on a horizontal, infinite extending, homogeneous 
plane bed of sediment with an activity concentration C (Bqkg-1), emitting mono-energetic γ-
rays with E=Eγ. In a 1-D approximation of the radiation field, all γ-rays are assumed to 
be normal to the source surface. We consider a layer of sediments with thickness dz, 
covered by a sediment layer with thickness z (Figure 3.11). The total number of photons 
with energy Eγ, N(Eγ), entering the detector and originating from the thin layer, is the 
product of the activity in that layer, and the attenuation in the overlying sediment: 

zEedzCEbSEN ρµ
γγ

γρ )(')()( −⋅⋅= . (3.14)

In equation (3.14), S is a constant that represents the effective surface and the geometry 
of the detector (in m2), b(Eγ) is the branching ratio (fraction of gamma-rays with Eγ 
emitted per decaying nucleus), ρ is the bulk density of the sediment (kgm-3) and µ’(Eγ) 
represents the mass-attenuation coefficient of the sediment (m2kg-1). The detector at the 
“surface” in the 1D approach, will only see gamma-rays with an E=Eγ (without scattered 
photons). In the detector, these photons will interact via the photo-electric effect and 
Compton scattering, such that an energy spectrum arises. The integrated count rate, or 
total count rate N of the detector is obtained by integrating equation (3.14) over the total 
sediment bed with thickness z: 
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In this expression ε replaces S in equation (3.14) and incorporates the efficiency of the 
detector. Therefore ε is fully detector and set-up dependent and is constant for a 
particular experiment.  



Radiometric measurements of sediment composition 

55 

z

dz
 

Figure 3.11: Schematisation of a sediment layer with thickness dz, covered by sediment with thickness z. 

In reality, some γ-rays have scattered in the sediment or surrounding water prior to 
entering the detector (Figure 3.12) and will enter the detector with an energy smaller than 
Eγ, where they can interact with the detector material via photo-electric effect or 
Compton scattering. This effect is well-known in radiation protection where it is called 
build-up, resulting in a build-up factor, B. This factor is a function of the energy of the γ-rays 
(Eγ) and path length (t) through the absorber. Since the mono-energetic photons can 
release part of their energy in the surrounding material due to build-up effects, the 
energy-dependent mass-attenuation coefficient µ’(Eγ) is not anymore descriptive. The 
data in Figure 3.5 show, however, that the energy dependence of the mass-attenuation 
coefficient of quartz and water is small for energies >1 MeV and, for the present 
experiments, we assume that this parameter can be described by an effective, energy-
independent, parameter µ’. The value of µ’ is to be determined in calibration experiments 
(see later in this chapter). Therefore, the measured total count rate from a mono-
energetic source, homogeneously dispersed over a layer z can be described by: 
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Figure 3.12: Schematic presentation of the contributions to the γ-spectrum, from a sediment source under 
water: 1) Direct contribution, 2) Compton scattered photon in the sediment, 3) no contribution, 4) 
Compton scattered in the water column. 

The build-up factor B(Eγ,t) incorporates multiple scattering in the sediment as well as in 
the other materials surrounding the detector and depends on energy and the effective 
path length in the sediment. The effective path length is a function of sediment density 
and will consequently differ for different sediment mixtures. However, the increased 
scattering introduced by a high density-material will probably be cancelled by the 
increased absorption in the material. Therefore, build-up is assumed to be independent of 
density. This assumption will be validated in the calibration experiments. Build-up can 
only be calculated analytically for simple geometries but geometries, as described above, 
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are too complex and Monte-Carlo simulations are required. Such simulations are 
presently initiated by others at NGD/KVI, but are beyond the scope of this thesis. 

Natural sediments contain three γ-ray emitting radionuclide series of which 238U and 232Th 
emit a number of γ-rays with different energies. The parameterisation in equation (3.16) is 
valid for a source emitting mono-energetic γ-rays, for example a sediment containing only 
40K. When the sediment contains 238U or 232Th nuclei, γ-rays with different energies are 
emitted. Consequently, the energy-dependent build-up factor will differ for each γ-ray of 
radionuclide j, and equation (3.16) will be the sum of the nuclide-specific count rates that 
originate from each energy Eγ: 
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The next step replaces the sum over the energy by a product of the nuclide-specific 
energy independent quantities ∑=

γ
γγ

E

j
E

j
E

jj BbBb .  

For natural sediments, the total count rate N will be the sum of the contributions of all 
radionuclides:  

∑−=
j

jjjz CBbeN )1(
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'ρµ

µ
ε . (3.18)

Similarly to the previous step, we replace the last term by an effective activity concentration 
parameter ∑=

j

jjj CBbC ' (Bq kg-1), which is a weighted sum of the activity 

concentrations 40K, 238U and 232Th. Due to the factors bj and Bj, the effective activity 
concentration is more than just the sum of the activities. For example only about 10% of 
the 40K decay produces a γ-ray, whereas the series of 238U and 232Th produce more than 
one γ-ray per nuclide of 238U or 232Th. 

Therefore, equation (3.18) can be written in terms of a detector and geometry-dependent 
constant, ε, and of variables that depend on the sediment:  

)1(
'
' ' zeCN ρµ

µ
ε −−= . (3.19)

Zircon concentration 
The mass content of zircon in the upper layer of sediment is our quantity of interest and 
can be defined in terms of activity concentrations: 
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= , (3.20)

with C’z the effective  activity concentration or specific activity of pure zircon, C’q the 
effective activity concentration of pure quartz and C’ the effective activity concentration 
of the mixture. Since the effective activity concentration of quartz is four orders of 
magnitude lower than that of zircon (see later this chapter), the contribution of the 
effective activity concentration of quartz is neglected. Therefore, equation (3.20) can be 
rewritten to: 
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To determine the effective activity concentration of zircon, calibration measurements 
were done on an infinite bed of pure zircon in the same geometry of the experiments (see 
later in this chapter).  To determine the mass concentration of zircon, equation (3.19) is 
normalised by the total number of counts that were recorded on infinite bed of pure 
zircon ( ∞

zN ): 
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Since the measured count rate from an infinite bed of zircon can de described by: 

z

zz
zzz

CdzeCN zz

'
''

0

'

µ
ερε ρµ == ∫

∞
−∞ , (3.23)

equation (3.22) can be rewritten to: 
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The mass concentration of zircon, mz, can be calculated by iteration by realising that the 
mass-attenuation coefficient of the sediment, µ’, is the sum of the mass-attenuation 
coefficients of the sediment fractions times the mass concentration of these fractions: 

