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ABSTRACT 

In the natural decay series of 
238

U an inert radioactive gas, 
222

Rn (radon) is formed in the 

decay of 
226

Ra. Because radon is relatively soluble in water, it migrates from places of its 

generation in rocks and soils to other places either by soil air, or travels with underground water. 

Therefore, there is a growing interest among hydrogeologists in using radon as a natural tracer 

for investigating and managing fresh water reservoirs. 

This work is aimed at investigating and developing radon-in-water measuring techniques 

applicable to aquifers and rivers. A gamma-ray spectrometry method using a hyper-pure 

germanium (HPGe) detector, based at iThemba LABS, Cape Town and Marinelli beakers, has 

been optimized to measure radon in borehole water via the γ-rays associated with the decay of 

radon daughters 
214

Pb and 
214

Bi (in secular equilibrium with their parent). An accuracy better 

than 5% was achieved. Moreover, long-term measurements of radon in water from an iThemba 

LABS borehole have been carried out to investigate the role of radon for characterizing 

aquifers. These investigations led to the development of a simplified physical model that 

reproduces the time-evolution of radon concentration with borehole pumping and may be used 

to estimate the time for representative sampling of the aquifer. 

A novel method is also proposed in this thesis to measure radon-in-water in the field after 

grab sampling - a so-called quasi in-situ method. The quasi in-situ method involves inserting a 

γ-ray detector in a container of large volume filled with water of interest. The γ-ray spectra are 

analyzed using an approach involving energy intervals on the high-energy part of the spectrum 

(1.3 – 3.0 MeV). Each energy interval corresponds to contributions from one of the major γ-ray 

sources: 
40

K and the decay series of 
238

U and 
232

Th, and cosmic rays. It is assumed that the U 

interval will be dominated by γ-rays emitted from the radon daughters (
214

Pb and 
214

Bi). Minor 

contributions to an interval with major radionuclide are corrected using an MCNPX simulated 

standard spectra. 

The two methods in this thesis make a significant contribution to measuring and modelling 

of radon in aquifers and surface waters. It forms a basis for further development in an 

interactive mode with hydrological applications. 
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CHAPTER 1 OVERVIEW AND SCOPE OF THE THESIS 

1.1 Overview of radon in water 

Radon is a chemically inert, naturally occurring radioactive noble gas, which is 

relatively soluble in water and in non-aqueous phase liquids. There are three radon 

isotopes: 
219

Rn (half-life = 3.96s), 
220

Rn (half-life = 55.6 s) and 
222

Rn (half-life = 3.825 

days).  These isotopes arise from the decay series of 
235

U, 
232

Th and 
238

U, respectively. 

Because of its much longer half-life 
222

Rn is the isotope that has proved useful as a 

natural tracer in the context of hydrogeological processes. Therefore, the term radon (or 

Rn) in this thesis refers to 
222

Rn unless otherwise stated.  

The applications of radon as a tracer include studies of aquifer flow rates, estimation 

of groundwater recharge rates, interaction between groundwater and surface water 

through discharge processes, estimation of groundwater residence times, and to study 

seismic activities [Bertin and Bourg, 1994; Bonotto and Mello, 2006; Burnett and 

Dulaiova, 2003; Cook et al., 2003a; Corbett et al., 1997; Dehnert et al., 1999; 

Dubinchuk, 1981; Ellins et al., 1990; Erees et al., 2007; Hoehn and Gunten, 1989; 

Hussain et al., 1999, Lehmann and Purtschert, 1997; Papp et al., 2008; Schwartz, 2003; 

Snow and Spalding, 1997; Tuccimei, 2005; Wu et al., 2004].   

For these applications radon-in-water can either be measured in the laboratory after 

collecting representative samples or measured in-field. For many studies, it is 

convenient to measure radon concentrations (in water) on site during the field work 

instead of sending samples to a laboratory for analysis. Field-based measurements allow 

one to modify the sampling strategy in real time instead of having to wait for laboratory 

results, which are often only received after the field trip has finished.  

Field-based measurement of radon in water has been carried out either by counting 

α-particles emitted by the radon and its daughters, 
218

Po and 
214

Po [Cosma et al., 2008; 

Burnett and Dulaiova, 2003; Schubert et al., 2006], or by measuring γ-rays emitted 

mainly by the radon progeny 
214

Pb and 
214

Bi [Tsabaris and Ballas, 2005; Osman et al., 

2008]. 

In addition to α- and γ-radiation, radon in water can be detected by measuring the β-

decay (and sometimes its associated Cherenkov radiation) or a combination of all the 

radiation types emitted in the decay of radon or its daughters. Details on the general 
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radiation detection principles can be found in several textbooks [Debertin and Helmer, 

2001; L’Annunziata,  2003; Leo, 1994; Knoll, 2000]. 

The following types of radiation detectors have been used for the measurement of 

radon activity concentrations in water: 

• Gamma-ray spectrometers [Bertolo and Bigliotto, 2004; Bonotto and 

Mello, 2006; Countess, 1976; Countess, 1978; Danali and Margomenou, 

1993; Erlandsson et al., 2001; Farai and Sanni, 1992; Ghose et al., 2000; 

Hamanaka et al., 1998; Johnston and Martin, 1997; Lucas, 1964; 

Povinec et al., 2006; Sanchez, et al., 1995; Shizuma et al., 1998; 

Solecki, 2002; Talha et al., 2008; Takeyasu et al., 2006], 

• Liquid-scintillation counting (LSC) (radon in scintillator cocktail) [Al-

Masri and Blackburn, 1999; Barnett et al., 1995; Cook et al., 2003; 

Freyer et al., 1997; Hamanaka et al., 1998; Prichard and Gesell, 1977; 

Prichard, 1983; Vitz, 1991], 

• Solid scintillation detectors (radon stripped from sample) [Bonotto, 

2004; Bonotto and Mello, 2006; D’Alessandro and Vita, 2003; 

L’Annunziata,  2003a; Lucas, 1957; Mathieu et al., 1988; Oliveira et al., 

2003; Snow and Spalding, 1997; Zhuo et al., 2001], 

• Solid-state nuclear track detectors (SSNTD)  [Bowring and Banks, 

1995; Durrani and Ilic, 1997; Marques et al., 2004; Singh et al., 1984; 

Surbeck, 1993; Tommasino, 1990; Vasarhelyi et al., 1997], 

• Alpha-particle spectrometers [Burnett et al., 2001; Burnett and 

Dulaiova, 2003; Dulaiova et al., 2005; Lee, 2006], 

• Electret ion chambers [Amrani and Cherouati, 1999; Dua et al., 1995; 

Ellins et al., 1990; Kotrappa et al., 1988; Kotrappa et al., 1990; 

Kotrappa and Jester, 1993], 

• Ionization chambers [IC] [Pohl and Pohl-Ruling,1976], 

• Gas proportional chambers [Vogel et al., 1999], and 

• Cherenkov radiation detectors [Al-Masri and Blackburn, 1999; 

L’Annunziata, 2003b]. 

Gamma-ray spectrometry and α-spectrometry using both LSC and a Durridge 

RAD7 (www.durridge.com) detector are the methods of choice for this study and will 

be discussed further in CHAPTER 3. 
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In South Africa radon has been measured since the 1980s on an irregular basis by 

various research groups [Vogel et al., 1999; Verhagen et al., 2003; Bean, 2006; Hobbs, 

2008]. At present, there are several research groups carrying out studies related to water 

and they have been trying to link up their ongoing research with radon measurements. 

Among these groups is the groundwater group at the Department of Earth Sciences, 

University of the Western Cape and the CSIR Natural Resources and the Environment 

(www.csir.co.za), in addition to the Water Research Commission (www.wrc.org.za). 

1.2 Motivation and aim for this study  

As presented in section 1.1, considerable attention has been given to using radon 

(
222

Rn) as a unique natural tracer in hydrogeological applications. The high variability 

of geological formations and consequently hydrogeological systems complicates the 

task of studying these systems. As a result, numerous studies have been carried out even 

within one region to study the various hydrogeological systems such as aquifers. With 

regards to aquifers, most of the studies are derived by either searching for fresh water or 

protecting existing bodies of fresh water. This is evidenced from the international 

recognition of the urgent need to manage fresh water resources (constituting less than 

0.5 % of all water on Earth) in lakes, rivers and reservoirs, in a sustainable manner. So, 

for example, sub-Saharan Africa is predicted to experience severe water scarcity by 

2025 [Rickwood, 2002]. In terms of a potable resource, groundwater is of particular 

importance as it constitutes more than 98% of the available supply, with flow in many 

perennial streams also maintained by aquifer-derived base flow. An understanding of a 

given aquifer’s flow characteristics, and its interaction with adjacent surface water 

resources, is crucial if the total water resource is to be managed sustainably. Moreover, 

fractured-rock aquifers predominate in South Africa [Wu et al., 2003], with 40% of the 

population currently dependent on groundwater supplies. Radon measurements, 

therefore, have the potential to significantly assist with local water-resource 

management.  

One of the recent efforts at addressing the issue of fresh water in South Africa is that 

both academia and national research organizations, such as the Water Research 

Commission (WRC), came to a realization that the full potential of 
222

Rn as a 

hydrological tracer is yet to be exploited. This is important since the tracer also has 

potential applications during pollution studies, particularly in areas adjacent to gold 

mines in the Witwatersrand Basin where uranium concentrations are relatively high in 
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gold-bearing deposits and associated mine waste. As such, measurements of 
222

Rn in 

water can potentially be used to identify mine-derived water in a given stream. This 

recognition of using the radon as a hydrological tracer in South Africa lead to the launch 

of a multi-disciplinary project as a joint undertaking between the WRC, the Council of 

Scientific and Industrial Research (CSIR) in South Africa and the iThemba LABS 

(Laboratory for Accelerator-Based Sciences: www.tlabs.ac.za). The project explores the 

use of radon as tracer to assess the possible influence of gold-mining activities on the 

fresh water aquifers in the West Rand Basin area near Krugersdorp and part of the Vaal 

River near Orkney.  

This latest development of applying radon as a tracer has motivated the work of this 

thesis. The principle idea is to investigate aspects of radon measurement methodologies 

within the context of the project with a focus on the available radon measuring 

techniques. Since there was no dedicated radon measurement laboratory, the logical 

approach and one of the aims of this thesis is to first optimize a laboratory-based 

method (since it can be operated under controlled environment) so that it can be used as 

a reference method. The first available detector at iThemba LABS was a hyper-pure 

germanium (HPGe) γ-ray detector. Thus the first aim is to optimize the measurement of 

radon in water via γ-ray spectrometry using the HPGe detector and screw-top Marinelli 

beakers. The optimization involves investigating statistical and systematic uncertainties 

due to sampling, measurement and analysis. The reason for using the HPGe detector at 

iThemba LABS for measuring radon in borehole water was due to the availability of a 

developed borehole (equipped with pump and connected to power), which is convenient 

for a long-term study of the time evolution of radon concentrations during sampling. 

The long-term study may also reveal some characteristics of the aquifer to be studied by 

using radon. This led to the second aim, which is to develop a model that may describe 

the radon concentration as function of the pumping time and that includes a dependence 

on the aquifer. The third aim is to develop an in-field radon measurement technique 

based on a MEDUSA system [de Meijer et al., 1997] that comprises a CsI(Na) 

scintillation detector, which is also available at iThemba LABS. 

In the endeavor of optimizing the HPGe method or developing an in-field method 

for measuring radon in-water, one has to keep in mind hydrogeologists’ requirements. 

In hydrogeological applications of radon measurements, minimum detectable activity 

(MDA) and precision is of primary importance while accuracy is less important. In fact, 
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if one considers the uncertainties associated with geological and hydrological 

description of radon-genesis properties of aquifers, an accuracy of 25%, arising from 

systematic uncertainties, for the method is more than adequate.  

When measuring low radon concentrations, the precision can be improved by 

increasing both the measuring time and the sample volume. However, increasing the 

measuring time may not be advantageous for some hydrogeological studies especially 

those involve surveying large areas in a time frame restricted by the half-life of the 

radioactive tracer. Thus for radon measurements in hydrological applications, 

particularly field measurements, short measuring times are always a merit. Increasing 

the sample volume is a trade-off between the accessibility of sample source and 

obtaining a homogeneous representative sample. 

1.3 Scope of the thesis 

The rest of this dissertation is organized to consist of six chapters. The basics of 

radioactivity measurement and of hydrogeological concepts are introduced in 

CHAPTER 2. The introduction to radioactivity involves discussing interaction of 

radiation with matter, statistics associated with radioactivity measurement, and 

spectrometry of radionuclides. The hydrogeological concepts are treated within the 

context of radon genesis and transport. 

The set-ups and general methodologies of radon measurement techniques used in 

this work are presented in CHAPTER 3. These techniques are: alpha spectrometry using 

Liquid Scintillation Counting (LSC), α-spectrometry using a Durridge RAD7radon 

monitor, and γ-ray spectrometry using a HPGe detector and the MEDUSA system. The 

HPGe calibration measurements are presented in this chapter as well. In addition to 

measurements, γ-ray transport was simulated using the MCNPX code [Briesmeister, 

2000] for validating various measurements. The generation of γ-ray spectra by means of 

the MCNPX simulation code is described in section 3.4. 

In chapter 4, the measurements of radon in water by γ-ray spectrometry using the 

HPGe detector for this study are presented. The measurements include pumping tests at 

a borehole to determine characteristics of a iThemba LABS aquifer. Based on the 

borehole measurements, a simplified physical model describing the change of radon 

concentration with the pumping time was developed and applied to the measurements. 

The model and associated results will be presented in section 4.5. 
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CHAPTER 5 presents the measurements and results of radon in water in two mining 

areas: West Rand Basin near Krugersdorp, and the Vaal River near Orkney. The 

measurements involve grab-sample measurements analyzed by (1) α-spectrometry using 

the Durridge RAD7 radon monitor, two liquid scintillation counters one at the Nuclear 

Energy Corporation of South Africa (NECSA) in Pretoria (www.necsa.co.za) and one at 

the iThemba LABS-Gauteng in Johannesburg, (2) γ-ray spectrometry using the HPGe 

detector at iThemba LABS - Cape Town and in-situ γ-ray spectrometry of radon in the 

Vaal River using the MEDUSA system. 

A novel method for measuring radon in the field is proposed in CHAPTER 6. The 

method is based on γ-ray spectrometry using the MEDUSA detector placed inside a 

large container filled with groundwater (using two geometries) and the spectra are 

analyzed using a new approach. The chapter includes a description of the set-up, the 

new approach of analyzing the MEDUSA measured γ-ray spectra, the results of 

calibrating the method and a test of the method by measuring radon in water from the 

iThemba LABS borehole. 

The outcomes of this study are summarized in CHAPTER 7. Conclusions and 

recommendations for future work are also presented in this chapter. 
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CHAPTER 2 INTRODUCTION 

Two aspects are important when measuring radon in water. One is the measurement 

principle underlying to radon measurement. The second aspect is related to the use of 

radon as a tracer within the context of geology and hydrogeology. Since radon is 

radioactive, the first aspect generally falls within the broad field of radioactivity 

measurement. 

The basics of radioactivity measurement and of hydrogeology concepts in the 

framework of a multi-disciplinary topic are introduced in this chapter. A brief 

introduction to radioactivity is presented (section 2.2) followed by a description of the 

interaction of radiation with matter (section 2.3). Statistics associated with radioactivity 

measurements is treated in section 2.4. Radon and radionuclides in general may be 

measured using spectrometry, which is introduced in section 2.5. Finally, the radon 

genesis and transport are briefly discussed in section 2.6.  

2.1 Introduction  

Radioactivity is the process in which atomic nuclei decay and emit radiation. This 

phenomenon has been in existence on earth since its formation. Radionuclides which 

were already present at the time of formation of the Earth such as 
235

U, 
238

U, 
232

Th, and 

40
K are called primordial radionuclides. In contrast, radionuclides that have been formed 

by human activities are called anthropogenic as for example strontium (
90

Sr) and 

plutonium (
239

Pu). In addition, there is the cosmic radiation, which constitutes of 

particles of high energies that originate from space outside the Earth’s atmosphere. 

Radioactivity is a unique property of matter and does not generally change with any 

physical changes of state or chemical transformations. The fact that the behavior of 

radionuclides is governed by natural laws makes it possible to reliably calculate and 

measure these radionuclides when they are involved in processes e.g. migration within 

hydrological systems. 

In this chapter, some of the concepts and mathematical relations associated with 

radioactivity such as the decay law; types of radiation and the way they interact with 

matter; statistics associated with radioactivity measurements; spectrometry of 

radionuclides using γ-ray detectors (e.g. HPGe and CsI(Na)) and alpha detectors (e.g. Si 

ion implanted detectors) are briefly presented [Debertin and Helmer, 2001; Heyde, 

1999; Knoll, 2000; Krane, 1988; Lilley, 2001; Leo, 1994].   
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A presentation on a background to radon in relation with geology and hydrogeology 

is also given. 

2.2 Radioactivity  

Natural radionuclides such as potassium (
40

K), decay series of thorium (
232

Th) and 

uranium (
238

U) are present in soil, rocks and groundwater with various concentrations. 

Due to their instability, these radionuclides are naturally transformed to their subsequent 

progeny via various decay processes (modes) such as emission of electromagnetic 

radiation (X- and gamma-rays) and corpuscular radiation (α-particles, β-particles, 

internal conversion electrons and Auger electrons). Further details on these decay 

modes can be found in numerous text books [e.g. Debertin and Helmer, 2001; Heyde, 

1999; Knoll, 2000; Krane, 1988; Leo, 1994]. Of particular interest to the current work 

are the decays via γ-rays (emitted when a nucleus spontaneously disintegrates to a lower 

energy state of the same nucleus) and by α- particles (
4
He nuclei of discrete energies 

emitted from the heavy parent nuclei, which are unstable due to unfavorable Z/N ratio 

of nucleons). The becquerel (Bq), the SI unit of radioactivity, is defined as one 

disintegration per second. 

For any radionuclide, the decay process takes place with a unique decay constant: 

i.e. the probability per unit time, λ (s-1
). The decay constant is characteristic for that 

particular radionuclide. For a sample of N nuclei the mean number of nuclei decaying 

during time interval dt is given by: dN = -λ Ndt (with the minus sign indicating the 

decrease in numbers). A solution to this equation is given by the radioactive decay law:  

teNtN λ−= 0)( , 

2-1 

where N0 is the number of nuclei at time t = 0.  

Related quantities to λ are its average or mean lifetime, τ, and its half-life time, T1/2. 

The half-life time is the time required for the original number of nuclei in the sample to 

decay to half its value while τ is the time for a sample’s radioactivity to decay to 1/e of 

its original value. Using Eq. (2-1), it can be shown that:  

λ
τ

1
=  and 

λ

2ln
2/1 =T . 

2-2 

Some radionuclides experience a chain of radioactive decays if the daughter is also 

radioactive. This chain ends with a stable final nucleus. 

 

 

 

 



2.2 Radioactivity 

 9 

Generally, a radionuclide can disintegrate in more than one decay mode. The 

relative number of atoms that decay by a particular decay mode to the total number of 

atoms decayed is called the branching ratio (BR). 

In a decay chain, a condition called secular equilibrium may occur where the 

activities of the parent nucleus and of the short-lived daughter (λparent << λdaughter) are 

equal. The secular equilibrium assumption underpins most of the nuclear techniques 

used for measuring parent radionuclides indirectly through their progeny. For example, 

222
Rn in water has been determined by measuring the γ-ray photons associated with its 

progeny 
214

Pb and 
214

Bi. 

Examples of decay chains are the natural decay series of 
238

U and 
232

Th shown in 

the top and the bottom part of Figure 2-1, respectively. The figure shows the half-lives 

and decay modes of the members of the decay series: horizontal arrows represent α-

decay whereas arrows slanting diagonally down indicate beta decay. The radionuclides 

printed in bold in shaded boxes are the ones that significantly decay via γ-ray emission. 

The dominant γ-ray emitters in the 
238

U series, their energies together with their 

respective emission intensities (Iγ) are presented in Table 2-1. The 
238

U and the 
232

Th 

series contain gaseous isotopes of radon (
222

Rn in the U-series, and 
220

Rn in the Th-

series). The half-life time of 
220

Rn is too short for practical measurements in this series, 

but 
222

Rn measurements are possible and constitute the main focus of this thesis. 

Table 2-1: The most significant γ-ray energies (Eγ of Iγ  > 2.0%) and their branching ratios (Iγ %) 

associated with the decay of various nuclides in the 
238

U decay series [Firestone, 1998]. 

Radionuclide Eγ (keV) Iγ ( %) 
234

Th
 

63.3 4.8 ±0.6 
234

Th
 

92.3/92.8 2.8 ±0.3 
214

Pb 241.9 7.50±0.10 
214

Pb 295.2 18.5 ±0.3 
214

Pb 351.9 35.8 ±0.5 
214

Bi 609.3 44.8±0.5 
214

Bi 768.4 4.80±0.07 
214

Bi 934.1 3.03±0.05 
214

Bi 1120.3 14.8±0.2 
214

Bi 1238.1 5.86±0.08 
214

Bi 1377.7 3.92±0.08 
214

Bi 1408.0 2. 8±0.4 
214

Bi 1509.2 2. 12±0.04 
214

Bi 1729.6 2.88±0.06 
214

Bi 1764.5 15.36±0.20 
214

Bi 2204.2 4.86 ±0.09 
210

Pb 46.5 4.25 ± 0.04 
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Figure 2-1: Schematic illustration of the natural decay series 
238

U and 
232

Th. The half-life (T1/2) of each 

radionuclide is indicated in the box (y: years, d: days, m: minutes and s: second). The radionuclides 

printed in bold (and in a shaded box) are the ones which decay via significant γ-ray emission, while the 

arrows represent α- and β-decay as indicated in the legend [Firestone, 1998; Krane, 1988]. 

 

2.3 Interaction of radiation with matter 

The mechanism via which the ionizing radiation, such as γ-ray and α/β - particles, loses 

energy when it passes through materials is important for detecting and measuring these 

radiations. This section presents some of the various ways in which radiation interacts 

with matter [Debertin and Helmer, 2001; Knoll, 2000; Krane, 1988; Lilley, 2001; Leo, 

1994]. 