( ) ''1' zzqz mm µµµ +−=  (3.25)

Moreover, the total sediment density is determined by the bulk densities of quartz and 
zircon and the mass fractions of both sediments: 
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Two layers 
In sediment transport, changes in bed composition will only occur near the sediment-
water interface in the upper (active) layer of the sediment and the major part of the 
sediment bed is inactive. For an accurate determination of the mass changes in the upper 
sediment layer, not only precise measurements of changes in bed height are required, but 
also the concentration of zircons in the active layer should be known exactly. By 
averaging the zircon concentration over the total thickness of layer z (see Figure 3.15), 
small changes of the zircon concentration in the active layer might be unnoticed. To 
solve this problem, the zircon concentration should be determined in a layer with a 
thickness similar to that of the active layer. Therefore a parameterisation is needed that 
describes the zircon concentration in two layers of sediment. 

The sediment bed is composed of two homogeneously-mixed layers of sediment with 
thickness z1 and z2, specific activities C1 and C2, mass-attenuation coefficients µ’1 and µ’2 



Calibration and data analysis Medusa data Scheldt flume experiments 

58 

and densities ρ1 and ρ2, respectively (Figure 3.13). The relative count rate ∞
zN
N ,  

measured on top of the sediment can be described by the sum of the γ-radiation that is 
measured from layer 2 (N2) without the radiation absorbed by the sediments in layer 1 
and the radiation from layer 1: 
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In this description we assume that the effects of build-up (included in the effective 
specific activity, C’) are the same for both layers. Of course this is an approximation, 
since photons emitted from layer 2 as build-up, can also Compton scatter in layer 1, 
resulting in a relatively larger build-up component in C’1. The photons emitted from layer 
2 as build-up will have a low energy and have consequently a large possibility of losing 
their full energy within the sediment of layer 1, reducing the effect.  

If we assume that the effective activity concentration of layer 2 equals the effective 
activity concentration of the initial sediment bed, the mass concentration of zircon in the 

upper layer of sediment,
zircC
C
'
'1 , can be calculated from ∞

zircN
N  when the thickness of the 

top layer, z1, is known. 
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Figure 3.13: Schematisation of two layers, with thicknesses z1 and z2, mass-attenuation coefficients µ’1 and 
µ’2, densities ρ1 and ρ2 and activity concentrations C’1 and C’2. 

In the experiments, only the upper 10 cm of the sediment (z0) consists of the quartz-
zircon mixture. Below this mixture, pure quartz is present which does not give a 
significant contribution to the count rate. It is assumed that, at time t0, the upper 10 cm 
of the sediment is homogeneously mixed and composed of sediment with specific activity 
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C2. At time t1, the mixed sediment bed is composed of the layers z1 and z2 (see Figure 
3.14). To quantify the sorting effects we choose a realistic value for z1 and calculate the 
zircon content in this layer. The thickness of the remaining layer z2 is than given by 
z2=z0-z1+dz. The parameter dz is the difference in bed height, with a positive value in 
case of accretion and a negative value in case of erosion. 
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Figure 3.14: Schematisation of the morphologic variation and corresponding total count rate N2 for 
accretion and erosion cases. In this schematisation, z1 is constant. 

The description of the zircon concentration in two layers gives the opportunity for a 
detailed study of the zircon concentration in the active layer of the sediment. It is, 
however, difficult to estimate the improvement of the two-layer model with respect to 
the one-layer model from the basic formulations. This will be studied together with the 
validation of the model. 

3.4.2 Validation measurements 
To determine the validity of the description with the above-described models and to 
establish the “effective” parameters derived in subsection 3.4.1, measurements are done 
in the flume. 

To determine the effective attenuation coefficients for quartz and zircon, boxes of 
0.69×0.30 m2 with several thicknesses of quartz and zircon have been placed at the end of 
the flume (at location x=7m) at a water depth of 70 cm (see chapter 2). The detector was 
placed on the PVC sledge in the same geometry as in the actual experiment (Figure 3.10). 
On this sledge, a small piece of wood with 2mm of lead was attached to prevent the 
sledge from floating. This lead was placed between the sediment and detector as similar 
to the actual measurements as possible. Since on both sides of the flume, different walls 
of the building are located (one of concrete containing radionuclides and one wall of 
PVC, the D (“drukleiding”) and W(“wand”)-side respectively), the measurements have 
been carried out on both sides of the flume. Each calibration measurement lasted about 
15 minutes, to obtain sufficient statistics. 
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Attenuation coefficients for quartz and zircon 
The boxes were placed on the iron floor of the Scheldt flume, just above a floor of 
concrete and filled up to 3, 7, 10.8, 16.8 and 22.8 cm for the zircon and 3, 7, 12, 17.8 and 
24 cm for the quartz. The total count rates of these measurements are plotted as function 
of height in Figure 3.15. The left part of Figure 3.15 presents the total count rate (where 
total counts represents the number of counts between 0.5-2.2 MeV) of zircon for several 
thickness of sediment. These data show a less than linear increase of the count rate with 
increasing sediment thickness as a result of the interaction between the variation in count 
rate with increasing source strength (increasing thickness of sediment) and self-
absorption. The boxes used for these measurements have a height of 11 cm and for the 
thickness of 16.8 and 22.8 cm a second box was placed on the one used for the first three 
measurements. As turned out later, this box was filled with zircon that originated from 
another storage big-bag and had a different activity concentration of 232Th. This 
difference mainly affects the high-energy part of the spectrum (the most important γ-ray 
of the 232Th series has an energy of 2.615 MeV) and the total count rate is analysed in the 
energy range 0.5<Eγ<2.2 MeV. For the presented calibration measurements, the total 
count rates of the two points at 16.8 and 22.8 cm are corrected for the difference in 232Th 
content. 

For quartz placed on concrete the total count rate decreases with increasing sediment 
thickness. Since the concrete has higher activity concentrations than the quartz, quartz 
will mainly act as an absorber of γ-radiation from underlying material. 
To determine the effective attenuation coefficients for quartz and zircon in the sediment, 
the calibration measurements were fitted to the expression of equation (3.27), but 
without normalising to the zircon concentration: 

[ ] )1(
'
'

111111 '

11

11'
2

zz eCeNN ρµρµ

ρµ
ρε −− −+=  (3.30)

In this expression, we assume that the underlying concrete has an infinite thickness. 
From the number of counts N, measured as function of z, the effective mass-attenuation 
coefficient, µ’, can be determined. If we assume that the porosity of the sediment is 0.36, 
the bulk densities of quartz and zircon are 2.056 gcm3 and 3.176 gcm-3, respectively. 
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Figure 3.15: The response of total count rate (s-1) on the thickness of the sediment bed. The statistical 
uncertainties in the count rates fall within the data points. The black lines represent the best fit of (3.30), 
the grey line represent the fit with µ’=0.071 (cm2g-1). 
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The results of these fits are given in Table 3.2 and are presented as black lines in Figure 
3.15. Since the mass-attenuation coefficient is normally expressed in cm2g-1, also the other 
parameters are expressed in these units. 

Table 3.2: Results from the fit of the calibration measurements with (3.30). 

 N2 (s-1) µ’1 (cm2g-1) ε’C’1 (Bqcm2g-1) r2 

zircon 7 (120) 0.062 (0.003) 437 (19) 0.99 

quartz 25.6 (0.4) 0.071 (0.005) 0.79 (0.07) 0.99 

 

The results in Table 3.2 show that the background count rate N2, mainly resulting from 
the concrete, is the same for the zircon and the quartz measurements, but the uncertainty 
for the zircon measurements is large. This is the result of the high count rate of zircon 
compared to the count rate of the background. The values of the effective mass-
attenuation coefficient do not significantly differ, but the nominal value of the mass-
attenuation coefficient of zircon is lower than that of quartz. The effective mass-
attenuation coefficient of quartz agrees well with the specific mass attenuation of quartz 
from literature (0.087 cm2g-1 for 0.5 MeV and 0.034 cm2g-1 for 3 MeV (Debertin and 
Helmer, 1988)), but precise comparison is not possible since the effective mass-
attenuation coefficient determined in this experiment is averaged over energy and 
includes build-up effects. In general, the mass-attenuation coefficient increases slightly 
with increasing Z-value of the material (Debertin and Helmer, 1988). Therefore, the 
somewhat smaller value of the mass-attenuation coefficient of zircon is unexpected since 
the effective Z-value for zircon is larger than for quartz. Since the two measurements 
with the largest thickness comprised slightly different sediments, these effects can, 
although corrections are made, influence the results. To give an estimate of the difference 
between the mass-attenuation coefficient of 0.062 and 0.071 cm2g-1, function (3.30) is 
fitted to the data (grey line in Figure 3.15), with µ’1=0.071. These results show only small 
differences with an r2 of the fit of 0.99. For that reason special focus will be on the mass-
attenuation coefficient of zircon, in case validation of the measurements with sediment 
samples shows erroneous results. 

The values of the effective activity concentration clearly show the large specific activity of 
the zircon compared to the quartz. 

For the determination of the total count rates with respect to the total count rate of an 

infinite bed of zircon, 







∞
zir
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N
N

, the γ-ray spectra are gain-stabilised by full spectrum 

analysis (FSA). After this, the counts are summed for the energy range 0.5<Eγ<2 MeV 
and normalised on the total count rate of 22.8 cm of zircon. 

An interesting parameter is the depth of view of the detector, which is defined as the 
depth for which the count rate deviates less than a certain percentage, p, from the count 
rate for an infinitely thick bed (N∞): 
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. (3.31) 

The thickness of this layer follows then from 
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Hence, the depth of view for a given percentage, p, can be calculated as: 

ρµ '
)ln(pz −=∞ . (3.33) 

Since the effective mass-attenuation coefficients and (bulk) density of the material are 
known, the depth of view can be calculated for pure quartz and pure zircon (Table 3.3). 
As the mass-attenuation coefficients are more or less material independent (Sowa et al., 
1989), the depth of view depends mostly on the density of the material. The depth of 
view in quartz (20 cm) is a factor 1.3 larger than that of zircon (15 cm). This means that 
for all calibration measurements, the maximum thickness of zircon and quartz was large 
enough to measure ‘infinite’ bed conditions within 95% accuracy. 

Table 3.3: Depth of view penetration for quartz and zircon, corresponding to 95% of the count rate of an 
infinite layer. 

Sediment type µ’ (cm2g-1) ρ (gcm-3) p (%) z∞ (cm) 

quartz 0.071  2.056 5 20 

zircon 0.062 3.176 5 15 

 

3.4.3 Validation of the assumptions 
In section 3.4.1, a model is presented that describes the relation between the measured 
count rate on top of the bed and the concentration of zircons present in the upper layer 
of the sediment. For this model the assumption is made that the effects as energy 
dependence of the mass-attenuation coefficient and build-up can be incorporated in an 
effective parameter and that the zircon distribution is homogeneous. The next paragraph 
focuses on the validation of these assumptions.  

Assumption of an energy averaged mass-attenuation coefficient 
The assumption that effects of build-up and the energy dependence of the mass-
attenuation coefficient can be described by an effective parameter implies that the count 
rates of all energies of the γ-ray spectrum will be attenuated equally. To determine 
whether this assumption is valid, a box of 12 cm of zircon was placed under water and 
covered by layers of quartz with different thickness (1, 2, 7 and 12 cm). By covering the 
zircon with the quartz, the overall bulk density changes. To determine whether build-up 
and the energy dependent mass-attenuation coefficient have any effect on the spectral 
shape, the Eγ-spectra are normalised by the spectrum of a cover of quartz with a 
thickness of 1 cm. The results (see Figure 3.16) show that the general trend of the 
normalised spectra is a horizontal line, indicating that the assumption of an effective 
attenuation coefficient is valid. The small oscillations that are present occur at the 
positions of the major photo-peaks in the γ-ray spectra. They to increase with increasing 
thickness of quartz and is consistent with a changing photo peak to Compton ratio. The 
only large differences in spectral shape occur for energies <0.25 MeV. In this region, the 
normalised spectra become steeper for thicker quartz layers. This is likely the result of 
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build-up due to the scattering in the vicinity of the detector. Since the data are analysed 
for energies 0.5<Eγ<2.2 MeV, this effect will not influence the results. 
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Figure 3.16: Eγ-spectra normalised to a spectrum of pure zircon, for the measurements with varying 
thickness of quartz on 12 cm of zircon. 