The probability for radiation to interact with matter is expressed as a cross-section. 

Charged particles like α- and β-particles interact mainly directly with electrons in 

matter through the Coulomb force and, as a consequence, the electrons are either 

excited to a higher atomic or molecular orbit or ejected. This leads to ionization in the 

medium.  
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The mean distance travelled by α- and β-particles, emitted in natural decay, in air or 

solid materials is in the range of micrometers and a few centimeters, respectively.  

The γ-rays are electrically neutral and have to indirectly interact with matter 

predominantly through three processes: 

• Photoelectric absorption process in which a γ-ray photon is completely absorbed 

by a bound atomic electron and as a result a photoelectron is ejected. 

Experimental studies show that the cross-section (per unit mass) for 

photoelectric absorption, στ (m
2
kg

-1
), can be approximated as

m

n

E

Z

γ

τσ ∝ , where Z 

is the absorber’s atomic number, Eγ is the energy of the γ-ray, and (4 ≤ n < 5) 

and (3 ≤ m ≤ 3.5). Photoelectric absorption increases with decreasing energy and 

increases with Z number of the absorbing material. This implies that 

photoelectric absorption dominates at low energies in high Z materials. 

 

 

 

 

 

Figure 2-2: Schematic illustration of Compton scattering. An incident photon (Eγ = hν) transfers part of its 

energy to a loosely bound electron which recoils at angle φ and the photon scattered at angle θ with 

energy E′γ = hν′ [Krane, 1988]. 

 

• Compton scattering: The process is illustrated in Figure 2-2, which depicts an 

incident photon transferring part of its energy to a loosely bound outer atomic 

electron. The photon then scatters at angle θ  with energy E′γ < Eγ of the incident 

photon and the electron recoils at an angle φ. Using relativistic kinematics and 

applying the conservation of energy and momentum, it can be shown that:  
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( )θ
γ

γ

γ

cos11
2

0

'

−+

=

cm

E

E
E ,  

2-3 

where m0c
2
 = 0.511 MeV is the electron rest mass energy.  

In Figure 2-2, the scattering angles can take values from 0° to 180° (head-on collision) 

and hence the energy transferred to the electron varies from zero at θ = 0° to a 

maximum energy of 
2

0

2

0

2

max
/21

/2
)(

cmE

cmE
MeVT

γ

γ

+
=  at θ =180°. This highest value is 

called the Compton edge. Thus, in Compton scattering a continuum of energies is 

transferred to electrons and constitutes the known Compton continuum. The Compton 

scattering cross-section, σc (m
2 

kg
-1

), is almost independent of Z and inversely 

proportional to Eγ i.e. σc ∝  1/Eγ.  

• Pair production: In this interaction, a pair of an electron and a positron is created 

by a photon of energy > 1.022 MeV, in the vicinity of an atomic nucleus. The 

nucleus is required for momentum conservation. The emitted positron slows 

down until it eventually interacts with an electron, forming an intermediate state 

which subsequently annihilates with the electron. In the annihilation two 0.511 

MeV γ-rays are emitted in opposite directions. The magnitude of the pair 

production cross-section, σκ, depends upon the absorber atomic number, Z, and 

incident photon energy, Eγ, and can simply be expressed as: σκ ∝  Z
2
f(Eγ, Z). 

The two annihilation γ-rays either interact further in the material or escape.  

Figure 2-3 illustrates schematically the regions in which each of the three processes: 

photoelectric, Compton and pair production, as functions of the absorber’s Z number 

and the incident photon energy (hν), dominate. The solid lines show the regions where 

the probability of two neighboring processes is nearly equal. It can be seen from the 

figure that the photoelectric absorption dominates the energy range up to Eγ ~ 0.5 MeV. 

As the energy of incident photons increase, Compton scattering takes over and 

dominates the energy range up to Eγ ~ 5 MeV. The pair-production interaction 

dominates from Eγ ~ 5 MeV.  

For the natural decay series discussed in section 2.2, the maximum emitted γ-ray 

(with significant branching ratio) is at energy 2.6 MeV from 
208

Tl (
232

Th series). This 
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means that photoelectric absorption and Compton multi-scattering are the predominant 

processes in the interaction of γ-rays emitted from natural decay series with matter. 

 

 

Figure 2-3: Illustration of the relative importance of the photoelectric absorption, the Compton scattering 

and pair production as functions of incident photon energy (Eγ) and absorbers Z number. The solid lines 

show regions at which the probability of two neighboring processes is almost equal [Knoll, 2000; Krane, 

1988]. 

 

For the current work, γ-ray spectrometry was carried out in-situ and in the 

laboratory. Thus, γ-rays that undergo photoelectric absorption in the materials of these 

detectors or in which the full energy of the Compton scattering is deposited into the 

detector give rise to the so-called full-energy peaks (FEP) of the γ-ray spectrum as 

described in section 2.5 and illustrated in Figure 2-4. In case of incomplete energy 

deposition, Compton scattering contributes only to the Compton continuum. 

The three γ-ray interaction processes outlined above are responsible for removing 

photons from a γ-ray beam passing through a medium before hitting a detector material. 

This removal or attenuation process is best illustrated by assuming the γ-ray beam to be 

mono-energetic. The probability per unit path length that the photon can be removed or 

attenuated from the beam is called the linear attenuation coefficient, µ (cm
-1

). This 

linear attenuation coefficient is the sum of probabilities of the three interaction 

processes: )()()( pairComptonricphotoelect c κστµ ++= . 

The attenuation process of the monoenergetic beam is described by: 
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xeII µ−= 0  

2-4 

where ‘I’ is the number of photons transmitted, ‘I0’ is the number of photons that would 

have been transmitted if there were no medium and x is the thickness of the medium. 

A more practical attenuation coefficient is the mass-attenuation coefficient, µm 

(g
-1

cm
2
) defined as:

ρ

µ
µ =m , where ρ (g/cm

3
) is the density of the attenuating medium. 

Thus, in Eq. 2-4, µ is replaced by µm and the ‘x’ is replaced with what is called the mass 

thickness of the medium given in the unit of g cm
-2

. For the energies relevant to this 

thesis, where Compton scattering dominates and density can be approximated to be 

proportional to Z, the cross section for Compton scattering is practically independent of 

material for a certain energy. 

A few mass-attenuation coefficients for water (of density 1 g/cm
3
) and their 

corresponding γ-ray energies are presented in Table 2-2. The table also shows an 

estimation of the relative attenuation of γ-rays by traversing various distances in the 

water. The estimated values were based on Eq. 2-4 and the mass attenuations 

coefficients taken from Debertin and Helmer, 2001. These estimated values have been 

used in CHAPTER 6 as a guide for placing a CsI detector in a container filled with 

water in order to shield the background γ-rays originating outside the container and to 

measure radon in the water. It can be seen from the table that about 50 cm depth of 

water can shield more than 90% of the γ-rays associated with natural radionuclides such 

as 
40

K and the decay series of 
232

Th and 
238

U. It should be pointed out here that Eq. 2-4 

is a strong approximation valid for a monoenergetic pencil beam. In practice, γ-rays 

scatter several times and thereby change direction and energy, thus causing an enhanced 

transmission often called the build-up effect. 
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Table 2-2: An estimation of the relative attenuation of γ-rays (%) by traversing various distances in water 

of density 1 g/cm
3
 for several γ-ray energies based on their corresponding mass attenuation coefficients 

taken from Debertin and Helmer (2001). 

Relative attenuated γ-ray photons (I0 – I)/I0 in % Eγ  

(MeV) 

µm(cm
2
/g) 

 For water 25 cm 40 cm 50 cm 75 cm 100 cm 

0.3 0.12 94.9 99.1 99.7 100.0 100.0 
0.6 0.09 89.3 97.2 98.9 99.9 100.0 
1 0.07 82.9 94.1 97.1 99.5 99.9 

1.5 0.06 76.3 90.0 94.4 98.7 99.7 
2 0.05 70.9 86.1 91.5 97.5 99.3 
3 0.04 62.9 79.6 86.3 94.9 98.1 

  

2.4  Measurement statistics 

Measurement of nuclear decay processes is associated with statistical fluctuations. 

In the context of the current work, measurement statistics is divided into two parts. The 

first part is the statistics associated with measurements that are produced by a detector 

and its associated software package, an example being the statistics associated with 

analyzing FEPs of a γ-ray spectrum. For details of various distributions like Gaussian, 

Binominal distribution and Poisson distribution, refer to standard text books [e.g. 

Debertin and Helmer, 2001; Gilmore and Hemmingway, 1995; Knoll, 2000; Leo, 1994; 

Lyons, 1986]. 

The second part includes the statistics associated with radioactivity analysis where 

derived quantities, such as activity concentration and photopeak efficiencies, are to be 

calculated from measured quantities.  

For a set of ‘n’ measurements determining one quantity and of equal uncertainties 

the average and the variance are given by: 

∑
=

=
n

i

ix x
n 1

1
µ  and ∑

=

−
−

=
n

i

xix x
n 1

22
)(

1

1
µσ . 
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The square root of 
2

xσ  is referred to as standard deviation [Debertin and Helmer, 2001]. 

When the measurement data are associated with unequal uncertainties, the best 

estimates are the weighted average and the variance, which are given by: 

wt

n

i x

i
wt

i

x
σ

σ
µ ∑

=

=
1

2
, where 

1

1
2

2 1
−

= 
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n
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i
σ

σ . 
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The quality of such data can be checked using the chi-square, χ2
, test where the reduced 

chi-square, 2

Rχ , is given by: 
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where ‘m’ is the number of degrees of freedom. A reduced chi-square is a number of a 

distribution with expectation value 1 and a width depending on the number of degrees 

of freedom [Bevington and Robinson, 2003]. A value close to unity is an indication of 

consistent measurement data. 

Uncertainties referred to as external, that account for all uncertainties of non-statistical 

nature e.g. systematic, may be estimated from the 2χ -analysis as the square root of the 

variance, 2

extσ , where 222

Rwtext χσσ =  [Debertin and Helmer, 2001]. 

 

Intermezzo 2.1: Variance relations and confidence level 

For illustrating the variance associated with combined measurements, we consider 

two measurements ‘A’ and ‘B’, with number of counts NA and NB, respectively. Then the 

variance rules can be approximated as follows [Gilmore and Hemingway, 1996; 

Dorfman et al., 1980]: 

• ),cov(2)var()var()var( BABABA NNNNNN ±+=± , i.e. the variance is additive. 

The covariance term is to account for interrelation between NA and NB. For a single 

measurement with N counts, var(N) = N. However, caution must be taken as this 

latter relation is only applied when treating dimensionless numbers such as number 

of counts. 

• )var()var( 2

AA NkkN = , where k is constant. For example for the count rate 

,/TNn AA =  the variance is given as: )var()/1()var( 2

AA NTn = . 
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If a set of data can be assumed to follow Gaussian distribution, the probability of 

finding a value ‘x’ in the interval ),( ba xx  is defined as: ∫=
b

a

x

x
ba dxxfxxp )(),(  

where 1),( =+∞−∞p . So, it is very common to characterize the confidence in 
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determining the value of ‘x’ by 1σ; 2σ; or 3σ. The probabilities associated with these 

confidence levels are: p(µx-σ,µx+σ) = 0.68, p(µx-2σ,µx+2σ) = 0.95 and p(µx-3σ,µx+3σ) 

= 0.997. 

 

The minimum detectable activity (MDA) of the detector system is an often used 

quantity in the context of radioactivity measurement. The MDA is calculated from a 

background count rate ( Bgn ) measured in a geometry and ambient environment similar 

to that of the sample. At 2σ confidence level, the MDA can be estimated according to 

[Strom and Stansbury, 1992; Lee et al., 2008]: 

,
)/1(3.37.2

)/(
ds

BgsBgs

fT

TTnT
lBqMDA

++
=  

2-8  

where TBg and Ts are the background and sample measuring times, respectively, and fd 

is an expression that takes into account some of the detector, the γ-ray radiation and the 

sample parameters. 

For the case of a gamma-ray branching out with emission intensity Iγ  and FEP 

efficiency ε (Bq.s)
-1

, and sample volume, V(l), the fd-factor is given by  fd = Iγ*εs * V.  

Thus, fd  is a conversion factor from counts to concentrations and has dimensions of 

(Bq.s.l
-1

)
-1

. 

Intermezzo 2.2: Uncertainty propagation 

Uncertainty propagation is needed in the cases where the value of a physical 

quantity is derived from a mathematical formula including a number of quantities. For 

example, the volumetric activity concentration obtained by γ-ray spectrometry using a 

hyper-pure germanium (HPGe) detector is derived from parameters such as the FEP 

efficiency, the relative γ-rays intensity, … etc. In general, uncertainties associated with a 

quantity u = u(x; y, ...) are given by: 
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The terms yx
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2 + … are called the covariance terms, and account for 

possible linear correlation between each pair of variables. This term is equal to zero 

when the variables are independent. However, ignoring this term in the calculation of 

uncertainty potentially leads to underestimating the overall uncertainty (if the 
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parameters have positive correlation) or overestimating the uncertainty (if the 

parameters have negative correlation).  The linear correlation between variables can also 

be expressed by a correlation coefficient, ρ(x, y), which is related to covariance by: 
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An example of uncertainty propagation that involves a correlation calculation is when 

applying a model to fit experimental data as for example, the model ( ) b
EEaE

−
= 0/)(ε , 

where E0 = 1 MeV. This model has been used in this thesis to fit the HPGe FEP 

efficiencies for the geometry of a Marinelli beaker in the energy range 0.3 ≤ E ≤1.76 

MeV (more details in subsection 3.3.1.3). The parameters ‘a’ and ‘b’ are estimated from 

fitting the model to the measured efficiencies. The weighted fitting is achieved by 

applying the least-squares minimization procedure in which one looks for ‘a’ and ‘b’ 

that minimize the sum of square residuals: 
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At the minimum, ∂R
2
/∂a = 0 and ∂R

2
/∂b = 0. Analytical solutions for obtaining the 

parameters are straightforward for linear models (functions). For nonlinear function, as 

in the efficiency example above, the less time consuming method is by using 

computation approaches e.g. applying Taylor expansion to the function, see for example 

Debertin and Helmer, 2001. For this work, commercial statistical packages were used to 

extract these fitting parameters and their associated uncertainties. 

2.5 Spectrometry of radionuclides  

One of the objectives of measuring radionuclides is to identify them and determine 

their concentrations in a geological matrix either directly in the field, in-situ, or by 

taking a representative sample to the laboratory. One way of doing such measurements 

is through the analysis of the radiation spectrum/spectra associated with the 

radionuclide (spectrometry). This section introduces some basic concepts and principles 

associated with γ-ray and α-particles spectrometry [Debertin and Helmer, 2001; 

Gilmore and Hemingway, 1996; Knoll, 2000]. 
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The properties of the ionizing radiation and its interaction with matter led to the 

development of measuring systems (detectors and electronics), where the electronics 

display the response of these detectors to the various radiation interactions. The 

interaction of radiation with a detector material generates electric charges that are 

collected to make the electrical signals. In radiation spectrometry, the detectors are 

operated in what is called pulse mode in which events of radiation interactions are 

recorded in separate pulses. The amplitude distribution of these pulses is proportional to 

the energy deposited by radiation incident on the detector's active volume. The output of 

a detector system is then a pulse-height spectrum in which the number of pulses 

recorded per channel (or counts per channel) is plotted versus the channel number. The 

detector set-up may be energy calibrated using for example a reference source and 

consequently the spectrum could also be presented as count rate versus energy, as 

illustrated in Figure 2-4 and described in the next paragraph. 

One can observe some features of a gamma-ray spectrum in Figure 2-4, which is a 

spectrum of KCl dissolved in tap water and measured in-situ using a CsI(Na) detector 

(see CHAPTER 3). The figure shows 
40

K and 
232

Th FEPs at 1.46 and 2.61 MeV, 

respectively. The 
232

Th FEP is due to γ-rays originating from Th present in soil and in 

building materials around the measurement location. FEPs are described in section 2.3. 

The part of the spectrum on the left of the K photopeak is the Compton continuum, 

which is also described in section 2.3. The Compton edge, which occurs at Eγ ~ 1.2 

MeV, is also shown in the figure. The pair-production interaction is not expected to 

contribute significantly to the spectrum shown in Figure 2-4 because pair-production 

only dominates at Eγ ≥ 5.0 MeV as can be seen from Figure 2-3. Proper determination 

of the area under the FEP and its centroid is imperative for identifying unknown 

radionuclides both quantitatively and qualitatively.  

The radionuclide identification also relies on the detector energy resolution, which is 

defined as the capability of the system to resolve two adjacent peaks. The energy 

resolution is characterized by the full-width at half maximum (FWHM). The width of 

the peak is caused by the fluctuation associated with recording the number of pulses. 

Pulses are proportional to the number of charge carriers, Ncc. Thus assuming the charge 

carriers obey Poisson statistics, the energy resolution can be expressed by:  

ccNE

FWHM
ER

35.2
)(

0

0 ==  
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where E0 is the peak centroid energy. Thus, R(E0) will decrease as N increases. 

It can be noticed that the peaks shown in Figure 2-4 are broad and imply a low 

number of charge carriers. The energy to create charge carriers, which are light photons 

in the scintillator detectors such as the CsI that was used to collect the spectrum in 

Figure 2-4,   is about 100 eV. This latter value is high compared to the energy required 

to create charge carriers (electron-hole pair) in semiconductors; only 3 eV. This means 

that for a particular γ-ray energy the number of charge carriers is less in scintillation 

detectors than it is for semiconductors.   

 

 

Figure 2-4: A γ-ray spectrum of KCl dissolved in tap water and measured in-situ using a CsI(Na) detector 

The spectrum illustrates the detector response due to interaction of various γ-rays with the detector’s 

material. The 
40

K and 
232

Th peaks shown are photopeaks due to photoelectric absorption and full 

deposited energy of Compton interaction. The part designated Compton continuum is mainly due to K 

(1.46 MeV) photons Compton scattered (inside the detector material) at various angles reaching the 

Compton edge at scattering angle of 180°. This Compton edge corresponds to Eγ ~ 1.2 MeV.  

  

2.6 Radon and hydrogeology 

The half-lives of natural radionuclides such as the radionuclides in the U and Th 

decay series range from microseconds to billions of years and as such have been used as 

natural clocks for studying various hydrological processes [Clark and Fritz, 1997; 

Lehmann and Purtschert, 1997]. For example, measurements of ratios of activity 

concentrations less than unity or much greater than unity characterize the state of 

disequilibria between the members of the U and Th decay series. This is more 

pronounced in the 
238

U series due to the greater solubility of U (dissolved and 
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transported as U
6+

) as compared to Th during chemical weathering [Kraemer and 

Genereux, 2000]. Both equilibrium and disequilibrium in the 
238

U decay series have 

been utilized to study geological and hydrogeological systems [Dosseto et al., 2008; 

Vigier et al., 2001; Suksi, 2001; Andersson et al., 1995; Kronfeld et al., 1994]. 

Radon is produced by alpha decay of radium in the natural decay series of uranium 

(U) and thorium (Th) as can be seen in Figure 2-1. The U and Th have the tendency to 

be enriched in molten or partially melted rocks at the time of formation of igneous and 

metamorphic rocks. Therefore, U and Th are mobilized by both geological and 

hydrogeological processes and precipitate in permeable places. Eventually, radon is 

formed from the radioactive decay of radium in the decay series of U and Th. As 

explained in CHAPTER 1, the main radon isotopes are 
222

R (in the 
238

U series) and 

220
Rn (in the 

232
Th series). 

222
R has a diffusion distance of about 220 cm in air and 2.2 

cm in water. The diffusion distance, defined as τD , is the distance traversed by the 

radon over its mean life time, τ, where D (m
2
s

-1
) is the diffusion coefficient. The 

diffusion distance of 
220

Rn is 2.85 cm in air and 0.0285 cm in water [Durrani and Ilić, 

1997]. Hence, 
222

Rn is the most useful isotope in the context of hydrogeological 

applications. 

To make use of radon as a hydrogeological tracer, a better understanding of geology 

(pertaining to radon genesis) and hydrogeology (for radon transport) is required. This 

section presents an introduction to geology and hydrogeology. The section comprises 

two parts; the first part introduces some concepts of hydrogeology. The second part 

presents a short background to radon genesis and transport in connection with its 

progenitors and the various geological formations. 

2.6.1 Introduction to hydrogeology 

The terms hydrogeology and geohydrology refer to the distribution and movement of 

groundwater in soils and rocks of the Earth’s crust. Regions in which all pore spaces are 

filled with water is referred to as the saturated zone (or phreatic zone); and the region in 

which some of the pore spaces are filled with air is called the unsaturated zone (or 

vadose zone). The water that is held between the soil’s pore spaces and in rock fractures 

and micro-fissures is what one can term groundwater. In the Earth’s crust, layers of 

weathered rocks are in most cases underlain by consolidated rock, of variable thickness, 

that is given the term bedrock. The underground layers of permeable rocks or permeable 
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unconsolidated materials, such as gravel, silt, sand and clay, which contains extractable 

groundwater, are known as aquifers. 

Two types of aquifer are illustrated in Figure 2-5. Figure 2-5a shows an unconfined 

aquifer, which is hydraulically connected to the ground surface, i.e. can receive recharge 

water directly from the surface. The term phreatic aquifer is used interchangeably with 

unconfined aquifer. Confined aquifers, as opposed to unconfined, are water-bearing 

layers that lie between two impermeable rocks (confining beds). Figure 2-5b depicts a 

well tapping a confined aquifer with an illustration of the cone of depression and 

potentiometric surface [Kelly, 2006]. 

When groundwater is withdrawn from an unconfined aquifer e.g. by pumping a well, 

a gradual drop (of a conical shape) in the water table develops around the well. This 

drop of the water table is called the cone of depression, which influences the radon 

transport in the unconfined zone above the water table. For confined aquifers, the 

hydrostatic potential raises the water in a well that taps the aquifer. An imaginary 

surface at the level to which the water in the well would rise is called the potentiometric 

surface. Another characteristic of a confined aquifer is that when the recharge point is 

higher than the point of discharge, as for example the well tapping the aquifer, the 

groundwater may freely flow at the surface. This particularly occurs when the surface is 

low enough to the extent that it intersects or passes below the level of the water table. In 

such a case, the wells from which water flows at the surface are called artesian wells. In 

addition, the water flow at the surface could also form water bodies such as swamps, 

oases, lakes, and springs. 

 

 

Figure 2-5: Schematic illustration of (a) a well tapping an unconfined aquifer, a confined bed, an 

unsaturated zone and a water table. (b) a well tapping a confined aquifer with illustration of cone of 

depression and potentiometric surface [Kelly, 2006]. 
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Pumping of groundwater from a well/borehole for studying aquifer system 

characteristics in-situ is called a pumping test. In the field of hydrogeology, the 

pumping test studies includes, but are not limited to, collecting data of water levels, 

time-drawdown, distance-drawdown, etc. These data are then analyzed with the help of 

pumping test models to derive further parameters related to the characteristics of the 

aquifer [Walton, 1987].  

In this work, the in-situ measurements during pumping tests include determining 

radon in water concentrations. The details of these pumping tests will be discussed in 

CHAPTER 4. 

2.6.2 Radon genesis and transport 

Uranium in a +6 oxidation state forms soluble compounds and eventually gets 

mobilized by groundwater. The U then precipitates in permeable places, such as 

fissures, of chemically reducing conditions. However, this leaching and fixation process 

is unstable because of the changing oxidation/reduction conditions in groundwater 

systems. Locally, in a range of a kilometer square, U and 
226

Ra (the parent of 
222

Rn) 

concentration may vary with types of soil or along shallow faults and fractures [Cothern 

and Smith, 1987]. 

A 
226

Ra atom, residing in a mineral grain, decays by ejecting an α-particle (
4
He) and 

forms a 
222

Rn atom that recoils in a direction opposite to that of the α-particle. By this 

recoil process, the 
222

Rn atom may be released (emanate) from the mineral grains. This 

process is called direct recoil emanation which is the dominant radon emanation 

process. Depending on the grain density, the direction of recoil and the location of the 

226
Ra atom in the grain, the radon atom moves a distance of 0.02 to 0.07 µm and could 

possibly land in a pore space [Durrani and Ilić, 1997]. Figure 2-6 illustrates how some 

radon atoms have been able to emanate from the grains. The emanation occurs when 

radon atoms recoil in a direction of adjacent air pores or water-filled pores. If the pore 

space is filled with air, the radon atom may cross the pore space and get imbedded and 

immobilized in an adjacent grain. The range of the recoil radon atom in water is less 

compared to its range in air, therefore, the radon atom may end up in water and hence 

the emanation rate increases with increasing pore water. 

Radon concentration in air pores or in water filled pores is determined by the 

number of radon atoms emanated into the pore space, the porosity (ratio of pore volume 

to total volume), and the water content of the soil. In addition, these radon 
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concentrations decrease because some of the radon atoms are moved away from the 

source either with the moving soil air or with the flowing water.    

Under the condition of no ventilation, the maximum radon concentration in a soil's 

pores filled with air or water, Cmax (Bq m
-3

), is given by [Durrani and Ilić, 1997]: 

p

p
AedC

−
=

1
max  

2-13 

where A is the specific activity (Bq kg
-1

) of 
226

Ra in the soil, ‘e’ is the emanation 

coefficient (the ratio of total amount of radon that emanate to the pore space to the 

radon produced in the mineral grains [DeWayne and Green, 2000]), ‘d’ is the compact 

density (normal for mineral soils = 2700 kgm
-3

) and ‘p’ is the porosity. Cmax is 

sometimes called equilibrium concentration where the radon concentration in water is in 

secular equilibrium with emanation from the aquifer rocks. 

 

 

Figure 2-6: An exaggerated schematic drawing of a suite of mineral grains illustrating the radon 

generation. Radium atoms decay to radon and the radon atoms are dislodged from the grain by the recoil 

process. Some of these atoms may emanate to the pore space that are filled with water or air from which 

radon could be transported further by geo-gases or water flow. Adapted from Speelman (2004). 

 

The emanation rate, e, is generally vary with the grain size. For example, e is higher for 

fine clay than it is for sand. However, the radon emanation could be high even for 
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coarse grains due to high concentration of 
226

Ra resulting from the initial weathering of 

these mineral grains.  

The distribution of radon in the pores between water and air phases depends on the 

water temperature and the atmospheric partial pressure of radon. When radon 

concentration reaches equilibrium between water and air, the partition coefficient is 

called the Ostwald solubility coefficient
1
, which decreases with temperature. Because of 

this partitioning, radon in water has been determined by measuring radon in air 

degassed from the water in question [e.g. Surbeck, 1996; Schubert et al., 2006]. Table 

2-3 shows values of the partition coefficient at various temperatures taken from two 

references. The partition coefficient dependence on temperature T (in °C) has also been 

parameterized by the relation [Kluge et al., 2007]: 

T

airw eTK 0502.0

/ 405.0105.0)( −+=  

2-14 

 

Table 2-3: Some values of the partition coefficient (Kw/air) of 
222

Rn between water and air for temperatures 

in the range from 0 to 100 °C [Cecil and Green, 2000]. 

Temperature (°C) Partition coefficient (Kw/air) 

0 0.51 

0 0.53*
2
 

5 0.42 

6 0.43* 

10 0.35 

15 0.28* 

20 0.255 

26 0.22* 

30 0.2 

40 0.16 

50 0.14 

60 0.127 

70 0.118 

80 0.112 

90 0.109 

100 0.107 

 

 

                                                 
1
  In the context of radon, the Ostwald coefficient represents the radon solubility per volume in water and 

is defined as “the ratio of the concentration of gas per unit volume of liquid phase to the concentration of 

gas per unit volume of gas phase” [Davis et al., 2002]. This definition is based on atmospheric partial 

pressure of the radon and the coefficient is expressed as g mol l-1
(of liquid) / g mol l-1

 (of vapour). 
2
 Values marked with * are taken from Durrani and Ilić (1997). 
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Figure 2-7:  Partition coefficient between water and air (Fw/air) as a function of temperature. The data 

points were taken from DeWayne and Green, 2000 and Durrani and Ilić, 1997. The fit (solid line) was 

obtained using Eq. 2-14 [Kluge et al., 2007]. 

 

The Kw/air values presented in  

Table 2-3 are plotted against temperature as shown in Figure 2-7, and fitted with Eq. 

2-14. It can be seen from Figure 2-7 that there is good agreement between the data and 

the solid line obtained from the equation. 

Generally, the radon content in air pores is higher than that in water filled pores. 

Taking the percentage of water in the pores (F) and the partition coefficient (Kw/air) into 

consideration, the maximum radon concentration in the air pores, some of which are 

filled with water, can be estimated by: 

( )[ ]




+−


−

= 11
1

/max airwKF
p

p
AedC  

2-15 

The diffusion coefficient of 
222

Rn, D (m
2
s

-1
), is small in water (10

-9
 m

2
s

-1
) compared 

to that in air (10
-5

 m
2
s

-1
). Therefore, for soil below the water table, the radon is unlikely 

to move by diffusion. If the water is stagnant, the radon content in completely water-

filled pores reaches a maximum in a similar way as the air pores given by Eq. 2-13. The 

increase of water content in the pores increases the radon emanation and exhalation 

from that soil. As a result, radon concentration in these types of water has been found to 

exceed the equilibrium radon concentration in air. 
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In fault zones and fracture bedrocks, high radon concentrations have been attributed 

to the fact that geo-gasses (such as CO2, CH4 and N2) carry radon from its source at 

bedrock surfaces where uranium and its decay series were precipitated [Durrani and Ilić, 

1997]. 

Regarding radon transport in liquids, liquid diffusion transports radon from 

microcrystalline fractures in grains into pore spaces of aquifers. Unlike its parents’ 

uranium and radium, radon is chemically inert and, therefore, it is transported by water 

flow without hardly any chemical interaction. The only constraints on radon transport 

by water is its half-life and the radon outgassing either by exposure to air (as in the case 

of surface waters) or by elevated temperatures due to change in Ostwald coefficient.  

Another limiting factor for radon transport by water is the presence of liquid organic 

pollutants [Cothern and Smith, 1987].  Radon is quite soluble in many organic liquids 

and therefore when these liquids are present in an aquifer, the radon concentration 

partitions between water and the liquids. This characteristic of radon partitioning 

between the various phases has been utilized in using radon as natural tracer for 

identifying and quantifying  non-aqueous phase liquid (NAPL) in contaminant 

environments as has been described for example by Semprini et al. (2000), Schubert et 

al. (2005) and Schubert et al. (2007).  

When radon leaves a saturated zone, it moves as a gas through dry permeable 

materials. This particularly occurs when groundwater is pumped out of an aquifer 

resulting in a lower water table. The fluctuation in the water table causes advective gas 

transport, which possibly augments radon transport through the unsaturated zone 

[DeWayne and Green, 2000].  

At the soil/air interface, pressure driven flow transports soil gas into the air. For 

permeable soils, decreasing pressure draws radon-rich air from the ground. Also, at least 

experimentally, it has been found that increasing temperature increases the radon 

exhalation rate from soils [Cothern and Smith, 1987]. This could possibly be attributed 

to the fact that increasing temperature decreases the amount of radon adsorption onto 

the soil materials [DeWayne and Green, 2000].  
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CHAPTER 3 RADON METROLOGY  

There are several techniques and methods for measuring radon (
222

Rn) in water. A 

review of some of these techniques is presented in CHAPTER 1, section 1.1. This 

chapter describes the set-ups and methodologies of four radon measurement techniques 

that are used in this study. These techniques are: alpha spectrometry using Liquid 

Scintillation Counting (LSC), alpha spectrometry using a Durridge RAD7 radon 

monitor (subsection 3.2.2), gamma-ray spectrometry using a hyper-pure germanium 

(HPGe) detector, and in-situ γ-ray spectrometry using the MEDUSA system (section 

3.3). The latter method makes use of simulated gamma-ray spectra obtained using the 

MCNPX simulation code described in section 3.4. 

3.1 Introduction 

Radon (
222

Rn) can be detected by measuring the alpha, beta (and sometimes by its 

associated Cherenkov radiation) or gamma radiation, or a combination of these, emitted 

in the decay of radon or its daughters (
218

Po, 
214

Pb, 
214

Bi, and 
214

Po). The radon 

measurements are based on mainly three modes of measurement [Tykva and Sabol, 

1995]:   

i. Instantaneous mode in which radon concentration is determined at a time 

when a sample (most commonly air or water) is taken or “grabbed”. This 

mode is therefore sometimes referred to as a grab-sampling mode,   

ii. Continuous mode in which radon concentrations are determined as a 

function of time, and  

iii. time integrating mode in which radon concentrations are time averaged 

over a period (generally a few days to a year)   

Measurements can be made in the field or samples can be taken and measured in a more 

controlled environment such as laboratories where background contributions can be 

reduced by shielding the detector (e.g. by using lead) from ambient gamma radiation. 

Continuous and time integrating measurements are generally made in-situ, while 

instantaneous measurements can be made in the laboratory or in-situ. 

This chapter describes the set-up and general measurement procedure of the four 

techniques for measuring radon in water outlined above. In section 3.2, the set-up and 

procedures for alpha spectrometry are described. This section is divided into two 

subsections: subsection 3.2.1 presents the set-up, measurement and calibration 
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procedures for two LSC systems. LSC measures radon by detecting and processing the 

scintillation light generated as a results of energy deposition by the alpha particles 

emitted from radon and its daughters 
218

Po and 
214

Po. Subsection 3.2.2 presents the set-

up of the RAD7 and its measurement procedure. With the RAD7, radon in water is 

measured by stripping off the radon rich-air from the water sample, drying the air and 

counting alphas emitted from 
218

Po and 
214

Po using a planar silicon detector. The γ-ray 

spectrometry of radon in water using the HPGe detector and screw-top Marinelli beaker 

is discussed in subsection 3.3.1. The subsection describes the HPGe set-up, 

measurement and calibration procedure. The radon concentration is derived from six γ-

ray lines emitted from the radon daughters 
214

Pb and 
214

Bi assuming secular 

equilibrium. Subsection 3.3.2 presents an introduction to in-situ γ-ray spectrometry 

using the MEDUSA technology. The γ-rays are detected by means of a CsI(Na) detector 

and the spectra are analysed using the full-spectrum analysis method (FSA), which is 

based on fitting the measured spectrum with a number of standard spectra and a 

measured background spectra. The calibration of the HPGe and the MEDUSA detectors 

involves some Monte Carlo simulations.  The procedure of generating spectra using the 

MCNPX simulation code is described in section 3.4. 

3.2 Alpha spectrometry 

3.2.1 Alpha spectrometry using LSC 

One of the oldest techniques of detecting ionizing radiation is via the scintillation 

light that is produced when radiation interacts with certain materials called 

‘scintillators’. In the scintillation process, the ionizing radiation excites the scintillator 

material molecules. These molecules partly de-excite by emitting visible light, which is 

collected by means of a light sensor such as a Photo-Multiplier Tube (PMT), and then 

converted into electrical pulses. The commonly used scintillators are inorganic (e.g. 

silver-activated zinc sulphide ZnS(Ag)), and organic-based liquids (e.g. toluene) and 

plastics. The liquid scintillators are widely used for low-level radioactivity detection 

particularly when the radioactive material is dissolvable in the liquid scintillator cocktail 

(solvent and solute). When a radioactive material is dissolved in a liquid scintillator, 

nearly all the radiation emitted passes through a considerable portion of the scintillator 

and hence the counting efficiency could approach 100%. Unfortunately not all energy 

deposited in the liquid scintillation (LS) cocktail is converted into light: some of the de-
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excitation modes do not emit light. This effect is termed quenching. Consequently, the 

counting efficiency decreases [Knoll, 2000]. The quenching is either chemical - causing 

energy losses in the transfer from solvent to solute; or color quenching, which is the 

attenuation of light photons in the colored solution. The overall effect of quenching is 

that it reduces the number of the photons produced in the LS cocktail.  

This section presents the set-ups of two LSC systems used in the present work to 

measure radon in water; one LSC situated at the Nuclear Energy Corporation of South 

Africa (NECSA) and the second is situated at iThemba LABS-Gauteng (iTL-G).  The 

sampling and measurement procedures are also described in this section. 

3.2.1.1 LSC (NECSA) and LSC (iTL-G) set-ups  

Figure 3-1 presents schematically the main components and their functions within 

an LS counter. Figure 3-1a is a flow chart illustrating a water sample mixed with a 

cocktail consisting of a scintillator and a solvent. The radiation emitted in the decay of 

radon and its progeny causes excitation of the scintillator molecules, which 

subsequently de-excite by emitting light. The emitted light is collected by photo-

multiplier tubes (PMTs) and converted into electrical pulses that are amplified by 

auxiliary electronics. The intensity of the scintillation light is linearly proportional to the 

deposited alpha energy [L’Annunziata, 1998].  

Next, this signal is manipulated (sorted, digitized, and stored as counts) and 

displayed as a spectrum on a 4000-channel multi channel analyzer (MCA). Each 

channel corresponds to energy 0.5 keV. Thus, the 4000 channels are equivalent to 

energy range 0 to 2000 keV. In LS cocktails, the kinetic energy of an alpha particle is 

shifted by a factor of about 10, e.g. alpha energy of 6.0 MeV appears at ~ 600 keV. The 

shift in the alpha energy is due to the fact that α-particles produce pulses of longer 

duration in the LS cocktail compared to beta pulses. The consequence is that in the 

LSC, the alpha spectrum overlaps with high-energy beta spectrum. Hence, LSCs usually 

incorporate a pulse-shape discrimination mechanism to distinguish between pulses from 

alphas and of high-energy betas [Kobayashi, 1988].  

One of the LSC systems that have been used for this study is a Packard TRI-CARB 

3170 TR/SL model. Figure 3-1b shows a schematic diagram of the detection section of 

the TRI-LSC set-up. It shows the sample holder viewed by two PM tubes (PMT1 and 

PMT2) which detect the light pulses in coincidence and subsequently sum them. The 

pulses of the PMTs are fed into auxiliary electronics that incorporates Pulse Shape 
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Discriminator (PSD) electronics. The sample holder is surrounded by a bismuth 

germanate (BGO: Bi4Ge3O12) guard detector. The PSD electronics distinguish between 

α, β  and γ pulses while the BGO acts as anti-coincidence shield against pulses 

generated in the liquid scintillator due to γ-rays from the environmental, and muons 

from cosmic radiation [Kessler, 1989; Kobayashi, 1988].  

 

 

Figure 3-1: Illustration of LSC principle. (a) Flow chart summarizing the main components of a Liquid 

Scintillation counter, their respective functions and outputs. (b) Schematic diagram of a detection section 

of a Packard TRI-LSC system [Kobayashi, 1988].  

 

A sketch of the internal detection part of type TR-LS system is shown in Figure 3-2. 

It depicts a BGO surrounding a sample in its holder and viewed by two PM tubes. 

Figure 3-2 also shows the various sources of background radiation, which the BGO 

reduces (http://las.perkinelmer.com). 

Samples in this work were analysed by the LSC set-up of NECSA in Pretoria and 

iThemba LABS-Gauteng (iTL-G). The two set-ups differ in sample preparation and 

counting procedure. These procedures are described below. 
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Figure 3-2: A drawing of the internal detection part of a TR-LSC system showing a sample in its holder 

surrounded by the BGO guard and viewed by the two PM tubes. (http://las.perkinelmer.com). 

 

3.2.1.2 Sampling and measurement procedures 

For the iTL-G LSC, water samples were collected in a one-litre bottle and then 

decanted into a two-litre bottle. Thirty millilitre of Ultima Gold LLT scintillation liquid 

was added to the water sample in the two-litre bottle and shaken vigoursly for five 

minutes. Next the radon concentrated liquid (aliquot) is separated from water by means 

of density separation using funnels. Finally, 20 ml of the aliquot is extracted and placed 

into the LSC vial. For this study, all water samples were prepared in the field in 

counting vials and transported to the laboratory. Efforts were made to minimize radon 

losses during sampling, handling and sample transport.  

At the iTL-G, the vials are loaded into a cassette and the cassette is in turn loaded 

into the LSC instrument and counted. At the time of current study, counting efficiency 

of this LSC was not determined and radon concentration was obtained in counts per 

minute (CPM).  

The sample CPM is the net count rate i.e. corrected for background. The background 

measurements are obtained by measuring a radon-free water sample (e.g. old rain water) 

in the same sample geometry. The uncertainty in the count rate is estimated as: 

T

CPMCPM backgroundsample +
=σ  

3-1 

where T is the counting time (=50 minutes) for both sample and background.  

Samples for counting with the NECSA LSC were prepared by syringing about 7 ml 

of water from the bulk sample through a 0.45 µm membrane filter (to remove solid 

particles) into a glass vial that already contains 13 ml of Ultima Gold LLT scintillation 
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liquid. The vial was capped and shaken thoroughly for mixing the liquid, stored in an 

upside down position and transported in this position to the laboratory at NECSA.  

At the NECSA RadioAnalysis laboratory, samples were measured twice where each 

sample was counted for three hours. The first measurement took place after radioactive 

equilibrium has been established (3 hours). The second measurement was after three 

weeks (for 
222

Rn to be in equilibrium with 
226

Ra). The difference between the first and 

second measurement gives the count rate due to unsupported radon. The system was 

efficiency calibrated using a 
241

Am alpha source. The efficiency values range between 

79 and 82%. The LSC measures alpha (no distinction on energy) and therefore measures 

for each radon decay the alphas emitted by 
222

Rn, 
218

Po and 
214

Po. Assuming secular 

equilibrium between radon and its progeny the count rate has to be divided by three. 

Possible interferences from beta emitters are monitored using 
90

Sr (beta emitter) 

standards and were found to be negligible for measurements of this study. In this study 

we use the minimum detection level (MDL) at the 95% confidence level [Kotze, 2008]. 

Typical MDL values were in the range 0.095 - 6.6 Bq/l. It must be pointed out that 

because the supported radon is subtracted, some of the gross alpha results obtained by 

this method are negative and/or less than the MDL values. 

3.2.2 The RAD7 radon monitor 

 The Durridge RAD7 technology also measures radon by alpha counting. In this section, 

the RAD7 set-up and the sampling and measurement procedures are briefly discussed. 

3.2.2.1 The RAD7 set-up 

The Durridge RAD7 (www.durridge.com) radon monitor used in this work is version 

2.5f 991128, model 711 and serial # 01052. It is owned by the Department of Physics, 

University of the Western Cape (UWC), Bellville, South Africa. The system comprises 

three main units shown in Figure 3-3 that can be described as follows: 

1. The RAD7 unit, which contains a microcomputer, a built-in air pump (1l/min 

flow rate), a measurement chamber (0.7l hemisphere) coated on the inside with 

an electrical conductor and in its centre a planar silicon alpha detector is 

situated; 

2. Radon-in-water accessory (RAD7 RAD-H2O), which consists of glass vials of 

volumes 40 ml or 250 ml for water sample measurement; desiccant (a substance 

of high affinity for water) columns; an aerator assembly (consisting of check 
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valve, stainless steel aerator, Teflon coupler, special vial cap, Teflon spacer and 

glass frit); tubing and filters. In this study only a 250 ml vial was used.  

3. An infrared (IR) printer through which the RAD7 output results (such as the one 

shown in Figure 3-4c) is printed out.  

 

 

Figure 3-3: RAD7 set-up: (a) a photo of RAD7 RAD-H2O showing the various units, namely a 

microcomputer, a built-in air pump, a test chamber and a planar silicon alpha detector. (b) Schematic 

illustration of the measurement sequences where some of the RAD7 unit constituents are depicted. 

 

The RAD7 system measures the 
222

Rn concentration in water, in a grab sampling 

mode, by bubbling out radon-rich air, drying it, counting the α-particles emitted in the 
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decay of the 
222

Rn progeny, 
218

Po and 
214

Po, and analyses of the α-spectra. The set-ups 

for all default functions are pre-programmed and controlled by the microcomputer. In 

particular, there is protocol Wat250 for radon in water measurements using a 250 ml 

vial. This protocol controls the pumping cycle and the counting cycle. 