Assumption homogeneity upper layer 
In the two-layer model, the sediment bed is divided in two layers z1 and z2 (see Figure 
3.13) that differ in average zircon concentrations. These concentrations of zircon are 
assumed to be homogeneously distributed in both layers. In sediment transport, changes 
will occur in a thin layer of sediment close to the sediment-water interface (active layer) and 
selective sediment transport can result in a stratification of the sediment. The 
determination of the thickness of this active layer is a major problem in studies on 
sediment transport (see e.g. Dohmen-Janssen, 1999; Reed et al., 1999; Tánczos, 1996) and 
is not well known. Therefore the zircon concentration is determined in sediment layer z1, 
with a thickness larger than the (assumed) thickness of the active layer. In that case, layer 
z1 will be composed of two different strata (the active layer and underlying sediment), 
each with a distinct concentration of zircon. Therefore, the assumption of a 
homogeneous distribution of zircon in layer z1 is violated. The effect of this non-
homogeneity on the calculated average zircon concentration of layer z1 is determined 
with a sensitivity analysis. In this approach, the sediment is composed of an active layer l1 
and underlying sediment l2, schematically presented in Figure 3.17. Layer l2 has a zircon 
concentration of 0.4 (similar to the average mass concentration in the experiments) whilst 
for (active) layer l1, two extreme cases are used: a case where layer l1 consists of pure 
quartz and one where l1 consists of pure zircon. Since we know the thickness and zircon 
concentration of both layers, we can calculate the average zircon concentration in a 
sediment layer with thickness z1 (mz,z1) by: 
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The thick lines in left-hand graphs of Figure 3.18 and Figure 3.19 represent this 
concentration of zircon as function of the thickness of layer l1. 

Since we know the distribution of zircon in the sediment (in layer z1 and z2), the relative 

count rate 







∞
zN
N , measured on top of the sediment can be calculated with the 
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parameterisation described in equation (3.28). In turn, the average concentration of 
zircon in layer z1 can also be determined with equation (3.28) for different thicknesses of 

z1 from 







∞
zN
N . These results are presented as thin lines in the left-hand graphs of Figure 

3.18 and Figure 3.19.  
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Figure 3.17: Schematisation of active layer l1 on top of sediment layer l2 and schematisation of the two 
layers z1 and z2 from equation (3.28). 

 

The results in the left-hand graphs of Figure 3.18 and Figure 3.19 show that the zircon 
concentrations determined with the two-layer model deviate from the real zircon 
concentrations. In the case where layer l1 consists of quartz, the homogeneous-mixture 
model underestimates the zircon concentrations. The relative difference (right-hand 
graph) increases with increasing thickness of layer l1 and is independent of the thickness 
of z1.  

In case layer l1 consists of zircon, the zircon concentrations are over-predicted with the 
two-layer model. For this case, the relative difference does depend on the thickness of 
layer z1, where the relative difference increases for increasing thickness of z1. 

In present study, z1 is chosen close to the maximum thickness of the maximum active 
layer and is assumed to be 5 cm. This means that the relative uncertainty in the 
approximation with a homogeneous layer will (depending on the composition and 
thickness of layer l1) range between -0.05 and 0.35. 

The investigation presented in Figure 3.18 and Figure 3.19, also shows the improvement 
of the two-layer model with respect to the parameterisation with one layer (equation 
(3.24)). The sediment mixture in the experiments had a thickness of 10 cm, and was 
placed on a bed of pure quartz. This set-up can therefore be seen as a two-layer model 
with z1=10 cm. The analyses of z1=10 cm in Figure 3.18 and Figure 3.19, show that the 
relative uncertainty in the mass concentration of zircon is independent of z1 in case the 
upper layer is composed of quartz, but the uncertainty is larger (-0.15 compared to –0.05 
for z1=5 cm) for an equal thickness of pure zircon. 
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Figure 3.18: Zircon concentration in the upper layer z1 of the sediment in case of pure quartz placed on a 
zircon mixture. This concentration is calculated with the layer model with the assumption of 
homogeneously mixed sediment, and real zircon concentrations (left-hand graph) for various quartz-layer 
thickness and a number of thicknesses of the active layer. The right-hand graph shows the relative 
difference between the calculated zircon concentration and real zircon concentration. 
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Figure 3.19: Zircon concentration in the upper layer z1 of the sediment in case of pure zircon placed on a 
zircon mixture. This concentration is calculated with the layer model with the assumption of 
homogeneously mixed sediment, and real zircon concentrations (left-hand graph) for various quartz-layer 
thickness and a number of thicknesses of the active layer. The right-hand graph shows the relative 
difference between the calculated zircon concentration and real zircon concentration. 

3.4.4 Conclusions 
Detailed investigations of calibration measurements indicate that a 1-D model, with 
effective calibrated parameters, can describe the relation between the measured 
radiometry on top of the sediment bed and the zircon concentration of a layer with 
known thickness. Uncertainties that arise due to the non-homogeneity of the sediment 
can be minimised by choosing the layer of interest as small as possible. However, 
sediment samples will be used to validate the results and to estimate uncertainties for the 
measurements in the experiment. 

3.5 Sample analyses Scheldt flume experiments 
The concentrations of zircon in sediment samples (from the transverse suction system en 
from the sediment bed, see chapter 5), are derived from the γ-ray activity measured on 
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the in-house Bismuth Germanate (Bi9Ge3O12) or BGO crystal at KVI. This BGO crystal 
is surrounded by 10cm of old lead to reduce the background radiation from building 
materials. The remaining background signal is mainly the result of cosmic radiation and 
by radioactive 207Bi-nuclei in the crystal itself. 

The aim of the γ-ray measurements of the sediment samples was to determine the 
concentration of zircon in the samples. Similarly to the measurements with the MEDUSA 
system, total count rates of the γ-ray spectrum are recorded. Therefore, pillar-boxes with 
sediment are placed on top of the BGO detector (see section 3.2.1). These boxes, with 
varying concentrations of zircon, are filled to different heights. Since the total count rate 
depends on the activity concentration of the sediment, the effective parameters ε and µ’, 
and the height of the sediment sample (see equation (3.19)), the activity concentration of 
the sediment sample can be determined from the count rate after determining these 
effective parameters for this set-up. 