 

 

Figure 3-4: Schematic overview of (a) radon (
222

Rn) and (b) Thoron (
220

Rn) decay chains  showing the 

decay mode (α and β), the half-lives (s: second; m: minute; h: hour; d: day; y: year) and the various α-

particle energies in MeV; (c) Output summary provided by the RAD7 for a typical measurement showing 

information on the measurement time, the mean radon concentration and its standard deviation, a bar 

chart for the complete set of readings and a cumulative spectrum. In the cumulative spectrum, the main 

four windows are shown separated by dots. 

 

3.2.2.2 Sampling and measurement procedure 

For this RAD7 system, the water samples are placed in 250 ml glass vials and 

capped. Care was taken not to allow the water sample to be in contact with air. The 

RAD7 was first purged with dried and radon-free air to dry and clean the system. The 

purging continues until the relative humidity (RH) becomes less than 6% before starting 

the sample test.  
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The microcomputer automatically executes all the subsequent steps: starting by 

pumping air in a closed loop for five minutes causing radon to be released from the 

water sample by bubbling; the radon-rich air is then dried by passing through a Drierite 

desiccants and eventually accumulates in the test chamber. During these five minutes, 

equilibrium is established between the radon concentration in water and air, according 

to the partition coefficient
3
 (described in CHAPTER 2). After bubbling, the system 

waits for another five minutes. After these 10 minutes, 
218

Po will almost reach 

equilibrium with 
222

Rn. Next the RAD7 runs four counting cycles of five minutes each. 

Thus, the RAD7 completes the sample measurement in 30 minutes.  

Inside the test chamber, the high-voltage circuit charges the conductor creating an 

electric field throughout the chamber. 
222

Rn inside the chamber decays to 
218

Po and 

214
Po as positive ions. Before these ions are neutralized, they are attracted by the electric 

field and may be deposited onto the detector. At the detector, half of the α-particles 

emitted by the polonium hit the detector’s active surface and produce a signal that is 

proportional to the α-particle energy. In this way, the RAD7 measures some of the α-

particles emitted by radon and/or thoron daughters and it distinguishes between the 

various radionuclides by their α-particle energy.  

The RAD7 then processes and stores these signals and accumulates their results in a 

spectrum with energy scale 0 to 10 MeV. This spectrum scale is divided into 200 

channels of 0.05 MeV each. The 200 channels are grouped into 8 energy ranges 

(windows) of which four are major: A, B, C and D, see the bottom of Figure 3-4c. In 

Figure 3-4c, windows A and C are for radon and contain 
218

Po (Eα = 6.00 MeV) and 

214
Po (Eα = 7.69 MeV) peaks, respectively.  Windows B and D are for thoron and 

contain 
216

Po (Eα = 6.78 MeV) and 
212

Po (Eα = 8.78 MeV) peaks, respectively. 

However, in the cases where “old” thoron is present inside the detector, i.e. when 

window D contains counts, window A will contain 34% of the counts in window D as 

illustrated in Figure 3-4b. This is because the RAD7 cannot discriminate between the 

212
Bi (Eα = 6.05 MeV) and the 

218
Po (Eα = 6.00 MeV). 

It must be noted that the RAD7 is calibrated only if the prescribed settings are 

strictly followed. The final 
222

Rn concentration in water is derived by averaging the 

results from the four five-minute cycles of the air removed from the sample. Figure 3-4c 

                                                 
3
 The partition coefficient (PC) (described in CHAPTER 2) depends on the temperature, e.g.  PC = 0.51, 

0.25, and 0.11 at 0 
0
C, 20 

0
C and 100 

0
C, respectively. 

 

 

 

 



3.2 Alpha spectrometry 

 37 

indicates the printed output results of a typical measurement. The print-out is a test 

summary that shows the run number, date and time of the measurement, serial number 

of the instrument, the number of cycles in the test, the radon in water average value and 

its standard deviation, highest and lowest readings, a bar chart and a cumulative α-

spectrum. When the RAD7 is operated under the prescribed procedures, the minimum 

detection limit is 0.4 Bq/l (1 σ) 
222

Rn. 

Intermezzo 3.1: Estimation of the RAD7 alpha collection efficiency 

Assuming a radon concentration in a 250 ml water sample to be 1 Bq/l, it is 

expected to yield on average 0.25 α-particles of 
218

Po per second, assuming 
218

Po is in 

equilibrium with 
222

Rn. Hence, a 250 ml vial containing water with a radon 

concentration of n Bq/l is expected to yield 75 n αααα particles of 
218

Po per five minutes. 

The expected and calculated number of alpha particles corresponding to various radon 

concentrations in a number of samples is listed in Table 3-1. The table shows the radon 

concentration and its uncertainty, the corresponding sample code, date of measurement 

and the relative humidity (RH). Also presented in the table are the expected and 

calculated number of alphas, N
exp

 and N
cal

, respectively; the estimated collection 

efficiency and its uncertainty.  

The expected number of alphas was estimated from the uncertainty associated with 

the RAD7 radon concentration. For example, a sample of radon concentration having 

25% uncertainty is expected to have originated from 16±4 alpha particles. The 

collection efficiency equals the expected divided by the calculated α particles: N
exp

/ 

N
cal

. From Table 3-1, one notices that the uncertainty increases with decreasing radon 

concentration and it is almost independent of relative humidity. Interestingly, the 

collection efficiency was almost constant over the entire range of radon concentrations 

between 1 and 66 Bq/l. The weighted average of the collection efficiency was 

determined to be (1.85±0.07) % associated with a reduced chi-square value of 0.2. 

In conclusion, the large uncertainties associated with the radon concentration 

measured with the RAD7 are likely due to the small collection efficiency of the 

instrument. 
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Table 3-1: Details of samples measured with the RAD7. The table shows the radon concentration and its 

uncertainty and the corresponding sample code, date of measurement and the relative humidity (RH).  

Also presented in the table are the expected and calculated number of alphas (N
exp

 and N
cal

, respectively); 

the estimated collection efficiency and its uncertainty. 

Sample code 

  

Date 

measured 

conc. 

Bq/l 
σconc. 

Bq/l. 
σconc. 

 (%). 

N
exp 

 

N
cal 

 

Coll.eff. 

(ε) 

σε 

 

RH 

(%) 

UWC4-10 22/3/07 1.06 1.16 109.4 0.8 80 0.011 0.011 19 

UWC4-10 22/3/07 1.66 1.34 80.7 1.5 125 0.012 0.010 15 

UWC4-12 23/3/07 1.66 1.34 80.7 1.5 125 0.012 0.010 16 

UWC4-12 23/3/07 1.97 1.44 73.1 1.9 148 0.013 0.009 20 

UWC4-3 20/3/07 2.11 1.47 69.7 2.1 158 0.013 0.009 12 

UWC4-3 20/3/07 2.27 1.51 66.5 2.3 170 0.013 0.009 16 

UWC-4-1 20/3/07 3.46 1.78 51.4 3.8 260 0.015 0.007 13 

UWC-4-1 20/3/07 3.78 1.85 48.9 4.2 284 0.015 0.007 17 

WRB #57 28/2/08 11.5 2.93 25.5 15.4 863 0.018 0.005 14 

WRB #57 28/2/08 12.2 3.06 25.1 15.9 915 0.017 0.004 11 

UWC-2 16/3/07 12.7 3.09 24.3 16.9 953 0.018 0.004 24 

UWC-2 16/3/07 14.5 3.28 22.6 19.5 1088 0.018 0.004 19 

UWC-10 17/3/07 16 3.44 21.5 21.6 1200 0.018 0.004 16 

UWC-10 17/3/07 19.6 3.77 19.2 27.0 1470 0.018 0.004 19 

WRB #11 28/2/08 20.5 3.87 18.9 28.1 1538 0.018 0.003 14 

WRB #11 28/2/08 21.6 3.95 18.3 29.9 1620 0.018 0.003 11 

UWC-3 16/3/07 21.9 3.97 18.1 30.4 1643 0.019 0.003 15 

UWC-3 16/3/07 24.6 4.19 17.0 34.5 1845 0.019 0.003 20 

UWC-12 16/3/07 24.6 4.19 17.0 34.5 1845 0.019 0.003 15 

UWC-12 16/3/07 27.5 4.42 16.1 38.7 2063 0.019 0.003 19 

WRB #05 28/2/08 30.3 4.61 15.2 43.2 2273 0.019 0.003 13 

WRB #05 28/2/08 33 4.81 14.6 47.1 2475 0.019 0.003 17 

WRB #26 26/2/08 45.9 5.61 12.2 66.9 3443 0.019 0.002 10 

WRB #30 26/2/08 51.7 5.96 11.5 75.2 3878 0.019 0.002 20 

WRB #20 26/2/08 66.2 6.71 10.1 97.3 4965 0.020 0.002 14 

  

3.3 Gamma-ray spectrometry 

3.3.1 Using a HPGe detector  

The non-destructive gamma-ray technique using a HPGe detector involves the 

collection of a water sample in radon-tight containers. The method is based on detecting 

gamma radiation emitted in the decay of the radon short-lived daughters: 
214

Pb and 

214
Bi. The sample is measured after waiting for a period of at least three hours to allow 

for secular equilibrium (see section 2.2) between 
222

Rn, 
214

Pb and 
214

Bi. Measurements 

are carried out at a laboratory under low-background conditions achieved by shielding 

the detector (e.g. by using lead) from ambient gamma radiation. Measurements are 

generally made over a period of few hours. Standard nuclear electronics are used to 

process pulses from the detector, via a multi-channel analyzer (MCA) system, into a 

gamma-ray spectrum. Some of the γ-ray photopeaks associated with the decay of 
214

Pb 

and 
214

Bi (see Table 2-1) are then analyzed to extract the activity concentration of radon 
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in the water sample. For this, the detector must be energy and efficiency calibrated. One 

of the main advantages of this HPGe non-destructive method is that it allows the 

measurement of other γ-ray emitting nuclides simultaneously. The following 

subsections describe the HPGe set-up at the iThemba LABS and its measurement and 

calibration procedures.  

3.3.1.1 The HPGe set-up  

The hyper-pure germanium (HPGe) detector, used for this study, is located at the 

Environmental Radioactivity Laboratory (ERL) of the iThemba LABS, South Africa. It 

is a Canberra p-type detector (model GC4520) with a 45 % relative efficiency and has a 

resolution of 2 keV FWHM (full-width-at-half-maximum) at the 1.33 MeV γ-line of 

60
Co. Figure 3-5 illustrates the HPGe set-up. Figure 3-5a shows schematic cross-section 

of the detector inside the lead castle, connected to liquid nitrogen, and a Marinelli 

beaker fitted on top of the detector. The detector has a crystal diameter of 62.5 mm and 

a length of 59.0 mm and is encased in a 10 cm thick lead castle lined with 2.0 mm thick 

copper (Figure 3-5b) to reduce background (mainly X-rays emitted from the lead 

shielding and high energy γ-rays from building materials not fully absorbed in the 

shielding) in the sample spectra [Debertin and Helmer; 2001]. Figure 3-5c (left) is a 

photo showing the detector together with its built-in pre-amplifier kept at liquid nitrogen 

temperature and (right) schematic of the various units interfaced to the HPGe detector to 

measure and process the detector’s signal. The cooling is crucial for germanium 

detectors to reduce the leakage current and hence improve the resolution [Knoll, 2000]. 

The HPGe detector at the ERL operates at a bias voltage of +3500 volts.  The amplifier 

output is linked to a multi-channel analyzer (MCA) system. For this study, two types of 

MCA systems, with their software packages were used. The first was an OxfordWin 

(Oxford Instruments Inc.) MCA and software (version 3.80). The second was a Palmtop 

MCA from the Institute of Nuclear Research of the Hungarian Academy of Sciences 

(Atomki), 2005. The two software packages were used for both data acquisition and 

gamma-ray spectral analysis.  
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Figure 3-5: Illustration of the HPGe experimental set-up. (a) Schematic cross section of the detector 

inside the lead castle, connected to the liquid nitrogen and a Marinelli beaker fitted on top of the detector. 

(b) A top view photo of the HPGe crystal inside the lead castle lined with copper. (c) Overall photo of the 

HPGe set-up with a photo (left) of the lead castle housing the detector and supported on a mechanically 

rigid cryostat connected to a liquid nitrogen Dewar. On the right hand side of (c): schematic of the various 

units used with the HPGe detector to measure and process the detector’s signal; photos adapted from 

[Damon, 2005]. 

 

3.3.1.2 Sampling and measurement procedures 

Samples for the HPGe measurements are stored in radon tight containers e.g. glass 

jars and Marinelli beakers (see Figure 3-6) or collected directly in the measuring 

beakers; typically screw-top Marinelli beakers type AEC - Amersham, code NQB2205 

with volume of (1.3 ± 1.0%) liters. Since we sample clear water, there was no specific 

sample preparation applied. However, considerable caution was always observed to 
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avoid agitating water during sampling, sample transport or during sample 

measurements. To avoid radon being collected into the air space on top of the water 

sample, the container was always filled to the top. It is assumed that adsorption of radon 

daughters on beaker walls is negligible as discussed in subsection 3.3.1.5.  

Some of the γ-lines of interest (e.g. 0.609 and 1.120 MeV) are reported to have been 

associated with systematic effects such as coincidence summing [Sanchez et al., 1995; 

Garcia-Talavera et al., 2001]. Thus far, there is no consensus on specific γ-lines to 

determine the radon concentration. In this study the weighted average of radon 

concentration was derived from the intensity of the six γ-lines emitted by radon 

daughters: 0.295, 0.352 MeV (from 
214

Pb) and 0.609, 0.934, 1.120 and 1.765 MeV from 

214
Bi.  

 

 

Figure 3-6: Radon-tight water sample containers; the glass jar is used when a bulk water sample is 

required to be split into sub-samples. The screw-top Marinelli beaker (type AEC - Amersham, code 

NQB2205) is used for the HPGe measurement, while glass vials are used for the RAD7 measurement (see 

subsection 3.2.2.2). 

 

Spectra were analyzed using the OxfordWin and the Palmtop software which were 

discussed in subsection 3.3.1.1. With the OxfordWin, the regions of interest (ROIs) for 

both photopeak and continuum were set manually. Then the OxfordWin uses its built in 

algorithm to deduce the net counts in the photopeak area and its uncertainty. In the case 

of the Palmtop, only the photopeak ROIs were set manually and the software calculates 

the net counts in the photopeak area and its percentage uncertainty. The photopeak area 
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net counts and their uncertainties are then used in the extraction of radon concentration 

in the water sample. 

3.3.1.3 The HPGe Calibration procedure 

At the ERL, the HPGe energy calibration is conducted on a weekly basis using a 

reference 
232

Th source: IAEA/RGTh-1 provided by the International Atomic Energy 

Agency (IAEA) sealed in a Marinelli beaker [Report: IAEA/RL/148, Vienna, 1987]. 

To quantify radionuclide concentration in an unknown sample, one needs to determine 

the counting efficiency at each of the photopeak energies for the geometry of 

measurement. The detector full-energy peak (FEP) efficiency as a function of energy, in 

the geometry of a screw-top Marinelli beaker filled to the top with water, was 

determined by means of a two-step approach similar to the one described by Croft and 

Hutchinson (1999).  

The first step involves the calculation of the relative FEP efficiencies 

as:
γ

ε
I

EnEn
E

Bgisamplei

irel

)()(
)(

−
= ; where n(Ei) is the count rate (cps) of each γ-ray line 

(Ei) emitted with intensity Iγ in the radon decay. The relative efficiencies were obtained 

by measuring two types of water sample of unknown 
222

Rn concentrations; one sample 

from a semi-cased borehole at iThemba LABS (iTL) and the second one from a 

borehole located at Durbanville (Dv), both in the Western Cape Province of South 

Africa.  

In the second step, the relative efficiencies are converted to an absolute scale using 

the absolute FEP efficiency at 1.46 MeV of 
40

K measured with two Marinelli beakers 

filled with tap water (of insignificant radon concentration) and spiked with potassium 

chloride (KCl, impurity of 1.133% (see intermezzo 6.1)) powder of masses 50 g and 75 

g. The tap water in a screw-top Marinelli beaker filled to the top was first measured for 

determining background, which was then used to correct for the 
40

K net counts obtained 

from KCl mixtures measurement. The absolute FEP efficiency of the detector at the 
40

K 

energy line was calculated using the relation: 
AI

Kn
E corr

abs
*
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γ

ε = ; where n(
40

K)corr is 

the 
40

K count rate corrected for background. ‘A’ is the radioactivity of the dissolved KCl 

powder (50 g or 75 g) obtained from the calculation of the radioactivity of one kg of 

KCl that amounts to (1.625 ± 0.018)x10
4
 Bq/kg. This latter value was obtained by 
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utilizing the atomic fraction of 
40

K in natural potassium (1.17x10
-4

±0.85%), Avogadro’s 

number (6.02x10
23

 atoms/mol), and the half-life of 
40

K (4.027x10
16

 ± 0.63%) seconds 

[Firestone, 1998]. More details on the KCl activity calculation are presented in 

CHAPTER 6 (intermezzo 6.1).  

The scaling factor (FK), which converts relative efficiency to absolute efficiency, was 

then obtained using the relation: 

)(

)(
40

40

K

K
F

rel

abs
K

ε

ε
=  

3-2 

The relative efficiency of K, εrel(
40

K), was determined from fitting the relative 

efficiencies of the six γ-ray lines. The fit was achieved by means of least square 

minimization using the model: bEEaE −= )/()( 0ε  , where E0 = 1 keV, 0.295 MeV≤ E ≤ 

1.765 MeV, a > 0 and 0 < b < 1.0 [Croft and Hutchinson, 1999]. 

The above procedure yields four sets of absolute FEP efficiencies presented in Table 

3-2. A weighted average efficiency of each of the six γ-ray lines was calculated from the 

four measured efficiencies as presented in column eight of Table 3-2. The table also 

shows the associated uncertainties and reduced chi-square values. These FEP 

efficiencies have been validated using MCNPX simulations. The validation result is 

presented in subsection 3.3.1.4 and it shows good agreement between the efficiencies 

obtained by the KCl method and their counterparts obtained from simulations with the 

MCNPX code. 

Similar to the relative efficiencies, the weighted average FEP efficiencies in Table 

3-2 may be fitted with the model:
bEEaE −= )/()( 0ε , where uncertainties associated 

with the interpolated efficiencies follow from the discussion in the intermezzo 2-2 (Eq. 

2-9 and Eq. 2-10). The estimates of a and b and their uncertainties were determined 

using the statistical package Physica [Chuma, 1994] and found to be as follows: a = 

1.111 ± 0.0002 (Bq s)
-1

, b = 0.7345 ± 0.0020 and ρ(a,b) = -0.836. 
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Table 3-2: FEP efficiencies in the energy range 0.295 to 1.765 MeV for the iThemba LABS HPGe 

detector and a geometry of a screw-top Marinelli beaker filled to the top with water. The efficiencies were 

obtained by measuring 50 g and 75 g of KCl (dissolved in tap water of insignificant radon concentration) 

to scale relative efficiencies obtained by measuring radon-rich water (of unknown concentration) 

collected from boreholes located at iThemba LABS (iTL) and Durbanville (Dv). The last two columns 

presented the weighted average and the reduced chi-square, respectively. The weighted average quoted 

uncertainties are internal. 

FEP Efficiencies (%)  

nuclide 

4
Eγ 

(MeV) 

Iγ 

(%) 
50 g (iTL) 50g (Dv) 75g (iTL) 75g (Dv) wt. Av. χR

2
 

214
Pb 0.295 18.5 (3) 2.66(5) 2.73(5) 2.74(5) 2.75(9) 2.71(3) 0.5 

214
Pb 0.352 35.8 (5) 2.34(4) 2.40(4) 2.41(4) 2.42(10) 2.38(2) 0.6 

214
Bi 0.609 44.8(5) 1.57(3) 1.59(3) 1.61(3) 1.62(9) 1.592(16)  0.4 

214
Bi 0.934 3.03(5) 1.15(3) 1.16(3) 1.18(3) 1.18(9) 1.163(18) 0.2 

214
Bi 1.120 14.8(2) 1.01(3) 1.01(3) 1.03(3) 1.04(8) 1.018(18) 0.16 

40
K 1.460 10.7(2) 0.83(3) 0.83(3) 0.85(3) 0.85(8) 0.837(18) 0.12 

214
Bi 1.765 15.4(2) 0.72(3) 0.72(3) 0.74(3) 0.74(7) 0.729(18) 0.10 

 

3.3.1.4 Simulated HPGe photopeak efficiencies 

The detector FEP-efficiency calibration using the KCl method for the HPGe 

detector and a Marinelli beaker filled to the top was described in subsection 3.3.1.3 

above. This procedure involves listed branching ratios (Firestone 1996) and the 

assumption that coincident summing is negligible; see subsection 3.3.1.5. 

This section presents the FEP efficiencies of Eγ = 0.295, 0.352, 0.609, 0.934, 1.120 

and 1.765 MeV, which are simulated for the geometry of the HPGe detector and screw-

top Marinelli beaker filled to the top with water of radon concentration 1 Bq/l.  This 

simulation was based on the Monte Carlo code MCNPX 2.6 b. The MCNPX 

simulations are described in detail in section 3.4. The parameters of the HPGe detector 

used for the simulations were optimized in a previous study [Damon, 2005]. The 

nuclides, γ-ray energy, γ-ray emission intensity (Iγ) and the simulated efficiencies are 

listed in Table 3-3. These simulated efficiencies were compared to the measured 

efficiencies (Table 3-2) and plotted in Figure 3-7. As the figure shows, the simulated 

efficiencies are in good agreement with their counterparts obtained by the KCl method. 

 

 

 

                                                 
4
 The energies of the six γ-ray lines and their emission intensities (Iγ) were taken from the Table of 

Isotopes by Firestone (1998).  
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Table 3-3: FEP efficiencies in the energy range 0.295 to 1.765 MeV simulated using the MCNPX code 

for geometry of the iThemba LABS HPGe detector and a Marinelli beaker filled to the top with water 

containing radon of concentration 1 Bq/l. 