)1(
'
' ' zeCN ρµ

µ
ε −−=  (3.35)

To determine variations in the total count rate, the system should be corrected for 
background and gain-stabilised, which means that drifting due to e.g. temperature 
variations should be minimal. Therefore, prior to the measurements, the background of 
the system was measured and the variation in total count rate (the total number of counts 
within the energy range 0.45 MeV-4.5 MeV) of a box with constant amount of zircon was 
measured in intervals of 1200s for two days (Figure 3.20). These data show that the gain 
of the detector shows a variation of maximum 6 count s-1. This variation can probably be 
attributed to changes in temperature during day and night. This variation is small (~2% 
(relative)) and is smaller than the statistical uncertainty in the total count rates of the 
samples with a sediment mixture. Therefore, the drifting of the detector system is 
neglected and the calibration measurements are conducted once, at the beginning of the 
measurements. 
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Figure 3.20: Variation in total count rate over 60 hours. 

For the calibration measurements, boxes filled with varying heights of zircon and quartz 
have been placed on the detector system and the total count rates are recorded. By using 
the total count rates of the major part of the spectrum, the samples could be measured 
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fast (100 s per sample) with statistical uncertainties in the total count rate <10% for the 
quartz and <1% for zircon. The vertical error bars in Figure 3.21 reflect statistical 
uncertainties and fall within the size of the data points for the zircon. The horizontal 
error bars are due to the height measuring technique: the height is determined with a 
ruler placed to the side of the box. An inaccuracy of 1 mm is estimated for uncertainty of 
this procedure. The results of the calibration measurements were fitted to equation (3.35) 
to determine the effective parameters. These results are presented in Table 3.4 and show 
that the mass-attenuation coefficients of quartz and zircon are equal but large compared 
to the results of the measurements with the MEDUSA system (see section 3.4.2). The 
specific activities of quartz and zircon differ two orders of magnitude.  
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Figure 3.21: Calibration measurements of different heights of zircon and quartz. The line represents the fit 
given in equation (3.19). 

Table 3.4: Effective parameters from the fit of the calibration measurements. The density of the material 
reflects the bulk density with a porosity of 0.36. 

Sediment µ’ (cm2g-1) ε’C’ (Bqkg-1) ρ (kgm-3) r2 

quartz 0.23 (0.05) 0.31 (0.03) 1.696 1 

zircon 0.211 (0.015) 105 (4) 2.816 1 

To determine the zircon concentration in the sediment, the effective activity 
concentration of the sediment can be calculated from the measured number of counts 
and equation (3.35) and by realising that the mass-attenuation coefficients is the sum of 
the mass fractions of quartz and zircon times the mass-attenuation coefficient: 

zzqqm mm ''' irµµµ += . (3.36)

Since the density of the mixture can be described by: 
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the mass concentration of zircon can be determined by: 
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Since activity concentrations <0.8 cps probably result from variations in composition of 
the quartz minerals, the zircon concentrations of these datapoints are set to 0. 

The uncertainty estimations in the zircon concentrations follow from the error 
propagation of various sources: the statistical uncertainty in the count rate, the 
uncertainty in the determination of the bed height (which is 1mm) and the uncertainty in 
the mass-attenuation coefficients. The calibration measurements (Figure 3.21) did only 
involve measurements in the steep part of the exponential fit due to the limited height of 
the boxes. The relative uncertainty in the attenuation coefficients is consequently large 
(20% for the quartz and 7% for the zircon). Therefore, the uncertainty in the attenuation 
coefficient is dominant and results in relative uncertainties in the zircon concentration of 
approximately 20 to 30%. 

3.6 Calibration and data analysis LWF experiments 

3.6.1 General 
In the LWF experiments, γ-radiation is measured with the MEDUSA system. These results 
are used to determine the concentration of heavy minerals, similar to previous 
experiments. This section does not only describe how the heavy-mineral concentrations 
are inferred from radiometric measurements, but also shows how the 40K signal can be 
used to derive the median grain size of the sediment. 

3.6.2 Spectrum analysis 
The MEDUSA spectra are analysed with the FSA method, with a correction for 
background of the detector system, but without a correction for background in the 
flume. The measurements with MEDUSA are made in the centre of the flume with 3 m of 
water between the detector and concrete sidewalls. Since the water will effectively absorb 
all radiation from the concrete, ignoring the flume background is justified. The analyses 
of the sediment samples already showed that the activity concentrations in the sand are 
very low (see section 2.3.3). Consequently, the statistical uncertainties in the analysed 
radionuclide concentrations are large. To gain better statistics the spectra, recorded every 
3 s, were summed over 45 seconds and the spatial resolution of the measurements 
decreased from 0.6 m to 9 m. Due to the low statistics, the FSA analysis is very sensitive 
to the covariance in the U and Th spectra. Therefore the individual standard spectra of U 
and Th are summed and used as an U+Th standard spectrum.  

3.6.3 Sediment characterisation 
General  
The sediments that have been used in the LWF experiments are former Pleistocene 
glacial deposits with a rather wide grain-size distribution (d10=247 µm, d90=705 µm). To 
determine the radiometric properties of the various sediment fractions, a bulk sample of 
(unused) LWF sediment is split in 12 fractions by sieving. These fractions have been 
measured on the HPGe-detector system. Figure 3.22 shows the relation between the 
activity concentrations of K and U+Th and the grain size of the fractions.  

For K, the concentration increases with decreasing grain size for the fractions <500 µm. 
For the fractions >500 µm, the relation is reversed and the activity concentration of K 
increases with increasing grain size. For U+Th, the behaviour is more or less similar: the 
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activity concentration increases with increasing grain size for grains <500 µm, whilst the 
activity concentration slightly increases for coarser material.  

To determine the contribution of heavy-mineral concentrates on the measured activity 
concentrations, the different fractions (63-255 µm) are merged again in a bulk sample. 
This sample is split in a heavy and light fraction and both fractions are analysed on their 
K and U+Th content (Figure 3.22). The analyses of the K-concentration show that these 
measurements are hardly influenced by heavy minerals in the different fractions: the 
average concentration of K in the heavy-mineral fractions is somewhat lower than the 
average K concentration of the light fraction with a high density salt and a centrifuge. 
Therefore, a varying concentration of heavy minerals in the sediment fractions will not 
influence the K-concentration and the K-concentrations seem to reflect the grain size of 
the sediment only. For grain sizes <500 µm, the relation between K and grain size can be 
used to determine grain size of the sediment from the measured radiometric signal. 

The U+Th concentration of the heavy-mineral fraction is approximately 70 times the 
U+Th concentration of the light minerals. This indicates that small admixtures of heavy 
minerals in the various sediment fractions can influence the measured U+Th 
concentration considerably. The result that the U+Th concentration in the smallest grain 
size fraction is approximately 10 times the U+Th concentration of the light sand 
confirms this hypothesis. Even for sand the fraction with the lowest U+Th concentration 
(500 µm) the U+Th value is still higher than the concentration measured in the pure light 
fraction. The inverse relation between grain size and heavy-mineral concentration is 
therefore probably dominated by an increasing heavy-mineral content per size fraction 
for decreasing grain size.  

These results indicate that the U+Th concentration is a measure of the (low) heavy-
mineral concentration in the sediment and that the K-concentration can be used as an 
indicator of grain size.  
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Figure 3.22: Activity concentration of K and U+Th for a sediment split in grain size fractions (which 
include heavy minerals) and for the heavy mineral and light mineral content of the fractions 63-355 µm. 
Also activity concentrations are given of some sediment samples of the experiment. The thin black line in 
the left hand graph is a fit. 

The increase of the activity concentration for grain sizes >500 µm has also been 
observed in analyses of sediment samples from the river Rhine (de Meijer and ten Have, 
1999). The explanation given is that in this size fraction, rock fragments occur that that 
are split along fractures. During rock formation, radionuclides are preferably 
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concentrated at these fractures and can be released during break down of the rock. This 
will result in a relative decrease of the activity concentration.  

K-concentration and grain size 
The sample analysis shows that the K-concentration is a measure of the grain size of the 
sediment. This relation is remarkable, but is also observed in analyses of Rhine sediments 
(de Meijer and ten Have, 1999). The relation can be the result of two sediment properties: 

1) The concentration of K arises from K-feldspars in the sediment and the 
concentration of K-feldspars increases with decreasing grain size. 

2) K is adsorbed to the surface of the sediment grains and the increase in K with 
decreasing grain size is a result of an increasing grain surface per unit volume with 
decreasing grain size and thus a larger ability to adsorb K.  

Role of K-feldspar 
The relation between grain size and K-feldspar concentration is also described by Odom 
et al. (1976). They studied different Precambrian sandstones by microscopic slides and 
found that the K-feldspar content increases with decreasing median grain size of the 
sediment. Their explanation is that feldspars tend to be reduced in size during abrasion, 
whilst rock fragments and polycrystalline quartz tend to be fragmented and destroyed. 
This behaviour will cause an increased concentration of fine K-feldspar in sediments that 
are deposited in highly agitated environments like glacial deposits. If this is true, this 
relation is location dependent and will not hold for all sedimentary environments (Hsu, 
1962; Pollack, 1961). Since feldspars and quartz have an equal density, sorting processes 
are not expected to be different for quartz and feldspar and feldspar grains of the same 
size. Hence, the K-content can be used as grain size indicator for K-feldspar as well as 
quartz. 

Surface adsorption 
If the relation between K and grain size is the result of adsorption to the surface, the total 
K-activity can be described by a surface activity concentration (Bq m-2) of the grain, Cs, 
and a volume activity concentration (Bq m-3), Cv. The total activity concentration by mass 
can be written as: 
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In this expression, ρ is the specific density of the sediments and d is the grain size. The ≈ 
sign indicates that the relation holds for spherical particles. Function (3.39) was fitted to 
the data points with a grain size <500 µm an results in a correlation coefficient R2 of 0.99 
(Figure 3.22). The fit parameters are given in Table 3.5 

Table 3.5: Fit coefficients of equation (3.39). 

 Cs (Bqm-2) CV (105 Bqm-3) 

present study 11.9 (0.5) 2.83 (0.15) 

Venema et al., (1999a) 0.93 (0.13) 9.3   (0.3) 

 

Similar observations were made by Venema et al. (1999a). They studied the relation 
between 40K-concentration and grain size for natural sediment of the Haringvliet, a 
former estuary in the Netherlands. These data were also fitted to the model described in 
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equation (3.39) and the results are presented in Table 3.5. The fit coefficients show that 
the surface and volume contributions differ both in magnitude and ratio. This indicates 
that the inverse relation between 40K and grain size can vary strongly for different 
sediments and sedimentary environments. 

To determine the contribution of the volume part of the grains and the surface part of 
the grains to the total activity concentration, the activities from the surface (As, in Bq) 
and the activity from the volume (Av, in Bq) per grain are calculated by: 
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Figure 3.23: Ratio of the surface activity (As) over the volume activity (Av) as function of grain size. 

Figure 3.23 shows the ratio of the activity from the surface over the activity from the 
volume as function of grain size. This figure shows that for grain sizes <250 µm, the 
activity concentration of the sediment is dominated by the contribution from the 
sediment-grain surface, whereas for larger grain sizes, the activity concentration is 
dominated by the contribution from the volume of the grains. This indicates that 
potassium is not only present in the crystal structure, but is more abundantly present at 
the surface of the grains for grain sizes <250 µm. This can be the result of adsorption 
processes, wherein the K+ ions are adsorbed to the more negative SiO2 grains. Why the 
contribution reverses at 250 µm is not clear. The activity ratios of the data set of Venema 
et al., show that the volume fraction dominates in these sediments for all size fractions. 

The adsorption of positive ions on grain surfaces is described in literature (Eisma, 1992) 
and the amount of cations that can be exchanged is defined by the cation-exchange 
capacity (CEC, in meq g-1: mol equivalents per gram) (Table 3.6). Since sedimentary 
particles normally have an over-all negative charge, the exchange of cations is assumed to 
be dominant in absorption processes. The uptake of cations is an important parameter in 
agriculture and the larger the CEC, the more cations can be present in the soil. The CEC 
depends highly on the pH of the sediments, where the CEC decreases with decreasing 
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PH (increasing acidity). The exchange of ions on sediments occurs commonly fast on 
geological time scales, but the kinetics of adsorption in natural environments is still 
poorly understood. The strength of the bonding between the cations and the sediments 
varies from weak Van der Waals bondings (physical adsorption) to strong chemical 
bonds.  

Table 3.6 shows the CEC for different types of sediments. The data indicate that the 
CEC can vary over 2 orders of magnitude for various types of sediments and can vary 
one order of magnitude within one soil type.  

Table 3.6: Cation exchange capacity for different types of sediment (Eisma, 1992; Locher and de Bakker, 
1990). 