Nuclide 

 

Eγ 

(MeV) 

Emission intensity 

(Iγ %) 

Simulated eff. 

(%) 
214

Pb 0.295 18.5 ± 0.3 2.7±0.3 
214

Pb 0.352 35.8 ± 0.5 2.36±0.19 
214

Bi 0.609 44.8 ± 0.5 1.55±0.13 
214

Bi 0.934 3.03 ± 0.05 1.2±0.6 
214

Bi 1.120 14.80 ± 0.20 0.99±0.18 
214

Bi 1.765 15.36 ± 0.20 0.71±0.15 

 

 

 

Figure 3-7: Measured (points) and MCNPX simulated (solid line) FEP γ-ray detection efficiencies for the 

iThemba LABS HPGe detector in the geometry of screw-top Marinelli beaker (filled to top) for the 

energy range 0.295 to 1.765 MeV (see the text for more details). 

 

3.3.1.5 Investigation of coincidence summing 

Some of the γ-lines that were used to derive the radon concentrations, for example 

0.609 and 1.120 MeV from 
214

Bi, are reported to be associated with systematic effects 

such as coincident summing-out [Garcia-Talavera et al., 2001]. Coincident-summing 

effects for the geometry of our screw-top Marinelli beaker were investigated using the 

simulated efficiencies of the six γ-lines described in subsection 3.3.1.4. These simulated 

efficiencies were applied to 34 water samples, with various radon concentrations, and 

the radon concentration was derived from each of the six γ-lines separately. A weighted 

average of radon concentration from the four γ-lines 0.295, 0.352, 0.934 and 1.765 
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MeV, which are not expected to be affected significantly by coincident summing, was 

determined. The ratio between the concentration derived from each line and the 

weighted average was calculated. The results of applying the simulated efficiencies to 

the measurements of the 34 samples are presented in Table 3-4. The average ratio of 

radon concentrations derived from the 0.609 MeV γ-line indicates that the effect of 

coincident summing for this particular γ-ray is 6 ± 3 %. In view of the uncertainties in 

the ratios for the other γ-rays, the overall effect on the weighted average is at maximum 

a few percent. 

Hence, it is concluded that coincident summing does not play a significant role in 

the present analysis. The overall systematic uncertainty of a few percent in the absolute 

activity concentration is considerably smaller than the anticipated accuracy. 

The HPGe radon measurements were checked further by checking the effective 

radon-decay constant. This involved extracting the effective 
222

Rn decay constant, λ, for 

four water samples measured several times over four days using the HPGe detector. 

Depending on the 
222

Rn concentration, the measurement time for these samples ranged 

between seven and ten hours. The decay of the 
222

Rn concentrations was fitted with an 

exponential decay curve: c * e
-λt

. The effective 
222

Rn decay constants for the four 

samples were found to be: (2.51 ± 0.05) x10
-6

 s
-1

, (2.11 ± 0.02) x10
-6

 s
-1

, (2.08 ± 0.11) 

x10
-6

 s
-1

, and (2.27 ± 0.10) x10
-6

 s
-1

, with a weighted average of (2.16 ± 0.08) x10
-6

 s
-1

, 

which is consistent with the known λ-value of 2.10 x 10
-6

 s
-1

. This implies that there 

was no significant 
222

Rn loss, due to radon leakage or adsorption effect, during the 

measurement process. 

 
Table 3-4: Average ratio (1 σ) of concentrations obtained by applying the simulated efficiencies to 34 

measurements of groundwater samples. Each ratio was calculated from the radon concentration derived 

from one γ-line divided by the weighted average of concentrations derived from the four γ-lines 0.295, 

0.352, 0.934 and 1.765 MeV, which are not significantly affected by coincident summing. 

Εγ (MeV) Mean of ratio 

0.295 0.99 ± 0.03 

0.352 0.99 ± 0.01 

0.609 0.94 ± 0.03 

0.934 1.02 ± 0.10 

1.120 0.97 ± 0.06 

1.765 1.07 ± 0.06 

 

 

 

 

 



3.3 Gamma-ray spectrometry 

 47 

3.3.1.6 The HPGe and the RAD7 inter-comparison 

The results of measurements on the HPGe and the RAD7 were compared for water 

samples with radon concentrations ranging from 1 to 45 Bq/l. The correlation between 

the two detectors is presented in Figure 3-8. The points are the data whereas the solid 

line is the weighted linear fit obtained by a least-squares minimization procedure. The 

slope and the intercept of the straight line were found to be 0.93±0.04 and -0.03±0.4, 

respectively. The reduced chi-square of the fit was determined to be 1.8. This good 

correlation result also supports the finding that coincidence-summing effects are 

insignificant for the HPGe method. 

 

 

Figure 3-8: Correlation between the HPGe and the RAD7 for radon concentration in the range between 

1.0 and 45.0 Bq/l. The solid line represents the weighted fit obtained by means of a least squares 

minimization procedure. The reduced chi-square of the fit is 1.8 and slope of the straight line is 0.93±0.04 

(Bq/l)/(Bq/l). 

 

3.3.2 MEDUSA technology  

3.3.2.1 Introduction 

MEDUSA is an acronym for Multi-Element Detector for Underwater Sediment 

Activity. The detector system was developed by the Nuclear Geophysics Division of the 

Kernfysisch Versneller Instituut (KVI) at the University of Groningen in the 

Netherlands in collaboration with the British Geological Survey (BGS) [de Meijer et al., 

1997]. The MEDUSA technology was patented by the University of Groningen (RuG) 

in the Netherlands. The patent is currently held by MEDUSA Explorations BV, a RuG 

spin-off company. 
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The MEDUSA system generically comprises a gamma-ray detector, software tools 

(for measurement, analysis and display of results), a water-pressure sensor (determining 

water depth), and an acoustic device for measuring bottom coarseness. For spatial 

radioactivity measurements, the MEDUSA system can be interfaced with a positioning 

system device e.g. global position system (GPS).  

The MEDUSA was first used for measuring the activity concentrations of natural 

radionuclides in underwater environments, in particular on sea- and river- beds [de 

Meijer et al., 1997; de Meijer, 1998; Hendriks et al., 2001; Venema et al., 2001]. For 

these studies, the γ-ray detector used was bismuth germanate (BGO) scintillator crystal, 

which has the advantages of being available in large volume, having high density and 

high Z-value, and that it can be operated at ambient temperate. 

The MEDUSA system at iThemba LABS has similar components as above except 

that the BGO γ-ray detector is replaced by a cesium iodide crystal, CsI(Na). This is 

because the CsI crystal has a more stable light output at variable temperatures compared 

to BGO detectors. 

3.3.2.2 The MEDUSA set-up   

Figure 3-9a shows a photo and a flow-chart diagram of the iThemba LABS MEDUSA 

detector system illustrating its main components and their interlinkage. These 

components are:  

1. The detector assembly unit in its aluminium/stainless steel casing contains a 

gamma-ray detector (CsI(Na) crystal of 15 cm length and seven cm diameter), a 

photo-multiplier tube (PMT), a Cockcroft Walton high-voltage generator, 

spectroscopic amplifier, a temperature sensor (AD590), a pressure sensor, a 

microphone, and a telemetry board. The output of the amplifier is sent to the 

telemetry board where the detector signal, along with signals from a pressure 

sensor, temperature sensor and microphone, are digitized. The pressure sensor 

data are used for bathymetric measurements in underwater work while the 

microphone data are used to infer the coarseness of the sediment over which the 

detector moves. The detector unit is connected to an ALADIN interface box via 

an armored co-axial cable. 

2. The ALADIN interface box that contains a data acquisition system. The box was 

supplied by the German company ANTARES Datensysteme GmbH and the 
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word ALADIN stands for ANTARES Log Acquisition and Data Interpretation 

System. For further details on the ALADIN refer to www.antares-geo.de. 

3. Software tools installed on a laptop for measurement and interpretation of 

radioactivity. The software programs are MEDUSA data logger (MDL), 

MEDUSA data synchronizer (MDS) and MEDUSA post analysis (MPA). First 

spectra are acquired via MDL software; then spectra are synchronized using 

MDS (first step of analysis) and the last step of analysis is using MPA to 

interpret results in various forms (see Figure 3-9). 

 

 

Figure 3-9: MEDUSA set-up: (a) top is a photo of the various components of the system. At the bottom is 

a flowchart diagram showing the interlinkage between the system’s different units (block arrows). The 

arrows connect the components to their respective names. (b) MEDUSA data acquisition and analysis 

flowchart diagram.  
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3.3.2.3 The MEDUSA in-situ measurement and analysis procedures 

In this study in-situ γ-ray spectrometry of radon in-water were carried out using the 

MEDUSA detector in-the-field in various geometries. The detector was deployed in the 

Vaal River near Orkney, North West province. The measurements were carried out to 

investigate the influence of streams entering the river on the radionuclide content in the 

river water. Measurement in this geometry involved suspending the MEDUSA detector 

overboard a boat at about one meter below the water surface, dragging the detector 

close to the riverbank and measuring on the riverbed. Figure 3-10 shows a photo of (a) 

the detector overboard a boat in the Vaal River and (b) the detector lying down half-

covered with water (parallel with the riverbed) near the riverbank. For the suspended 

overboard-the-boat measurements - latitude, longitude, and altitude information- were 

recorded by a GPS signal receiver. The procedure used for these measurements will be 

described further in CHAPTER 5. The MEDUSA detector was also inserted in a water-

filled container for measuring the radon concentration in the water. This geometry 

together with measurement and analysis methodology will be presented in CHAPTER 

6. 

Gamma-ray spectra were acquired through the MEDUSA data logger (MDL) 

software, which was installed on a laptop. The MDL also serves as an interface for the 

GPS data via the laptop. During the measurement, the γ-ray spectra were recorded in an 

MDL file every two seconds (i.e. as count per 2 s) while other information such as 

pressure, sound, temperature, latitude, longitude and altitude were recorded every 

second. The sum of the 2 s spectra in each measurement constitutes a log file. 

The MEDUSA data analysis involves two processes (Figure 3-9b). The first process 

called synchronization is accomplished using the MDS software. The MDS creates a 

one-to-one correspondence between the measured spectrum and the associated auxiliary 

data (measured every second). The second process is post-analysis and it is achieved by 

using the MPA software. With the MPA software acquired spectra are analyzed using 

the full-spectrum analysis (FSA) method, which uses the entire spectrum. The FSA 

method applies a least-squares fitting procedure to obtain an optimum fit to the 

measured spectrum based on a number of standard spectra and a measured background 

spectrum (see intermezzo 3.2). The standard spectra are the response per unit time of a 

detector for a certain geometry to the γ-rays emitted by a certain radionuclide of 

concentration one Bq/l [de Meijer, 1998]. The background spectrum is usually 
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measured in the same geometry and location as the measurements such that no 

additional sources are present except for the environmental (terrestrial and cosmic) 

sources. This background is normally assumed to be constant in shape and magnitude 

over time. 

In addition to the 
238

U decay series, the 
232

Th decay series and 
40

K nuclide are also 

naturally present in soil and water with variable concentrations. Thus, the FSA 

procedure involves fitting the measured spectrum with three standard spectra, one for 

40
K and one each for the γ-ray emitters in the 

232
Th and 

238
U decay series, plus the 

measured spectrum of background. For more details on the FSA procedure see 

intermezzo 3.2 below. 

Intermezzo 3.2: FSA procedure 

The FSA procedure applied in this study involves fitting the measured spectrum “S” 

with three standard spectra of 
40

K (SK), the γ-ray emitters in the 
232

Th (STh) and 
238

U 

(SU) decay series, and a measured background (Sbg). As such the measured spectrum 

(photopeaks and continuum) represents the sum of the standard spectra each multiplied 

by the concentration of its respective nuclide plus the background spectrum. Hence, for 

each channel i: 

   )()()()()( iSiSCiSCiSCiS bgUUThThKK +++=  

3-3 

CK, CTh, and CU represent the activity concentration of 
40

K, 
232

Th and 
238

U, respectively 

[de Meijer et al., 1997]. The MPA programme deduces the optimum values of CK, CTh, 

and CU by applying the least-squares procedure in which the reduced chi-square is given 

by [de Meijer et al., 1997; Hendriks et al., 2001]:  

   ∑
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Nmin to Nmax represents the reliable part of the spectrum where good fitting is obtainable 

and M is the number of standard spectra, M = 3 in this case. Unsuccessful gain-drift 

corrections or inappropriate peak shapes lead to poor fitting (high 2

Rχ ). The MEDUSA 

MPA programme has a feature of extra FSA parameters, A0, A1 and A2 which are called 

gain-drift parameters. These parameters could be adjusted manually to off-set the effect 

of the gain-drift on the fitting, i.e. optimizing 2

Rχ . However, a serious problem of 
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inappropriate spectrum-fit arose when the measured background is not constant, as 

discussed in CHAPTER 6. 

 

For the present work the standard spectra were simulated using the Monte Carlo 

code MCNPX as described in section 3.4 below. Not all detector properties can be taken 

into account and, therefore, absolute concentration calibration factors are required. 

These calibration factors take into account some of the detector properties, such as light 

properties of the detector and the efficiency of the PMT, which are not included in the 

standard spectra simulated by MCNPX. The calibration factors were obtained by 

comparing measured 
40

K activity concentrations to their calculated counterparts. The 

40
K activity concentration was obtained from dissolving KCl salt in tap water. The 

MEDUSA calibration procedure for tank and drum geometries is discussed further in 

CHAPTER 6.  

The background used for the analysis of the Vaal River in-situ MEDUSA data was 

measured in 2005 [Newman, 2008] by immersing the MEDUSA detector in water at the 

Theewaterskloof Dam near Villiersdorp, about 60 km from Cape Town. The 

background spectrum and more details on the Vaal River measurement procedure will 

be discussed in CHAPTER 5. 

 

 

Figure 3-10: Two MEDUSA measuring geometries: (a) A photo of MEDUSA laptop and the armored 

cable on board a boat while the MEDUSA detector was suspended in the Vaal River (b) A photo of the 

MEDUSA detector lying down by the river bank where it was dragged manually across shallow water. 
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3.4 Generation and calibration of standard spectra  

To obtain absolute radioactivity concentrations, calibrations of γ-ray spectrometers 

are often obtained from Monte Carlo simulations e.g. [Helmer et al., 2004; Gutierrez-

Villanueva et al., 2008]. The simulations help minimize the number of experimental 

measurements needed for calibrating in the various geometries. In such simulations, the 

detector response is calculated for a geometry and matrix similar to the intended 

measurements. The simulation data are compared to results from measurements. 

A general-purpose Monte Carlo N-Particle (MCNP) code is used for neutron, 

photon, and electron or coupled neutron/photon/electron transport calculations 

[Briesmeister, 2000]. MNCPX was introduced in 1994 as an extension of MCNP to 

include more particles with nearly all energies. MCNP has proven to be a useful tool for 

the simulation of standard spectra for the flatbed geometry [Maučec et al., 2001] and for 

the borehole geometry [Hendriks et al., 2002].  

The simulations of the present work involve two sets of standard spectra for the 

MEDUSA measurements. The first set (simulated at the KVI in the Netherlands) 

includes SSU-472 Sim K (for 
40

K), SSU-472 Sim Th (for 
232

Th series) and SSU-472 

Sim U (for 
238

U series). The spectra were simulated for a flat bed geometry (semi-

infinite medium) using MCNPX version 2.4.k run on Intel Pentium 4 processor 2.20 

GHz [Newman, 2006]. This set of standard spectra was used for analyzing the Vaal 

River in-situ measurements described in CHAPTER 5. The second set of standard 

spectra includes spectra of 
40

K, 
232

Th series and 
238

U series simulated for a drum/tank 

geometry [Maleka, 2007]. The code used to simulate this set was MCNPX 2.6 b run on 

an AMD Athlon™ 64 bit processor (1.8 GHz). The settings consist of the MEDUSA 

CsI(Na) γ -ray detector placed at the centre of a 210 l steel drum filled with water and at 

a height of 90 cm or 100 cm from the bottom of a plastic tank. This second set of 

standard spectra is used for analyzing data from measurements described in CHAPTER 

6. 

In both sets, a total of 804 γ-ray energies [see also Hendriks et al., 2002] associated 

with the Th and U decay series and 
40

K together with their decay probabilities were 

incorporated in the simulation models. For each radionuclide, the relative statistical 

uncertainties for the major γ-ray lines were monitored not to exceed 10%. 

The MCNPX configuration described for the second set of standard spectra in the 

paragraph above was also used to simulate a standard spectrum of 
238

U decay series for 
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the iTL-HPGe detector in the geometry of a screw-top Marinelli beaker filled to the top 

with water. Parameters of the iTL-HPGe detector used for the simulations were 

optimized in a previous study [Damon, 2005]. The simulated 
238

U/Rn spectrum was 

used to validate the HPGe efficiency calibration as discussed in subsection 3.3.1.4. 

Figure 3-11 shows an example of spectra simulated with the MCNPX code for the 

geometry of the MEDUSA detector inserted into a tank. The shape of standard spectra 

for similar geometries do not change much when changing the volume e.g. from 1000 l 

(tank) to 210 l (drum). However, the magnitude (vertical axis) may change with volume. 

The simulated spectrum for the HPGe detector for the measurement geometry of a 

screw-top Marinelli beaker is presented in Figure 3-12. It can be seen that the shape and 

magnitude of this later spectrum are different from those of Figure 3-11. The difference 

in shape is due to the difference in resolution of the two detectors; the MEDUSA CsI 

scintillation detector has poorer resolution (broad peaks). However, the HPGe detector 

has a lower γ-ray detection efficiency, partly, because of the smaller volume of the 

detector and the sample compared to those of the MEDUSA set up. 

 

 

Figure 3-11: Simulated standard spectra of 
40

K (dotted-line), 
232

Th-series (solid line) and 
238

U/Rn-series 

(dashed-line). The ordinate represents the MEDUSA detector response to one Bq/l per second of each 

radionuclide in the tank [Maleka, 2007]. 
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Figure 3-12: A HPGe spectrum of 
238

U decay series including 
222

Rn simulated with the MCNPX code in 

geometry of a screw-top Marinelli beaker filled to the top (volume ~ 1.3 l) with water of concentration  1 

Bq/l. The assumption made was that all the nuclides are in secular equilibrium [Maleka, 2007]. 
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CHAPTER 4 RADON MEASUREMENT AT THE 

ITHEMBA LABS AQUIFER 

In this chapter, measurement of radon in water by γ-ray spectrometry using a HPGe 

detector has been carried out to determine aquifer characteristics. The radon activity 

concentration is determined by taking the weighted average of the concentrations 

derived from γ-ray lines associated with 
214

Pb and 
214

Bi decay. The role of accurate 

radon data to representatively sample aquifers was also investigated by studying a semi-

cased borehole. A simplified physical model describing the change of radon 

concentration with the pumping time reproduces the data and predicts the time for 

representative sampling of the aquifer. 

 After the introduction in section 4.1, the sampling and analyses procedures are 

presented in section 4.2. In section 4.3 the site and the iThemba LABS borehole will be 

described. The γ-ray spectrometry of radon in water using the HPGe detector is 

discussed in section 4.4. This includes the pumping-test measurements in subsection 

4.4.2. Before the conclusion, the model description and the model-parameter 

determination are discussed in section 4.5. 

4.1 Introduction 

Radon (
222

Rn) is a natural tracer for studying hydrological transport processes. It is 

transported without substantial adsorption in the matrix. As discussed in CHAPTER 1 

radon-in-water measurements have been used, among others, to investigate aquifer 

characteristics and study the mixing between groundwater and surface water. 

In a study of aquifer properties, the emphasis is generally on precision and 

reproducibility rather than accuracy of associated measurements. In view of the 

uncertainties in the geological and hydrological description of radon-genesis properties 

of aquifers, an accuracy of 25% (systematic uncertainties) for the method is more than 

sufficient.  

This chapter presents the work carried out to optimize the measurement of radon in 

water via γ-ray spectrometry using a hyper-pure germanium (HPGe) detector as 

described in CHAPTER 3. The evolution of radon concentration with pumping time at 

the iThemba LABS aquifer was investigated by carrying out pumping-test 

measurements at a borehole situated on the iThemba LABS site. The measurements 
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involve determining total radon and supported radon concentrations. Based on the 

pumping-test results, a simplified physical model is proposed to reproduce the time 

evolution of radon concentrations. The model helps to predict the time for 

representative sampling of the semi-cased borehole provided that pump speed and the 

borehole dimensions are available. The model parameters were determined using the 

pumping-test data. The model is discussed in section 4.5.  

4.2 Sampling and analyses procedures 

Water from the iThemba LABS borehole (described in section 4.3) was pumped 

from depths of 8.0 m and 28.5 m. Ten pumping tests (PT), PT1 to PT10, were made. 

For PT1 to PT5, water was pumped using a single stage centrifugal pump, which has the 

specification: CALPEDA S.pA type CAM80; S/N 457163; L/min: 6.3/31.5. As shown 

in Figure 4-1a, the pump (SP1) was driven by an electrical motor (SP2) and lifts water 

through a two ended suction pole (SP3) placed at a depth of 8.0 m. Since the pump did 

not have speed control, the pump speed for each pump test (PT) was estimated by 

recording the time required to fill a bucket of 10 litre volume.  

For PT6 to PT10 water was brought to the surface by a submersible pump. The 

specifications of the submersible pump (shown in Figure 4-1b) are: type 4BLOCK 2/13, 

flow rate up to 150 l/min, head up to 135 m, made by Flowline Technology (PTY) Ltd. 

The pump (shown in the figure as SMP1) was connected through adapters (SMP2) to a 

mechanical flow control (SMP3) and flow rate meter (Multi-jet dry-dial water meter 

manufactured by SENSUS Metering Systems) shown in the figure as SMP4. For PT6 to 

PT10 the submersible pump (SMP1) was placed vertically down the borehole with the 

pump bottom-end at a depth of 28.5 m. The pump speed for each PT was determined 

using the water volume pumped out over short periods. The water volume was taken 

from the flow-rate meter.  

During the first two hours of each PT, samples were collected at short intervals (5 to 

15 minutes) because the 
222

Rn concentration increases rapidly at the start of pumping. 

The reason is that as pumping continues, more radon-rich groundwater flows from the 

aquifer into the pumping zone and mixes with the stagnant water. For the remainder of 

each pumping test samples were collected at convenient intervals (1-7 hours).  
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Figure 4-1: Photos of two water pumps beside iThemba LABS borehole showing (a) 

CALPEDA S.pA [type CAM80, S/N 457163] single stage centrifugal pump (shown as SP1) 

driven by electrical motor (SP2) that lifts water through a 2 ended suction pole (SP3). (b) 

Submersible pump [type 4BLOCK 2/13 manufactured by Flowline Technology (PTY) Ltd] 

(shown as SMP1) connected through adapters (SMP2) to mechanical flow control (SMP3) and 

flow rate meter (Multi-jet dry-dial water meter manufactured by SENSUS Metering Systems) 

shown in the figure as SMP4. 

 

To validate the method of γ-ray spectrometry using the HPGe, subsamples were also 

measured by α-spectrometry using the radon monitor, Durridge RAD7(described in 

CHAPTER 3, subsection 3.2.2) used in grab-sampling mode. Water samples were 

collected in large volume containers (~ 3 l), split into sub-samples, and decanted into 
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Marinelli beakers (volume of about 1.3 l) and glass vials (volume of about 0.25 l) for 

the HPGe and the RAD7 measurements, respectively. 

The RAD7 measures radon by counting alpha particles emitted from 
218

Po and 
214

Po 

in equilibrium with 
222

Rn (see CHAPTER 3). 

The γ-ray spectrometry of radon in water was carried out using the HPGe detector 

(described in CHAPTER 3, subsection 3.3.1) in a counting geometry of a screw-top 

Marinelli beaker (AEC - Amersham, code NQB2205, volume ~ 1.3 l) filled to the top. 

Measurements commenced after radioactive equilibrium between radon and its short-

lived progeny had been established (3 hours). Each sample was counted for two hours. 

In addition some water samples from the borehole were sealed for a minimum of three 

weeks and supported radon (radon in-growth from 
226

Ra present in the water) was 

measured using the HPGe detector. For the supported radon, the samples were counted 

for more than seven hours each. 

Since the measured activity concentration is an integral average activity over the 

measurement time interval (t0 , t0+∆t), we need to correct to obtain the activity 

concentration at the beginning of the measurement time interval (A(t0)). The following 

relation can be derived: 

( )t

m

e

tA
tA

∆−−

∆
=

λ

λ

1
)( 0  

4-1 

where A(t0) is the radon concentration at t0 when the measurement commenced, Am is 

the average radon concentration, λ is the radon-decay constant and ∆t is the counting 

time. 

Radon concentrations were derived from the intensity of six γ-lines emitted by radon 

progeny: Eγ = 0.295 and 0.352 MeV from 
214

Pb, and Eγ = 0.609, 0.934, 1.120 and 1.765 

MeV from 
214

Bi. The reported radon concentration is the weighted-average for the 

concentration of the individual γ-lines. 

4.3 iThemba LABS borehole 

4.3.1 Site description 

The borehole is located at iThemba LABS and has the GPS coordinates: latitude 

34.02523° S and longitude 18.7143° E. The iThemba LABS is about 30 km east of 

Cape Town, Western Cape, South Africa. The top part of Figure 4-2 shows a map of 
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South Africa with its various provinces and of the main cities including Cape Town. 

The bottom part of the figure shows the location of the iThemba LABS, where the 

borehole is situated and the current study was conducted. As can be seen from the 

figure, the iThemba LABS is situated off the N2 national road connecting Cape Town to 

Somerset West.  

 

 

Figure 4-2: A map showing the location of iThemba LABS, where the borehole is situated, in Cape 

Town, South Africa. The top part is a map of South Africa and its various provinces where some main 

cities including Cape Town are shown [www.c2a.co.za]. At the bottom is an enlargement of the area 

around Cape Town showing the iThemba LABS located close to junction of the R310 and the N2 national 

road. The N2 connects Cape Town with Somerset West [www.tlabs.ac.za].  

 

The iThemba LABS borehole taps the primary unconfined Cape Flats aquifer. This 

aquifer is fundamentally a coarse sand layer, of relatively low elevation above mean sea 

level, lying between the Cape Peninsula and the hills of Tygerberg and Stellenbosch. 
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The bedrock of the Cape Flats aquifer consists of the Cape Granite Suite and sediments 

belong to the Malmesbury Group [Adelana, 2006; Harris, 1999]. 

The borehole was drilled through a sand layer of about 30 m depth from the surface 

and then through a hard rock layer to a depth of about 30 m below the sand layer. The 

borehole logging documents were missing at the time this study was conducted. 

Therefore, the above borehole information was investigated as described in subsection 

4.3.2 below. 

4.3.2 Borehole casing 

The depth of the iThemba LABS semi-cased borehole was measured to be about 60 

m. In this section we investigated the casing of the borehole using a depth profile of 

electrical conductivity (EC) and temperature. Although not the optimal choice, the EC 

method has been used because other methods were not available at the time. Other 

instruments that can be used to check the borehole casing more reliably are a bubbler, a 

special instrument for determining the extent of a borehole casing, and a borehole 

camera whereby a depth profile photo of a borehole can be taken. The last two methods 

were not available at the time of this study. 

The EC was measured on the 11
th

 and 14
th

 of August 2006. The borehole had not 

been pumped for more than three weeks and the water table was about 1.37 m below the 

surface. The EC meter was connected to a measuring tape. It reads the EC and 

temperature automatically while we recorded the depth from a visual reading of the 

measuring tape. For the top 30 m of the borehole, we took readings every 0.5 m while 

for the bottom 30 m, the readings were taken every 1 m. The EC of tap water was 

measured before and after taking the depth profile and found to be 0.4 mS/cm. 

Results of EC and temperature versus depth are shown in Figure 4-3 below for the 

11
th

 August 2006 measurement. On the 14
th

 August 2006 the data of 11
th

 August 2006 

was reproduced. As the figure shows, the EC changes with depth. In the beginning the 

EC steeply increases with increasing depth for about 12 m then it levels off up to a 

depth of 45 m. A further small increase in EC is observed at a depth of ~ 45 m. 

From available information including the EC and temperature profiles, we infer that 

the borehole is constructed as follows: the borehole is cased for the first 12 m in a sandy 

layer; from 12 to 45 m below the surface (sandy layer) the borehole is screened i.e. a 

portion of the casing that has holes and allow water to move through; and at depth 

greater than 45 m the borehole is uncased and located in a fractured rock. 
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Based on this information, the borehole (with casing of inner diameter ~ 16 cm) is 

described as of volume ~ 1.2 m
3
, cased with steel up to a depth of 45 m and screened 

from 15 to 45 m depth, whereafter it is opened through hard rocks to a final depth of ~ 

60 m). 

 

 

Figure 4-3: Depth profiles of electrical conductivity (EC) and temperature of the iThemba LABS borehole 

measured on 11 Aug. 2006. 

 

4.4 Gamma ray spectrometry of 222Rn using a HPGe detector 

4.4.1 Background measurement 

For this study, a spectrum of municipal tap water was used for background 

correction. Figure 4-4 shows three partial spectra: for an empty Marinelli beaker, 

Marinelli beaker filled with tap water for background correction, and Marinelli beaker 

filled with a groundwater sample. From the figure, it is clear that the radon related γ-

rays dominate the groundwater spectrum. Moreover, there is a no noticeable difference 

between the spectrum obtained with an empty Marinelli beaker and with one filled with 

tap water. This implies that the tap water does not contain any significant amount of 

radon. For this set-up, the minimum detectable activity (MDA) based on the 352 keV γ-

line and a counting time of two hours was found to be 0.2 Bq/l (3 σ). This value is one 

to two orders of magnitude lower than the measured values (see subsection 4.4.2.1). 
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Figure 4-4: A small part (including two radon-related γ-ray peaks, 295 and 352 keV) of three spectra to 

illustrate that radon in the tap water used for background correction is insignificant. The three spectra 

were obtained by measuring an empty Marinelli beaker (EM), a beaker filled with tap water (TW) and a 

beaker filled with groundwater (GW) using the HPGe detector. 

 

4.4.2 Pumping Tests  

4.4.2.1 222
Rn measurements 

The total radon concentrations for the ten pumping tests together with elapsed 

pumping time are presented in Table 4-1 and Table 4-2. The water for PT1 to PT5 was 

brought to the surface using the CALPEDA pump (described in section 4.2) sucking 

water from a depth of 8.0 m inside the borehole. The results showed that each PT 

commences with low radon concentration (RnC) and then the RnC increases gradually 

up to steady higher value (plateau value) of about 30 Bq/l. The low concentrations at the 

beginning of each PT are most likely due to mixing between water in the cased part of 

the borehole with a low radon concentration, and groundwater with a certain radon 

concentration originating from the aquifer. In the cased part of the borehole, the 

concentration will be low because radon is only supplied by diffusion and disappears by 

radioactive decay. The RnC becomes steady after all mixed water has been pumped out 

and the aquifer water is pumped in. The first RnC is not the same for all PTs because 

the first sample was not a pure grab sample but collected after a few minutes of 
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pumping. Therefore, the first RnC depends very much on the depth, the pump speed, 

and the precise duration until the first sample is collected. 

 From Table 4-1 one notices that the plateau values are almost the same for all tests. 

The values listed for PT1, PT2 and PT3 are for samples that were measured 

immediately after collection without waiting for radon to reach equilibrium with 
214

Pb 

and 
214

Bi. When the last two samples of each of the three PTs were re-measured after 

secular equilibrium of radon with its short-lived daughters had been established (more 

than three hours), the radon concentrations were found to be 10 to 20% higher. The 

results of the repeated measurements are highlighted by the grey color at the end of their 

respective columns in Table 4-1. 

 
Table 4-1: Date, elapsed pumping time, and total radon concentrations for pumping tests PT1 to PT5. The 

last two measurements of PT1, PT2 and PT3 were re-measured after radon had reached equilibrium (3h) 

with its short lived daughters. The ditto results are highlighted with grey color and presented at the end of 

their respective PTs columns. 

PT1(*)
5
 

12/12/2005 

PT2(*) 

1/26/2006 

PT3(*) 

2/16/2006 

PT4 

3/2/2006 

PT5 

4/19/2006 

time 

(h) Rn (Bq/l) 

time 

(h) Rn (Bq/l) 

time 

(h) 

Rn 

(Bq/l) 

time 

(h) 

Rn 

(Bq/l) 

time 

(h) 

Rn 

(Bq/l) 

0.03 10.4(4) 0.08 8.8(3) 0.08 5.5(2) 0.02 5.0(2) 0.01 2.3(5)**
6
 

1.03 20.3(1.1) 1.08 21.6(7) 2.08 24.9(4) 0.08 11.0(3) 0.10 18.3(4) 

2.03 23.2(5) 2.08 21.8(13) 4.08 28.2(5) 0.25 22.4(5) 0.25 22.7(4) 

3.03 23.4(6) 3.08 23.5(13) 6.08 27.9(5) 0.33 24.7(5) 0.52 24.5(6) 

4.03 24.8(5) 4.08 26.0(13) 8.20 31.1(5) 0.58 26.5(6) 0.75 26.7(6) 

5.03 26.5(6) 5.08 26.0(14) 10.17 29.3(5) 1.08 27.0(6) 0.95 26.4(7) 

6.03 26.6(6) 6.08 27.6(1.2) 12.08 30.8(5) 1.58 27.4(6) 1.08 27.4(8) 

7.03 27.8(6) 7.08 27.8(1.3) 14.08 31.2(5) 2.18 30.8(6) 1.25 28.4(7) 

6.03-

ditto 
30.9(3)

7
 

6.08-

ditto 
32.6(6) 18.08 27.9(5) 

2.67 

 

30.3(6) 

 

1.50 

 

29.2(8) 

 

7.03-

ditto 
30.3(3) 

7.08-

ditto 
32.9(5) 20.08 27.8(5) 

3.75 

 

31.8(7) 

 

1.75 

 

29.7(8) 

 

22.08 29.9(5) 4.93 32.1(7) 2.00 30.2(9) 

24.08 29.4(5) 8.90 31.8(7) 2.33 31.5(7) 

22.08-

ditto 
32.0(5) 

18.55 

 

31.8(6) 

 

2.67 

 

32.3(8) 

 

24.08-

ditto 
33.7(5) 

21.60 

 

33.0(6) 

 

3.00 

 

31.7(9) 

 

3.33 32.2(7) 

10.00 33.2(9) 

20.13 33.7(7) 

  

 

 24.20 33.8(9) 

 

                                                 
5
 (*) means samples were measured after collection without waiting for 

222
Rn to reach equilibrium with its 

short-lived daughters. 
6
 The measurements marked with ** were excluded in the validation of a model, which will be described 

in section 4.5. 
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For PT6 to PT10, water was brought to the surface with the Flowline submersible 

pump (described in section 4.2) situated at a depth of 28.5 m in the borehole in the part 

with a screen casing. The results of these PTs are presented in Table 4-2. The radon 

concentration evolution follows a similar pattern as in Table 4-1 except that the initial 

concentrations are considerably higher. The higher initial concentration likely reflects 

the fact that with the screen casing, radon from the sand formation more easily diffuses 

to the water in the borehole. It can also be noted that, the RnC reached an even higher 

plateau after pumping time of 24 hours, probably showing a second plateau. The 

possibility of a second plateau will be discussed further in section 4.5.  

 
Table 4-2: Date, elapsed pumping time and total radon concentrations for pumping tests PT6 to PT10. 

Measurements marked with ** were not used in the validation of a model that is discussed in section 4.5 

PT6 

6/28/2006 

PT7 

8/14/2006 

PT8 

11/15/2006 

PT9 

1/9/2007 

PT10 

3/9/2007 

time 

(h) 

Rn  

(Bq/l) 

time 

(h) 

Rn  

(Bq/l) 

time 

(h) 

Rn 

(Bq/l) 

time 

(h) 

Rn  

(Bq/l) 

time 

(h) 

Rn 

(Bq/l) 

0.03 26.6(4)** 0.02 23.6(6) 0.02 24.4(8) 0.02 25.7(4)** 0.02 22.8(4)** 

0.27 24.4(4)** 0.10 25.2(6) 0.08 25.7(5) 0.07 24.4(5) 0.10 23.2(4) 

0.52 24.1(4) 0.27 25.7(5) 0.18 25.0(7) 0.13 23.7(4) 0.18 22.8(5) 

1.02 24.7(4) 0.52 26.7(5) 0.25 26.7(5) 0.18 24.3(4) 0.27 24.5(5) 

1.53 27.1(5) 0.77 28.7(5) 0.42 28.8(4) 0.25 25.3(5) 0.43 26.8(5) 

2.18 30.3(5) 1.10 30.9(7) 0.58 30.8(6) 0.42 26.3(6) 0.68 28.7(6) 

2.85 30.3(5) 1.52 32.2(6) 0.83 32.5(6) 0.58 27.5(7) 0.93 29.6(7) 

5.35 32.5(6) 1.93 34.2(1.2) 1.50 32.9(6) 0.83 29.5(7) 1.43 30.0(6) 

11.40 33.2(5) 2.35 33.0(8) 8.25 34.6(8) 1.48 32.5(7) 2.43 33.1(8) 

20.38 33.2(5) 2.68 32.9(8) 18.42 32.5(5) 3.83 33.5(8) 3.43 33.6(7) 

24.05 32.9(5) 3.05 31.9(8) 22.83 34.1(6) 8.83 32.6(8) 5.98 34.9(9) 

3.35 32.2(9) 17.83 32.1(6) 7.98 33.7(7) 

9.78 33.8(6) 20.83 32.7(5) 9.98 35.4(9) 

24.12 32.7(5) 23.67 36.5(7) 11.02 34.8(7) 

25.83 33.2(6) 11.97 33.8(7) 

28.83 34.0(5) 13.82 34.1(9) 

45.13 36.0(6) 20.08 33.9(7) 

47.08 35.8(5) 20.98 34.6(9) 

52.87 34.0(5) 22.98 33.6(7) 

56.75 37.3(5) 27.07 33.2(7) 

67.13 36.9(7) 29.23 36.6(1.4) 

72.20 37.2(7) 31.17 37.2(9) 

35.00 38.0(1.1) 

39.00 38.4(9) 

42.95 35.4(9) 

45.65 35.3(9) 

47.15 35.8(1.0) 

51.23 37.5(1.2) 

52.48 38.0(1.2) 

54.20 35.1(7) 

58.07 36.3(9) 

66.60 35.4(8) 

67.98 37.2(7) 

    70.82 38.6(1.1) 
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4.4.2.2 Supported radon 

In subsection 4.4.2.1, the evolution of radon concentration with pumping time was 

investigated. In these investigations, the total radon (unsupported plus supported) was 

considered on the assumption that the supported radon was insignificant. The results of 

supported radon i.e. radon generated due to 
226

Ra present in the water, in some of the 

borehole samples are presented in Table 4-3. One notices that the samples measured in 

June 2006 (referred to as J06 samples) have slightly lower radon concentration 

compared to other samples. The J06 samples were collected after flushing the borehole 

for a short time and have an average total radon concentration of about 17 Bq/l. This 

indicates that these samples may not be exclusively aquifer water. By contrast, the other 

samples were collected at the end of PT6 and PT8 after the borehole has been flushed 

for about 20 hours. One notices that the six concentrations are similar. From the 

concentrations presented in the table, the weighted average supported radon 

concentration is 0.82 ± 0.04 Bq/l, about two orders of magnitudes lower than the plateau 

radon concentrations. The reduced chi-square associated with a fit of the weighted 

average radon concentration to the concentrations given in Table 4-3 is 4.6. This 

slightly high chi-square value most likely reflects systematic uncertainties associated 

with J06 samples. 

 
Table 4-3: Supported radon in groundwater samples from the iThemba LABS borehole. The average 

measuring time per sample was 10 hours. 

Sample code Date measured Supported 
222

Rn (Bq/l) 

HPGe-1 19 June  2006 0.78(5) 

HPGe-2 20 June  2006 0.68(5) 

HPGe-3 21 June  2006 0.64(5) 

PT6-9 25 July  2006 0.95(7) 

PT6-10 25 July  2006 0.90(6) 

PT6-11 26 July  2006 0.89(7) 

PT8-10 12 Dec.  2006 0.99(6) 

PT8-11  13 Dec.  2006 0.86(5) 

PT8-12  14 Dec.  2006 0.91(6) 

Weighted average: 0.82±0.04 Bq/l 
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4.5 Modelling: time evolution of radon concentration 

4.5.1 Model description 

Based on the borehole measurements presented in Table 4-1 and Table 4-2, a 

simplified physical model has been developed to describe the radon concentration as a 

function of pumping time and pumped volume.  

Consider an aquifer with volume Va, a constant radon concentration Ca(t) = Na/Va = 

Ca and a sampling volume with volume V0, where V0 << Va. V0 is a volume separated 

from the geological formation by a casing and is connected to Va as schematically 

depicted in Figure 4-5b. Na is the number of radon atoms in Va. Sampling starts when 

the dynamic water table (the water level after pumping started as illustrated in Figure 

4-5a) begins to stabilize. The radon concentration in V0 when sampling started is C0. 

The pump sucks water from volume V0 at speed vp liters per second. Due to the 

pumping, water with concentration Ca replaces the water pumped out; see Figure 4-5b 

for a schematic presentation. In the derivation below, decay of radon is ignored since 

the refreshing process of the volume V0 is much faster than the decay process. 

The change in the number of radon atoms in the volume V0 per time interval ∆t is 

given as:  

,
t

NN

t

N outin

∆

−
=

∆

∆
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where Nin = Ca * vp * ∆t and Nout = C(t) * Vout =  N(t) * vp * ∆t /V0. 

This leads to the equation: 
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Dividing by V0 and allowing ∆t to become infinitesimally small yields the equation for 

the change in radon concentration in V0: 

  µ))(( tCC
dt

dC
a −=  

4-4 

With µ = vp/V0 being the refreshing constant. A solution for this equation is: 

 

  
00 )1)(()( CeCCtC t

a +−−= − µ  

4-5 
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From the procedure described above, the time at which sampling commences introduces 

an uncertainty which is reflected in the value of C0. Therefore, C0 may differ from test 

to test.  

 

 

 

Figure 4-5: Schematic visualization of the physical model. (a) An illustration of a borehole tapping an 

unconfined aquifer showing the model initial assumptions explained in the text. The plot was adapted 

from Kelly (2006). (b) Schematic representation of the borehole system and the aquifer to elucidate the 

mathematical derivation of the model as described in the text. 

 

4.5.2 Model applied to pumping tests 

The model parameters for Eq. 4-5 are derived from the ten sets of pumping test data 

are presented in Table 4-1 and Table 4-2. Two examples are plotted in Figure 4-6 (PT5) 

and Figure 4-7 (PT10); they correspond to pumping depths of 8.0 m and 28.5 m, 

respectively. Figure 4-6 and Figure 4-7 demonstrate that the radon concentration 

initially increases with the water volume pumped out. After pumping out about 4 m
3
 of 

water, the radon concentration remains steady until about 100 m
3
 before the radon 

concentration increases to a higher plateau (Figure 4-7). This increase to a second 
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plateau may indicate that water from another reservoir starts to be sampled. This pattern 

of time evolution of radon concentrations during sampling is consistent with Zereshki 

(1983) and Freyer et al. (1997). 

Table 4-4 shows the model (Eq. 4-5) parameters for the ten pumping tests. C0, the 

222
Rn concentration in V0 when the dynamic water table stabilizes, varies between the 

various PTs as sampling starts at different pumping times. The weighted average of µ 

yields a value of µ= (1.35 ± 0.13) x10
-2

 min
-1

 and a reduced chi-squared (χν
2
) value of 

2.4. Since there is an obvious change in the µ value by switching pumping speeds, the 

χν
2 

value most likely reflects systematic uncertainties introduced by correlations 

between µ and C0.  The weighted average value of Ca is (33.4 ± 0.3) Bq/l with a χν
2
 

value of 3.0. This slightly high value of χν
2
 most likely represents the fact that Ca is not 

constant, but changes over time (see Figure 4-7).  