Sediment Cation exchange capacity (mol eq. kg-1) 

Quartz sand 0.01-0.02 

Coastal plain soils 0.06-0.02 

Kaolinite 0.03-0.15 

Illite 0.15-0.4 

Montmorillonite 0.8-1 

sedimentary clays 0.6-2.21 

 

With equation (3.39), the total activity from surface-adsorbed K is calculated for the 
sediment used in the experiments. Since 

2/1

2ln
T
NA = , (3.41)

with A the activity in Bq, N the number of particles and T1/2 the half-life time, A*
s can be 

converted to the number of adsorbed K atoms. The half-live time of 40K is 4.04 106 s and 
the abundance of 40K with respect to all K isotopes is 0.012%. 
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Figure 3.24: Cation exchange capacity as function of grain size. 

Figure 3.24 shows the cation exchange capacity per grain size for the sediments used in 
the experiments. It appears that in natural sediments, only 10% of the CEC is occupied 
by K (Locher and de Bakker, 1990), which equals 1-2 ×10-3 mol eq. kg-1 for sandy 



Radiometric measurements of sediment composition 

73 

sediments (Table 3.6). Figure 3.24 shows that the CEC calculated from quartz sand 
ranges between 0.001 and 0.006. These values are similar to the expected values and 
indicate that adsorption processes described by the CEC-parameter are consistent with 
the presence of K on the surface of the sediment grains. If this mechanism is the result of 
the increasing K concentration for decreasing grain sizes, the relation will probably also 
hold for other situations independent of provenance.  

The composition of adsorbed elements in an aqueous solution, can change 
instantaneously if the ion composition of the solution changes. This effect is strongest on 
Na+ and Ca+ and the influence on the adsorbed K concentration is small. To verify the 
importance of leaching in present experiments, sediment samples from the experiments 
are used to validate the relation between K and grain size (Figure 3.22). These results 
show that the relation between K and grain size is similar for sediment that has been 
actually used in the experiments. 

Calibration of grain size 
The relation between K and grain size cannot uniquely be ascribed to either feldspar 
concentrations of adsorption effects. To investigate the precise mechanism is beyond the 
aim of this thesis. The relation can, however, been used phenomenologically to determine 
the sediment grain size in situ. To facilitate the calibration, the data are fitted to following 
relation: 

d
baC += , (3.42)

with a and b fit constants, d the (median) grain size of the sediment and C the activity 
concentration. The coefficients of the fit (with R2=0.99) and uncertainties are given in 
Table 3.7. 

Table 3.7: Fit coefficients of eq (3.42). 

a (Bqkg-1) b (104 µm Bqkg-1) 

107 (6) 26.8 (1.1) 

 

The inverted function of eq. (3.42) can then be used to describe the grain size as function 
of the K-activity in the sediment: 

aC
bd
−

= , (3.43)

and the uncertainty in the calculated grain size can be represented by: 
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Previous comparisons of the activity concentrations measured with MEDUSA and the 
HPGe system, showed that the activity concentrations of K, measured with MEDUSA, are 
underestimated with respect to the HPGe activity concentrations by a factor of 1.3 
(Venema et al., 1999b). This factor is used in the present data analysis to correct the 
MEDUSA measured values. 

To determine the validity of the approach, sediment samples are taken from the upper 
layer of the sediment in the flume and sieved. The median grain sizes of these samples are 
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compared with the grain size determined from the profile by radiometry in Figure 3.25. It 
should be mentioned that the sediment samples are derived by scooping the upper layer 
of the final sediment profile at various locations, where the MEDUSA measurements 
represent an average grain size over an area of 8 m. This can introduce differences 
between both values. 
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Figure 3.25: Grain sizes determined from radiometry and grain sizes determined by sieving from sediment 
samples. The dotted line represents a best fit of the function y=αx. 

The results in Figure 3.25 show a good correlation between both parameters. A best fit of 
the function y=αx gives a value of α= 0.99 with a χ2

red  of 1.6. 

Heavy-mineral concentration 
The sample analysis showed that the activity concentration of U+Th is a function of the 
concentration of heavy minerals. The relation between U+Th concentration and grain 
size is therefore a result of variations in heavy-mineral concentration for each sediment 
fraction, and the concentration of heavy minerals increases with decreasing grain size 
(Schuiling et al., 1985; Tánczos, 1996). 

To determine the heavy-mineral concentration in the sediment, a simple relation between 
the activity concentration of U+Th and the heavy mineral (HM) fraction of the sediment 
can be formulated by assuming that there is no sorting of different mineral types within 
the heavy-mineral fraction: 

lightheavy
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hm ThUThU

ThUThU
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= , (3.45)

with the following concentration values of (U+Th)light= 5.50 (0.15) Bqkg-1 and 
(U+Th)heavy=394 (4) Bqkg-1. The uncertainty in the heavy-mineral concentration can be 
determined by: 
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Equation (3.45) is used to determine the mass concentration of heavy minerals in the 
sediment fractions from Figure 3.22 and plotted as function of grain size in Figure 3.26. 
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These results show that heavy minerals are absent in the size fractions >200 µm (except 
for the largest size fraction) but can be as large as 28% in the smallest size fraction. Since 
the size fractions <200 µm comprise less than 10% of the sediment (d10=247 µm), the 
total heavy-mineral concentration of the sediment is very low.  
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Figure 3.26: Heavy-mineral concentration as function of grain size, determined from the activity 
concentration of U+Th of the sediment fractions. 

3.7 Calibration and data analysis LOWT experiments 

3.7.1 General 
The MEDUSA system has also been used in the LOWT experiments to determine the 
concentration of zircon in the sediment bed. For these measurements, MEDUSA is placed 
in a set-up tailored to the LOWT facility (see chapter 2) and mounted in a block of lead 
at a fixed vertical position. The block of lead was used to reduce background radiation 
from cosmic rays and building materials. The detector faced the sediment bed through a 
slit of approximately 4 cm width and a length of 10 cm. As a consequence of this set-up, 
the geometry differs from the geometry the system is originally calibrated for.  

The detector was placed at a fixed (vertical) position in the flume some distance above 
the (irregular) sediment bed. The measurements are conducted with water present in the 
tunnel and part of the γ-rays is attenuated in the water between the sediment and 
detector. Due to the changes in bed height, also the amount of water (and consequently 
the attenuation) between detector and sediment changes with position in the flume.  

This section describes the corrections that are made to correct for 1) efficiency variations 
due to the differences in geometry of the calibration measurements and set-up in the 
flume and 2) the calibrations with respect to the attenuation of γ-radiation in the water.  

3.7.2 Efficiency calibration 
The γ-ray spectra measured with the MEDUSA system are analysed with the Full Spectrum 
Analysis method (FSA) described in section 3.2.4 with standard spectra measured on an 
infinite calibration patch. This type of analysis gives activity concentrations of 238U, 232Th 
and 40K. Since 40K is hardly present in the zircons and to reduce statistical uncertainties, 
only the activity concentration of U+Th will be used (C(U+Th) in Bqkg-1). The activity 
concentration of U+Th is used instead of total counts, since we want to compare the 
activity concentrations with samples measured on the HPGe system and the total count 
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rate of the HPGe system is not comparable to the total count rate on the MEDUSA 
system. 

Due to the shielding of the lead, the total yield of the detector in the experiment is 
smaller than the yield in the calibration set-up. Moreover, the sediment bed in the flume 
is not infinite in all directions. In the analysis presented in Manso et al. (1999), we 
assumed that the differences in geometry (that will influence the efficiency of the 
detector, ε, and the build-up factor, B) can be described by an effective parameter, β, that 
relates the activity concentration C(U+Th) linearly to the effective (measured) activity 
concentration C’(U+Th): 

( ) ( )ThUThU CC ++ = 'β . (3.47)

Parameter β is determined by comparing the activity concentrations of U+Th measured 
with MEDUSA on a pure bed of zircon (with a thickness of 30 cm) with the activity 
concentration of U+Th of the zircon measured on the HPGe system. This parameter 
appears to be 2.68 (see Manso et al., 1999). 

3.7.3 Attenuation in water 
The distance between the detector and sediment bed changed with the position in the 
test section of the tunnel. For a detector above an infinite sediment bed, the attenuation 
of γ-rays in water can be described with equation (3.10). The attenuation coefficient of 
water is known (Debertin and Helmer, 1988) and, for mono-energetic γ-rays, the 
problem should be solved easily. However, the sediment bed in the water tunnel is not 
infinite but has only a limited width (0.3 m) and γ-rays with a range of energies are 
emitted. The system is calibrated for this specific set-up by determining the relation 
between measured activity concentration of U+Th as function of distance between the 
detector and the initial sediment bed. These calibrations are carried out for series L3 with 
a zircon concentration of 7% (see Figure 3.27). These results show that the activity 
concentration decreases almost linearly with height for z<12 cm and the curve flattens to 
a background level of ~20 Bqkg-1 for higher elevations. The measurements at high 
elevations (>12 cm) are most sensitive to the background contribution, but all 
measurements in the tunnel (except for a few locations in the erosion hole in the left-
hand side of the flume) had a distance between the water and sediment <10 cm. The 
background radiation is incorporated in the parameterisation of the calibration.  

A 4th order polynomial function is used to describe the effective activity concentration of 
U+Th (C’(U+Th)) as function of elevation. Analyses showed that a fourth-order polynomial 
function improves the quality of the fit significantly with respect to lower order 
functions: 

4
4

3
3

2
210)( )(' zazazazaazC ThU ++++=+ . (3.48)

In this expression, z is the height above the bed in cm, a0 is the measured activity 
concentration of the bed and a1 to a4 are fit constants describing the attenuation of γ-rays. 
The parameters a0 to a4 and their uncertainties are presented in Table 3.8. The χ2

red value 
of 1.2 indicates that the fit gives are correct description of the data. 

Table 3.8: Fitted parameters (and uncertainties) and the χ2red of the fit of the polynomial of equation (3.48).  

a0 a1 a2 a3 a4 χ2
red 

243.7 (0.2) -16.77 (0.17) 0.25 (0.02) 8.1·10-3 (2·10-4) -2.01·10-4 (6·10-6) 1.2 
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The fit parameters in Table 3.8 describe the effective activity concentration as function of 
elevation for sediment composed of 7% of zircon. In the experiments, the concentration 
of zircon in the bed was not constant. The relation between measured effective activity 
concentration and the activity concentration at the bed (C’(U+Th),z0) for any concentration 
of zircon can be described by: 
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The bed heights have been measured with the PROVO system and the activity 
concentrations of U+Th in the sediment can be calculated with equation (3.49). 
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Figure 3.27: Effective activity concentrations of U+Th as function of elevation. The line represents the fit 
according to equation (3.48). 

The activity concentrations of the uniform zircon are known (C(U+Th)z= 3350 ± 40), and 
by assuming that only zircon contributes to the activity concentration of U+Th, the 
concentration of zircon in the bed follows from equation (3.50): 
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3.8 Conclusions 
A possibility to determine sediment composition in situ is by means of measuring 
naturally occurring γ-rays. This chapter presents a model that describes the relation 
between the measured γ-radiation and the concentration of zircon in a layer with a 
chosen thickness. This allows determining the concentration of zircon precisely and gives 
the possibility to study sediment-transport rates of the quartz and zircon fraction (see 
chapter 5). By using the model instead of the measured γ-radiation directly, the 
uncertainty in the concentration of zircon in the upper layer can be reduced by a factor 3. 
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This model is validated with measurements from the Scheldt flume. These measurements 
show that the assumptions in the model are legitimate. 

Analysis of sediment samples from the LWF show that not only variations in heavy-
mineral concentrations can be measured from radiometry. The grain size of the sediment 
is inversely related to the 40K concentration. Whether this relation is the result of an 
increasing concentration of K-feldspar with decreasing grain size, or is due to adsorption 
of K to the sediments, cannot yet be concluded. This relation can be used though to 
determine median grain size of the sediment in situ in the LWF experiments. 

Due to differences in geometry, MEDUSA is calibrated for each experiment. In the 
Scheldt flume, the response of the detector on a bed of zircon and quartz has been 
recorded. To improve the depth resolution, a model has been developed that accounts 
for the non-homogeneity of the bed. This model has been validated by comparing the 
analysed results with sediment samples. In the experiments in the LWF, geometry was 
comparable to the seabed geometry and corrections were not necessary. In the 
experiments of the LOWT, a correction factor has been determined for the special 
geometry (the detector was placed in lead) and corrections were made for the absorption 
of γ-rays by the water between sediment and detector. Sediment samples have only been 
used to validate the measurements. In future applications in the field, the geometry will 
be constant. Since the detector has been calibrated for such a geometry (de Meijer et al., 
1996; Hendriks et al., 2000), additional calibrations are not necessary. 

 