The time window between pumping out 4 and 20 m
3
 of water appears to be the 

optimal time for representative sampling for this borehole. The measurement of radon 

concentration with the pumping time of an unknown aquifer may provide insight into 

the extent of the initial reservoir and the optimal flushing time before sampling. 

It should be noted that, for this pumping model, it is assumed that there is no 

significant radon in-growth from dissolved 
226

Ra (supported radon). As discussed in 

subsection 4.4.2, the weighted average supported radon from measurements of the 

borehole water was found to be only 0.82 ± 0.04 Bq/l; almost two orders of magnitudes 

lower than the plateau radon concentrations. 

 
Table 4-4: Details of pumping tests (PT) and the model parameters extracted by least squares regression. 

The weighted average of µ = (1.35 ± 0.13) x10-2
 min

-1
 and of Ca = (33.4 ± 0.3) Bq/l with χν

2
 values of 

3.0 and 2.4, respectively. Uncertainties reported with µ and Ca are external. 

Pumping 

Test 

Date 

conducted 

Pumping 

depth (m) 

Pump speed 

(l/min) 
µ 

min
-1

.10
-2

 

C0 

(Bq/ l) 

Ca 

(Bq/l) 

PT1 12/12/2005 8 14.6 ± 0.4 1.4 ± 0.3 10.3±1.2 29.5±0.9 

PT2 1/26/2006 8 14.5 ± 0.5 1.4 ± 0.4 8.5 ± 1.9 31.5±1.9 

PT3 2/16/2006 8 13.9 ± 0.8 1.3 ± 0.2 4.0± 1.5 32.4±0.8 

PT4 3/2/2006 8 15.0 ± 0.8 1.0 ± 0.2 22.3 ± 1.0 32.8±1.2 

PT5 4/19/2006 8 14.9 ± 1.2 1.41±0.18 18.5 ± 0.9 33.3 ± 0.5 

PT6 6/28/2006 28.5 12.6 ± 1.1 0.9 ± 0.2 20.7 ± 1.7 33.3 ± 0.6 

PT7 8/14/2006 28.5 38.5 ± 1.0 2.0 ± 0.4 23.3 ± 0.8 33.2 ± 0.5 

PT8 11/15/2006 28.5 59.1 ± 1.2 3.4 ± 0.7 23.4 ± 0.8 33.5 ± 0.5 

PT9 1/9/2007 28.5 58.2 ± 1.8 2.2 ± 0.5 21.7 ± 1.2 33.5 ± 0.5 

PT10 3/9/2007 28.5 59.8 ± 0.8 1.8 ± 0.3 21.4 ± 1.2 34.1 ± 0.3 
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Figure 4-6:  
222

Rn concentration for test PT5 (~24 hour duration) at a pumping rate of 0.015 m
3
/min. The 

solid line is the model fit. 

 

 

Figure 4-7: 
222

Rn concentration for test PT10 (72 hour duration) at a pumping rate of 0.060 m
3
/min. The 

model (solid line) parameters were extracted from the data for the first 24 hour of pumping 

(corresponding to Vout = 85 m
3
) and then extrapolated through the remaining data of the 72 hours. 

 

4.6 Summary and conclusion 

In this chapter, a model has been described that uses the time-evolution of radon 

concentration in borehole water to indicate the pumping time required for sampling an 

aquifer. Given some knowledge of the pump speed (vp) and the borehole geometry (V0), 

one can use the model to estimate the time for representative sampling from an aquifer 
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by measuring only C0 and C(t) at a slightly later time. The model, derived for this 

particular borehole, needs further testing at other locations and aquifers. The sampling 

strategy and analysis procedure seems to be robust for such tests. 
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CHAPTER 5 RADON-IN-WATER MEASUREMENTS IN 

MINING AREAS 

This chapter presents the results of radon measurements in water in two mining 

areas: West Rand Basin near Krugersdorp, and the Vaal River near Orkney. The 

measurements involve grab sample measurements analyzed by four techniques: α-

spectrometry using a RAD7 radon monitor, α-spectrometry using LSC at NECSA, α-

spectrometry using LSC at iThemba LABS-Gauteng and γ-ray spectrometry using the 

HPGe detector at iThemba LABS-Cape Town. In addition, an in-situ γ-ray spectrometry 

measurement of radon in the Vaal River water was carried out using the iThemba LABS 

MEDUSA system. The sampling and analyses procedures will be discussed in sections 

5.3 and 5.4 while the study areas will be described in section 5.2. The results are 

discussed in section 5.5 and finally the chapter is concluded with a summary and 

discussion in section 5.6. 

5.1 Introduction 

In September 2006, the Water Research Commission (WRC) in collaboration with 

iThemba LABS and the CSIR in South Africa launched a multidisciplinary project 

(K5/1685) for studying environmental radioactivity and its applications. The project 

explores the use of radon (
222

Rn) as a natural tracer in potentially polluted 

environments. In particular, the focus was on using radon to assist in gauging the impact 

of gold mining activities on fresh water aquifers in Gauteng and North West provinces. 

As already mentioned in CHAPTER 1, radon in water has been measured in South 

Africa since the 1980s on an irregular basis by various research groups [Vogel et al., 

1999; Verhagen, 2003; Bean, 2006; Hobbs, 2008]. However, the full potential of radon 

as a hydrological tracer has yet to be exploited.  This is important since the tracer has 

potential applications during dispersion studies, particularly in areas adjacent to gold 

mines, which are quite common in certain parts of South Africa. Measurements of radon 

in such mining areas may help in identifying mine-derived water mixing with a given 

water body. 

This chapter presents some of the work done within the framework of the WRC 

radon project. The focus will be on the part of the measurements that were used to 
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investigate methods of measuring radon in water and aspects of the sampling 

procedures.  

The field measurements of this work covers two areas- study area A: the West Rand 

Basin (WRB) area and study area B: about 10 km along the Vaal River near Orkney. 

The samples were measured with the RAD7 in the field and at laboratories of NECSA 

and iThemba LABS-Gauteng (iTL-G), both using liquid scintillation counting (LSC) 

systems. In addition, some samples were collected and sealed in Marinelli beakers and 

transported by plane to iThemba LABS in Cape Town and measured by means of γ-ray 

spectrometry using a HPGe detector. These techniques and their general measurement 

procedures are described in detail in CHAPTER 3 and will be mentioned briefly in 

section 5.3 together with their specific application. 

This chapter also includes in-situ γ-ray spectrometry measurements of radon in the 

water of the Vaal River using the MEDUSA technology described in CHAPTER 3 

(subsection 3.3.2).  

5.2 Description of sites 

In this section the two study areas will be described. The study areas are- A: West 

Rand Basin near Krugersdorp and B: the Vaal River near Orkney. 

5.2.1 Study area A: the West Rand Basin (WRB) 

As shown in Figure 5-1, the West Rand Basin (WRB) study area is near the town of 

Krugersdorp (around Krugersdorp Game reserve) in the North West province, South 

Africa. The area lies between latitudes 26.06 – 26.13° South and longitudes 27.60 – 

27.75° East. It is mainly underlain by two geological formations [Hobbs, 2008]: 

Witwatersrand Supergroup manifested in quartzite (Government Subgroup) and shale 

sediments; and the Transvaal Supergroup comprising sediments strata of dolomite, 

quartzite and shale. The dolomitic strata in the WRB area are also associated with an 

outlier of Malmani Subgroup dolomite represented by Black Reef Formation quartzite. 

Moreover, the area is characterized by fracture systems and faults such as the 

Rietfontein fault. Underground and shallower mining has taken place in the area. For 

example, the near-surface gold mining in the Black Reef Formation by the West Rand 

Consolidated Gold Mining Company. 
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In terms of hydrogeology, the area is characterized by springs, acid mine drainage 

(due to underground mine workings), streams such as the Riet Spruit and Tweelopie 

Spruit, and deep boreholes that tap the Karst dolomitic aquifer. 

 

 

Figure 5-1: A map showing the two study areas. The top map shows the Krugersdorp and Orkney towns 

with Pretoria (Capital of South Africa) also shown on the Map. At the bottom, detailed maps of the study 

areas; bottom-right: Study area A where most of the samples were collected in the mining area around the 

Krugersdorp Game reserve; bottom-left: Study area B near Orkney with a photo of the Vaal River. Maps 

were adapted from http://www.c2a.co.za/ cited 22 Nov. 2008. 
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5.2.2 Study area B: the Vaal River 

The Vaal River, the largest tributary of the Orange River, is about 1120 km long and 

has its source at Drakensberg Mountains in Mpumalanga province, South Africa. The 

river passes on the border between Mpumalanga, Gauteng, North West, and Free State 

provinces and it forms one of the main sources of water for industrial and agriculture 

activities mainly in the Gauteng and the Free State provinces [www1]. Orkney is a 

mining town that lies on the banks of the Vaal River and it hosts the largest gold mine in 

South Africa: The Vaal Reef Gold Mine. The study area B (left hand side map at the 

bottom of Figure 5-1) covers about 10 km of the Vaal River near Orkney within the 

property of the Anglo-Gold Ashanti Mining Company. The area lies between latitudes 

26.8927 – 27.0575° South and longitudes 26.6501 – 26.8346° East. The study area is 

part of the Middle Vaal Area, which has mixed geology with a large dolomitic intrusion 

underlain by igneous and metamorphic rocks. In terms of geohydrology, dolomitic 

aquifers occur in the area with fractured rock aquifers underlying most of the area 

[www2]. 

5.3 Sampling procedures 

5.3.1 Grab samples 

Several groundwater and surface water samples were collected for determining the 

concentration of 
222

Rn and some of its progenitors. The sources of groundwater samples 

include deep boreholes, mine water due to underground mine workings known as mine 

acid drainage, artesian boreholes, springs, shallow boreholes and surface water. Due to 

varying circumstances and accessibility of the various sample sources, sampling was 

conducted according to a protocol based on: 1. get as close as possible to the target 

source, 2. taking representative samples and 3. minimize radon loss during sampling. To 

follow such a protocol, almost each source was sampled in a unique way.  The details of 

the sampling are presented in Table 5-1. The table summarizes the sample source code, 

its description; the GPS coordinates of the sampling position, and the sampling 

procedures. 

Several difficulties were experienced during the sampling. In the mine-water 

sources, difficulties were experienced at station # 22, 23 and 59.  The problems were 

mainly the inaccessibility of the sample sources to collect all subsamples 

simultaneously. In these positions we were also not sure whether we were close enough 
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or far from the groundwater issue source. For spring samples we experienced time delay 

(about 2 minutes) between subsamples. 

 
Table 5-1: Details of grab samples collected from mining areas. The table presents the sample source 

code, source given name (N/A means not applicable), description of source and area code, GPS 

coordinates of sampling position and sampling procedure.  

GPS coordinates (°) Sample 

source 

code 

 

Given name 

 

Description and area 

code (A or B) 
Latitude 

(S) 

Longitude 

(E) 

Sampling 

Procedure 

# 03 J. van Niekerk 

borehole 

Deep borehole in a 

farm (A) 26.0898 

 

27.6940 

 

Flushed, then containers 

filled directly from hose 

pipe 

# 05 A. Crawford 

borehole 

Borehole in a farm 

(A) 

26.0965 

 

27.7018 

 

Sampled similar to #3 

 

# 10 

 

#8 Shaft 

 

Mine water (A) 

 

26.1354 

 

 

27.7201 

 

Sucked water through a pipe 

into a bucket then immersed 

measuring containers 

# 11 B. van Vuuren 

borehole 

 

A borehole in a farm 

(A) 

26.1038 

 

27.7001 

 

Using small hose inserted 

into a big borehole hose 

pipe 

# 20 Lodge Spring Deep groundwater 

(dolomite) (A) 

26.0904 

 

27.7163 

 

Using a big bottle to fill 

measuring containers 

# 22 Black Reef 

Incline 

Mine water 

(A) 

26.1152 

 

27.7231 

 

Using a bailer 

 

# 23 

 

#18 Winze 

 

Mine water 

(A) 

 

26.1151 

 

 

27.7249 

 

 

Using a bucket connected to 

a rope then containers filled 

from the bucket 

# 26 Artesian 

borehole 

Artesian in vicinity 

of mines (A) 26.1123 27.7228 

Measuring containers filled 

directly 

# 30 Spring 2 

Cemetery 

Deep groundwater 

(dolomite) (A) 26.0981 27.7189 

Container immersed below 

surface 

# 34 Krugersdorp 

Brick Works 

borehole 

Borehole running 

continuously  

(A) 

26.0633 

 

27.6967 

 

A bucket filled then 

measuring containers 

immersed in the bucket 

# 37 Poplar Spring Deep groundwater 

(A) 

26.0909 

 

27.7201 

 

Immersing containers 

# 49 Valley borehole  

A farm borehole 

(A) 

26.1219 

 

27.6875 

 

Flushed then containers 

filled directly from the 

borehole hose pipe 

# 50 Valley Spring Spring’s dam
8
 

(A) 

26.1241 

 

27.6833 

 

containers immersed under 

surface of a running stream 

# 55 Aviary Spring Deep groundwater 26.0775 27.7009 Immersing containers 

# 57 P. Schutte 

borehole 

Deep borehole 

(A) 

26.0476 

 

27.7123 

 

Sampled similar to #3 

# 59 #17 Winze Mine water 

(overflowing) (A) 

26.1215 

 

27.7214 

 

measuring container filled 

directly
9
 

# 62 Scavenger 

borehole 

Shallow borehole  

(A) 

26.1142 

 

27.7226 

 

a bailer was used 

# 63 Spring 1 

Cemetery 

Deep ground water 

(A) 

26.0981 

 

27.7196 

 

Sampled similar to #30 

                                                 
8
 The spring issue point was not accessible. Samples were collected from a stream running out of the 

spring dam.   
9
 Water overflows from underneath a cover of a shaft. There was a hole in the middle of the cover but 

water has also pushed through the edges of the cover.  Samples were taken from the hole. 
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Table 5-1 continued. 
V-TW-20 

 

N/A Surface/stream 

(B) 

Not 

available 

Not 

available A bottle was used to fill containers 

V-TW-22 N/A Surface/Sump 26.9659 26.7347 Similar to V-TW-020 

V-TW-26 

 

N/A Spring at bottom 

of slipway (B) 

26.9677 

 

26.7308 

 

Containers immersed under water 

surface 

V-TW-28 

 

N/A Further from 

slipway (B) 

26.9676 

 

26.7307 

 

Bottle attached to a rope spanned 

across slipway 

V-TW-29 N/A Surface/sump 26.9659 26.7347 Similar to V-TW-020 

V2-TW-04 

N/A Surface/wet 

reeds (B) 

26.9634 

 

26.7403 

 

Containers immersed directly 

 

V2-TW-07 

 

N/A Surface water 

from a dam (B) 

26.9477 

 

26.7610 

 

Containers filled using a bailer 

 

V2-TW-08 

N/A Surface/sump 

(B) 

26.96577 

 

26.7346 

 

Containers filled by a glass beaker 

 

V2-TW-14 

V2- TW -22 

V2- TW -23 

 

N/A 

Shallow 

borehole 

Water (B) 

 

Not 

available 

 

Not 

available 

 

Water collected by Nitrogen bailer 

then decanted into containers 

 

 

 

The difficulties with sampling streams, which were shallow in most cases, were that 

subsamples for NECSA, iTL-G, RAD7 and HPGe were not taken from one mother 

sample. Sometimes, we had to collect water from two nearby positions to add up to one 

subsample as in the case of the 1.3 liter Marinelli beaker for the HPGe measurement. 

For the NECSA samples, no serious problem of sampling was encountered since the 

required 7 ml of water are usually syringed from one of the other subsamples. The 

sample was prepared by dispensing the 7 ml water through a 0.45 mm filter into a vial 

containing 13 ml of Ultima Gold LLT scintillation liquid and shaking the vial 

thoroughly to mix the liquid.  The RAD7 samples were not problematic as the vial of 

volume 250 ml was relatively small and was easily filled. For the LSC (iTL_G), radon 

was concentrated by adding 30 ml Ultima Gold LLT scintillation liquid to one liter 

water sample. Then, after shaking the mixture for about five minutes, 20 ml of radon 

concentrated liquid (aliquot) was recovered and sealed in the LS counting vial. More 

details on sample preparation for the various techniques are presented in CHAPTER 3. 

We would like to point out that since the aim of the current study was to check and 

compare the sensitivity of the various techniques for measuring radon in mine areas; 

only samples of radon concentrations above MDA are presented.   

5.3.2 In-situ measurement 

In-situ γ-ray spectrometry was carried out in the Vaal River using the iThemba 

LABS MEDUSA system, which was described in CHAPTER 3, subsection 3.3.2.3. The 
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aim of the in-situ measurements was to test the sensitivity of the MEDUSA system for 

measuring radon in the river water.  

The in-situ measurements comprise two sets of MEDUSA data acquired during a 

field trip to the Vaal River. The first set of data (see Table 5-2) were measured on the 5
th

 

Sept. 2006 and acquired by deploying the MEDUSA detector from overboard a boat 

moving along the river. For these measurements, the detector was suspended in the 

water at estimated depths not less than one meter below the surface and two meters 

above the riverbed. Attention is drawn to the fact that during these measurements, some 

spectra were acquired while the detector was held stationary. The suspended detector 

was expected to see mainly γ-rays originating from nuclides in water.  

The second data set was acquired with the detector dragged on the river bed (RB) 

moving towards the bank and back (see Table 5-2). In this geometry, the detected γ-rays 

would be dominated by γ-ray emitted from nuclides within the riverbed matrix. The 

spectra details together with their corresponding detector’s geometry and mode of 

measurement are presented in Table 5-2. 

The MEDUSA software MDL (MEDUSA Data Logger) recorded counts every two 

seconds and, for the current study, an average of four minutes acquisition time makes up 

one spectrum. The measurement procedure for the MEDUSA system is described in 

more detail in CHAPTER 3. 

 
Table 5-2: Summary of the in-situ γ-ray spectrometry measurements showing the MEDUSA measurement 

ID
10

, time of measurement, the detector measuring geometry, and the mode of measurement.  

Measurement spectrum 

ID begin end 

Geometry Mode 

vr050906.m01 

to 

vr050906.m14 

10h28  

 

16h07 

suspended moving 

vr050906.m20 16h48 16h52 dragged moving 

 

5.4 Analysis procedures 

The Durridge RAD7 radon monitor, described in CHAPTER 3 (subsection 3.2.2), 

measures radon in water by stripping off radon-rich air from the water sample, drying 

the air and recording the spectra of alpha particles emitted from 
218

Po and 
214

Po in 

                                                 
10

 The ID reflects the area of measurement, date of measurement and the extension describes the spectrum 

number e.g. vr050906.m15 reads: Vaal River, measured on 05.09.2006 and spectrum no. 15. 
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equilibrium with 
222

Rn. This procedure is also described in CHAPTER 3, subsection 

3.2.2.2. 

In the laboratories of NECSA, the vials were counted twice: the first time after more 

than three hours from time of sampling to achieve radioactive equilibrium between 

radon and its daughters and the second time after three weeks to correct for supported 

radon.  At the iThemba LABS-Gauteng (iTL-G), the vials were counted for 50 minutes 

each after radon reached equilibrium with 
218

Po and 
214

Po (3 hrs) using the liquid 

scintillation (LSC). One notices that supported radon is not corrected for in this 

procedure. For the non-destructive γ-ray spectrometry, the Marinelli beakers were 

transported by plane to iThemba LABS in Cape Town and measured on the HPGe 

detector. The transport of samples causes a delay of two or three days before the HPGe 

measurements commenced. This has, in addition to statistical uncertainties, a 

consequence of some systematic effects being introduced due to possible radon loss 

caused by the shaking of samples during transport and radon build-up due to supported 

radon. 

All the techniques and their measurement procedures are described in detail in 

CHAPTER 3. Table 5-3 summarizes the measurement mode, the sample size, and the 

minimum detectable activity (MDA) of the various techniques listed. 

 
Table 5-3: Measurement mode, sample size, measuring time and the minimum detectable activity (MDA) 

for the various techniques used in this study to measure radon in water.  

Technique Measurement 

Mode 

Sample size 

(ml) 

Measuring 

time 

MDA 

RAD7 In-field 250 30 minutes 0.4 Bq/l 

HPGe Laboratory 1300 2 hrs 0.2 Bq/l 

LSC (NECSA)  Laboratory 7 3 hrs 0.095 to 6.6 Bq/l11
 

LSC (iTL-G) Laboratory 1000
12

 50 minutes  0.9 CPM
13

 

 

 

The in-situ gamma-ray spectra were analyzed using the MEDUSA Data 

Synchronizer (MDS) and MEDUSA Post Analysis (MPA) software packages. The 

MPA involves using the full spectrum analysis (FSA) method (described in CHAPTER 

3, subsection 3.3.2.3). As discussed in CHAPTER 3 (section 3.4), the FSA method 

                                                 
11

 Depending on radon concentration because of correction for supported radon. 
12

 The radon in the 1000 ml water sample was concentrated by adding 30 ml Ultima Gold LLT 

scintillation liquid from which an average amount of 20 ml radon concentrated liquid (aliquot) can be 

extracted at the end.  
13

 This is the minimum counts per minute, which corresponds to the MDA of the iTL-G LSC if it is 

calibrated for efficiency. 
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applies three standard spectra of 
40

K, 
232

Th series and 
238

U series, simulated using the 

MCNPX code in the geometry of a flat bed, and the Theewaterskloof (Twk) background 

spectrum.  

The results from the application of the MEDUSA software did not give good results 

for the radon activity in the Vaal river water due to the interference of the γ-rays 

originating from the soil of the river bottom and river banks.  The measured spectra 

were then studied in order to try to extract relevant information on the Rn levels in the 

water. 

5.5 Results 

This section presents results of uranium, supported radon and total radon 

concentrations. The total radon results obtained by the RAD7, the HPGe and the LSC 

(NECSA) and the LSC (iTL-G) will be compared. In addition, results of the in-situ γ-

ray spectrometry using the iThemba LABS MEDUSA system will be discussed. 

5.5.1 Uranium and supported radon results 

Table 5-4 presents the concentrations of 
238

U,
 235

U, 
234

U and supported 
222

Rn in 

samples collected from the WRB area. At the NECSA laboratories, the samples were 

prepared by filtration of suspended solids (procedure WIN-121) and measured with 

alpha spectrometry (procedure WIN-145) [Kotze et al., 2008]. Excluding 
235

U, the 

results show noticeable concentrations of these radionuclides, to less extent supported 

222
Rn, in samples #22, #23, #26, #59 and #62 (mainly from the mine acid drainage). By 

contrast, the concentrations of the nuclides, except 
234

U, are very low in samples #20, 

#30, #37, and #63 (mainly from the springs). It can be noted that the supported 
222

Rn is 

generally insignificant except for sample #59, which has a concentration of 1.380±0.020 

Bq/l. The ratios between the various nuclides calculated from their respective activities 

are also presented in Table 5-4.  The 
235

U/
238

U ratios of all samples are statistically 

consistent with the natural abundance ratio of 
235

U/
238

U: 0.046. This might indicate the 

integrity of the measuring technique applied to these samples. On the other hand, the 

234
U/

238
U ratios of all but the spring samples are slightly above unity, which indicate the 

natural occurrence of the 
238

U series in a closed system. Often high 
234

U/
238

U ratios in 

groundwater are related to the presence of 
234

U in excess of 
238

U. One of the 

mechanisms responsible for the extra 
234

U is the recoiling of the relatively short-lived 

nucleus 
234

Th after α-decay of 
238

U. The very high activity ratios of 
234

U/
238

U associated 
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with spring samples of this study, which indicates disequilibria in the 
238

U series, are 

characteristic of the dolomitic aquifer in the area. Kronfeld et al. (1994) investigated the 

extreme 
234

U/
238

U disequilibria in this aquifer and attributed the high 
234

U/
238

U activity 

ratio to an ion exchange mechanism in which α-recoil preferentially ejects 
234

Th into the 

water when 
238

U, present in thin layers on rock surfaces, decay. Eventually, 
234

Th 

decays to 
234

U, which remains in groundwater. 

 
Table 5-4: Activity concentrations of 

238
U, 

234
U and 

226
Ra for 10 samples collected together with the 

radon samples in Table 5-5 from the WRB area. The samples were prepared (by the procedure of 

filtration of suspended solids) and measured (using alpha spectrometry) by the laboratories at NECSA 

[Kotze et al., 2008]. The table also shows the activity ratios calculated from these concentrations. 

Station 

# 

235
U          

(Bq/l) 

238
U          

(Bq/l) 

234
U         

(Bq/l) 
supported 

222
Rn            

(Bq/l) 

235
U/

238
U 

ratio
 

234
U/

238
U 

ratio 

# 20 0.0009(3) 0.019(6) 0.569(11) 0.025(3) 0.05(2) 30(9) 

# 22 0.073(3) 1.59(7) 1.93(8) 0.68(3) 0.046(3) 1.21(7) 

# 23 0.084(4) 1.82(9) 2.09(10) 0.82(3) 0.046(3) 1.15(8) 

# 26 0.11(3) 2.47(12) 3.20(14) 0.122(7) 0.044(11) 1.30(8) 

# 30 0.0005(2) 0.012(4) 0.196(6) 0.0031(12) 0.05(2) 16(5) 

# 37 0.0003(2) 0.006(4) 0.018(6) 0.019(3) 0.05(4) 3(2) 

# 55 0.0013(3) 0.027(7) 0.038(8) 0.0029(14) 0.046(17) 1.4(5) 

# 59 0.080(18) 1.75(8) 1.94(9) 1.380(20) 0.046(11) 1.11(7) 

# 62 0.091(16) 1.87(7) 2.22(8) 0.462(12) 0.049(9) 1.19(6) 

# 63 0.0007(2) 0.014(5) 0.026(7) 0.011(5) 0.05(2) 1.9(8) 

 

5.5.2 Total radon results 

Table 5-5 presents the total radon concentrations measured by the HPGe, the RAD7 

and the LSC (NECSA) techniques for the WRB area. It was observed that the 

uncertainties associated with the RAD7 are relatively large compared to the other 

techniques. This could be attributed to the counting statistics caused by the low 

efficiency of the RAD7 (see CHAPTER 3, intermezzo 3.1). One also notices from Table 

5-5 that the results of the three techniques are comparable within statistical uncertainties 

in most of the samples. However, in some of the samples e.g. stations #20, #26, # 37, # 

59 and # 63, relatively big discrepancies are noted particularly between NECSA results 

and the results of the remaining techniques. Generally, the RAD7 and the HPGe results 

agree except sample # 59. One obvious reason for these discrepancies is the probable 

systematic effects due to variations during sampling as discussed in subsection 5.3.1. 

However, it was noted that some of the samples that are associated with large 

discrepancies in total radon measurements also have high disequilibria ratios in the 

NECSA measurement of 
234

U/
238

U e.g. #20, #30, and # 37.  
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Table 5-5: Total radon concentration of samples from study area A measured using the RAD7, the HPGe, 

and the LSC (NECSA). The “–” means sample was not measured with the respective technique. The first 

column is the sample source code.  

Station # HPGe 

(Bq/l) 

RAD7 

(Bq/l) 

LSC(NECSA) 

(Bq/l) 

# 03 - 14.2±1.4 - 

# 05 - 66±3 - 

# 10 - 16±3 - 

# 11 - 21.3±0.7 - 

# 20 58.1±0.7 65±4 39.5±0.5 

# 22 - 29±3 21.1±0.4 

# 22 30.4±0.6 29±3 - 

# 23 - 11.6±2.2 16.2±0.4 

# 23 15.3±0.4 14.1±1.6 - 

# 26 - 46±3 26.8±0.7 

# 26 40.1±0.8 47.8±1.5 - 

# 30 54.0±1.0 54±3 42.9±0.5 

# 34 - 11.0±1.7 - 

# 37 18.6±0.5 21±4 14.1±0.3 

# 49 - 37±4 - 

# 50 - 1.5±0.4 - 

# 55 - 3.5±0.5 2.23±0.13 

# 57 - 12.0±0.6 - 

# 59 - 16.6±0.9 - 

# 59 26.3±0.6 14±5 19.1±0.4 

# 62 - 40.9±2.0 43.5±0.6 

# 63 - 69±3 53.3±0.6 

 

 

Results of total radon in the samples from study area B (the Vaal River) are 

presented in Table 5-6. The RAD7, the HPGe and the LSC (NECSA) results are 

presented in Bq/l while the LSC (iTL-G) gives un-calibrated measurements in counts 

per minute (CPM). The correlation between the various techniques is presented in 

Figure 5-2. One notices that there is reasonable agreement (within statistical 

uncertainties) between the various techniques.  

Firstly, consider the RAD7 and the LSC iTL-G results. Several samples were 

measured using both techniques but only three were found to have radon concentration 

above the MDA of the RAD7 and thus presented in Table 5-6. The two techniques show 

good correlation as the least squares fit shows a reduced chi-square value of 1.8. From 

the fit, the slope was found to be 9.4±0.2 CPM/(Bq/l).  The reciprocal of this slope: 

0.106 ± 0.002 (Bq/l)/CPM thus represents a conversion factor for counts per minute to 

Bq/l for the results from the iTL-G LSC. 

Also shown in Figure 5-2 are the correlations between the results from the RAD7 

and the other three techniques fitted with least-squares minimization procedure (solid 

lines). The correlation between the RAD7 and the HPGe results was determined with a 
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weighted fit yielding a slope of 0.90 ± 0.04 (Bq/l) / (Bq/l) and a reduced chi-square 

value of 2.7.  This slightly high value of chi-square reflects systematic effects, most 

likely due to sampling procedure. This is supported by the discrepancy noticed between 

the RAD7 and the HPGe results for radon of sample #59. The correlation between the 

RAD7 and the LSC (NECSA) results yields a least-squares fit slope of 0.80 ± 0.07 

(Bq/l)/(Bq/l) and a reduced chi-square value of 7. This high chi-square value reflects 

systematic effects possibly due to discrepancies in almost 50% of the data points. It 

must be noted that these points are mainly spring samples. One obvious reason for these 

discrepancies was the sampling procedure discussed in subsection 5.3.1. However, the 

discrepancies in 50% of the data may suggest more than one source of systematic effect. 

The current data were not enough to investigate whether water samples with extreme U-

series disequilibria are associated with some systematic uncertainties when radon is 

measured by alpha spectrometry. 

 
Table 5-6: Radon concentrations of samples from study area B measured using the RAD7, the HPGe, the 

LSC (iTL-G) and the LSC (NECSA). The reported results represent total radon concentration except for 

the NECSA results, which represent the unsupported radon concentration. 

Sample 

field code 

RAD7 

(Bq/l) 

HPGe  

(Bq/l) 

iTL-G  

(CPM) 

NECSA  

(Bq/l) 

V-TW-020 - - 2.8±0.8 3.6± 0.6 

V-TW-022 5.3 ± 0.7 - 51 ± 2 - 

V-TW-026 16.6 ± 1.4 - 154 ± 4 - 

V-TW-028 0.8 ± 0.3 - 5.5 ± 0.9 - 

V-TW-029 5.5 ± 0.4 5.3 ± 0.3 - - 

V2-TW-04 7.1 ± 2.2 - - 6.0 ± 1.4 

V2-TW-04 6.7 ± 0.6 - - 5.7 ± 1.2 

V2-TW-07 1.2 ± 0.6 - - 1.1 ± 0.6 

V2-TW-08 5.0 ± 0.7 - - 4.4 ± 0.9 

V2-TW-14 1.2 ± 0.7 - - 1.8 ± 0.7 

V2- TW -22 - 2.4 ± 0.3 - 1.8 ± 0.7 

V2- TW -23 - 1.0 ± 0.2 - 1.4 ± 0.7 

 

 

In view of these results, the iTL_G based LSC method seems to be more suitable for 

measuring low concentrations of radon in water. This could be related to sample 

preparation described in subsection 5.3.1. However, the iTL-G is a laboratory-based 

technique and results can only be received after the field trip has been completed.  

The concentrated radon samples could also be measured with γ-ray spectrometry 

using a HPGe detector [Shizuma et al., 1998]. However, the LSC method (iTL-G) has 

the advantage of measuring many samples automatically whereas the HPGe technique is 

manual and sample throughput is much slower. 
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Figure 5-2: Correlation between the various techniques applied to measure radon in water samples 

collected from the WRB and the Vaal River mining areas. The iTL-G results (CPM) are plotted on the 

right y-axis. The left y-axis represents radon concentration (Bq/l) obtained by either the NECSA LSC or 

the HPGe detector. The solid lines represent a weighted fit by means of least-squares minimization 

procedures.  

 

5.5.3 In-situ MEDUSA results 

When the MEDUSA detector was suspended under water, at least 1m away from 

both the water surface and the riverbed, it was expected to be predominantly exposed to 

γ-rays originating from radionuclides in water. In this geometry, the detector is 

reasonably shielded from radiation emitted from riverbed and riverbanks. However, 

since the riverbed was not flat, the measurement depths might vary. Unfortunately, the 

depth was not monitored during these measurements. Therefore, we first investigated 

the nature of the measurements by analyzing the distribution of total counts as shown in 

Figure 5-3. As described in section 5.4, the MEDUSA detector recorded counts every 

two seconds (cp2s) and thus total count rate (TC-rate) here refers to total counts per two 

seconds. The top plot of Figure 5-3 shows spatial (latitude and longitude positions) 

change of total counts in the energy range 0.6 – 2.8 MeV along the track of a moving 

boat. One notices that the total counts are generally low with a maximum of 15 counts 

as can be read from the color code on the right-hand side of the plot. Even within these 

low counts one observes few relative hot spots (red color) which could possibly reflect 
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either that the detector was close to the river bed or it could correspond to 

measurements near inlets of streams potentially enhanced in radionuclides. 

The middle part of Figure 5-3 shows the TC-rate distribution. The figure shows in 

addition to the dominant part with TC-rate < 20 cp2s, a broad, low intensity range with 

20 < TC-rate < 100 cp2s. To investigate the origin of the count rates, four graphs of data 

were selected. The first subgroup contains spectra measured in the shallow part of the 

river. This subgroup is presented in the bottom plot of Figure 5-3. The second subgroup, 

shown in the top plot of Figure 5-4, contains spectra measured in the deep part of the 

river. The third subgroup was measured while the detector was held stationary in deep 

water. The TC-rate distribution of this latter subgroup is presented in the middle plot of 

Figure 5-4. It can be seen that the TC-rate distribution of these three subgroups looks 

similar with a maximum TC-rate around 20 cp2s. The fourth subgroup was measured 

with the detector stationary near the river bank opposite to inlets of streams. The TC-

rate distribution is presented in the bottom plot of Figure 5-4. This latter plot shows that 

this subgroup partly has TC-rate of more than 20 cp2s. Two further spectra were 

obtained: one for the various subgroups with TC-rate less than 20 cp2s and the second 

was for the fourth subgroup with TC-rate above 20 cp2s. These spectra are plotted in 

Figure 5-5 together with a background radiation spectrum measured at the 

Theewaterskloof dam. This background spectrum was mainly due to cosmic radiation 

and terrestrial radiation from materials of the detector and its associated accessories. It 

is noticed that the spectrum of TC-rate less than 20 cp2s and the background spectrum 

have similar shapes (horizontally) but differ slightly in magnitude (vertically) towards 

the lower energy part, as Figure 5-5 shows. This difference in magnitude at low energy 

is likely due to absorption of the soft energy part of the cosmic background radiation by 

the 1m water layer. The Theewaterskloof dam is almost at sea level whereas the average 

altitude at the Vaal River area is about 1200 m above sea level. Thus one would have 

expected the background cosmic radiation to be higher at the Vaal river area. The fact 

that the deep Vaal River spectrum is similar to background, or less than the background 

spectrum at low energies, implies that the radon in the river water is below the 

sensitivity of the detector. In fact, grab sample measurements with the various 

techniques discussed in subsection 5.5.2 show that the radon concentration in the deep 

river water is below the MDAs of these techniques. 
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Figure 5-3: In-situ MEDUSA measurements along the Vaal river with the detector suspended. The top 

plot shows the spatial change of total counts along the track of the boat pulling the detector in the river. 

The latitudes and longitudes shown in the plot are in the format x,xyy.y where xx and yy are degrees and 

minutes, respectively. The middle plot shows the distribution of total counts per 2 second (referred to as 

TC-rate) for the whole range of the measured data. The bottom plot shows the TC-rate distribution at 

shallow parts of the river. 
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Figure 5-4: In-situ MEDUSA measurements along the Vaal river with the detector suspended in the 

water. The top plot shows the distribution of total counts per 2 second (referred to as TC-rate) while the 

boat was moving. The middle plot shows the TC-rate distribution in deep water for stationary 

measurements. The bottom plot shows the TC-rate distribution for stationary measurements where 

streams are entering the river. 

 

The spectrum measured near inlets (with TC-rate > 20 cp2s) shows clear peaks 

above the background spectrum as presented in Figure 5-5. Examples of the peaks are 
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1.46 MeV (
40

K), 1.76 and 2.2 MeV associated with 
214

Bi (
238

U-decay series) and 2.61 

MeV (
232

Th-decay series). These pronounced peaks are likely to be dominated by 

activity from the bottom due to the shallow depth and enhanced by activity from river 

banks.  

If we assume that the peaks 1.76 and 2.2 MeV in the spectrum of Figure 5-5 were 

due to radon in water, the concentration of this radon can be estimated by determining 

the net count rate in the energy range  1.6 < Eγ < 2.4 MeV. The net count rate was 

determined after subtracting cosmic radiation and thorium contributions to the set 

energy region. This procedure of analysis is called the hybrid approach and is described 

in detail in CHAPTER 6 (section 6.3). The net count rates after subtracting the 

Theewaterskloof background in the same energy range were determined to be 0.96 ± 

0.19 cps for spectrum stat_inlets>20 TC (Figure 5-5). Dividing by the content of a 

simulated and calibrated standard spectrum of U/Rn: 0.180 ± 0.005 cps/Bql
-1

; the 

corresponding radon concentration was estimated to be 3.4 ± 1.2 Bq/l for the spectrum 

stat_inlets>20 TC in Figure 5-5. Please note that the standard spectra used in these 

estimations were simulated for the geometry of the MEDUSA-tank (see CHAPTER 6). 

The quoted uncertainty is 1 σ statistical uncertainty and appears to be high most likely 

due to the very short measuring time (about five minutes). 

  

 

Figure 5-5: Spectra measured using the MEDUSA detector. The blue solid line represents a portion of a 

spectrum (with total count (TC-rate) > 20) of stationary measurements in the vicinity of inlets in the Vaal 

River. The red dashed-line is a background spectrum (cosmic radiation) measured (near surface) in the 

Theewaterskloof dam. The green dotted-line is a spectrum (with TC-rate < 20) measured while the 

detector was suspended in the Vaal River water. 
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The minimum detectable activity for the MEDUSA detector for measuring radon in-

situ was also estimated from analyzing the Theewaterskloof background spectrum in a 

similar way as discussed in the above paragraph, and by using the MDA relation given 

by Eq. 2-8 and the five minutes measuring time of the in-situ spectra. The background 

count rate in the energy range 1.6 < Eγ < 2.4 MeV was determined to be 0.513 cps in a 

measuring time of 4549 seconds. This calculation leads to an MDA value of 0.8 Bq/l. 

This latter value is about a quarter of the radon concentration estimated from the spectra 

in Figure 5-5. 

Measurements with the detector close to the riverbed do not yield radon 

concentration in the water but reflect bottom activity. An example of these 

measurements is the vr050906.m20 measured with the detector dragged on the riverbed. 

A comparison between the riverbed spectrum and the Theewaterskloof background 

spectrum is presented in Figure 5-6. The figure shows clearly that the riverbed activity 

is considerably higher than background. In terms of spectral shape, some peaks such as 

the 2.61 MeV (from Th-decay series), towards the end of the high energy part of the 

spectrum, becomes more pronounced possibly due to radiation emitted from the 

riverbed. 

 

 

Figure 5-6: Two spectra measured with the MEDUSA system. The blue solid-line represents 

measurement data file vr050906.m20 in the Vaal River with the detector dragged on the riverbed whereas 

the red dashed-line is the Theewaterskloof (Twk) background spectrum.  

Similar to the discussion of the U/Rn peaks in Figure 5-5 above, the equivalent 

radon concentration extracted from data file vr050906.m20 (Figure 5-6) was estimated 
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to be 2.9 ± 1.2 Bq/l. Again this concentration is a factor of 3.6 higher than the MDA and 

the high uncertainty is most likely due the short measurement time (five minutes). 

The dragged detector measurement was also analysed further with the MEDUSA 

software packages. Spatial distribution of relative activity concentration of the nuclides 

K, Th-decay series and U-decay series, respectively, was plotted as shown in Figure 5-7 

(a), (b) and (c). It must be borne in mind that the simulated standard spectra were not 

calibrated for this geometry (flat bed) and therefore these concentrations are not 

absolute.  

 

 

Figure 5-7: The response of the MEDUSA detector dragged on the riverbed while the boat was moving 

(data file vr050906.m20). The three plots show the spatial distribution of activity concentration of 

nuclides (a) of the U-decay series, (b) of the Th-decay series, and (c) of the 
40

K. The color code on the 

right hand side of each plot represents the gradual change of concentration along the measurement 

pathway for the respective nuclides. Note these activity concentrations are not absolute. The latitude and 

longitude coordinates have the same format as explained in Figure 5-3.  

 

The color code on the right hand side of each plot of Figure 5-7 represents the 

respective nuclide concentration at a particular position, with red being the highest 

relative concentration. Notice that the three nuclides have almost similar pattern of hot 

spots (relative high concentration marked with red color) with a cluster of hot spots 
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around latitude and longitude (2,657.99; 2,644.09). Since there is no preferential trend 

in favor of the U-decay series, these activities are most likely due to γ−rays emitted 

from the riverbed. In fact, the number attached to the color code (showing maximum 

relative concentration) is dominated by K being 105 Bq/l while the Th and U shared a 

value of 15 Bq/l. 

5.6 Summary, discussion and conclusion 

Five techniques have been applied to measure radon in water in two mining areas: 

the West Rand Basin (WRB) near Krugersdorp and the Vaal River near Orkney. The 

techniques are: three alpha spectrometry techniques using the RAD7 in the field, and 

two liquid scintillation counters situated at NECSA and at iThemba LABS-Gauteng 

laboratories; two γ-ray spectrometry techniques using the laboratory-based HPGe 

detector based at iThemba LABS – Cape Town and the iThemba LABS MEDUSA 

detector in-situ in the Vaal River.  

The MDA of the RAD7 and the LSC (NECSA) were relatively high compared to the 

other techniques. Most of the surface water samples have radon concentrations below 

these limits and were therefore not included in the comparison of the techniques. The 

measurements of supported radon and U concentration showed that the supported radon 

is insignificant for this set of samples. The 
234

U/
238

U ratio was found to be slightly 

above unity, except for spring samples from the WRB area. This is an indication that the 

U-series radionuclides exist in equilibrium in a closed hydrological system. The 

234
U/

238
U values of 16 and 30 in spring samples prove disequilibrium to be present in 

the 
238

U series in the dolomitic aquifer, which is believed to be the source of these 

spring waters. This is generally in agreement with previous studies by Kronfeld et al. 

(1994).  

The total radon results show that there is a good correlation between the RAD7 and 

the LSC (iTL-G) with chi-square value of 1.8. The RAD7 and the HPGe also show 

good correlation with a chi-square value 2.7 and slope 0.90 ± 0.04 (Bq/l)/(Bq/l). The 

slightly higher chi-square associated with the correlation suggests that some of the 

measurements might be associated with systematic uncertainties most likely associated 

with sampling. The LSC (NECSA) and the RAD7 have a reasonable correlation with 

slope of 0.80 ± 0.07 (Bq/l)/(Bq/l) and reduced chi-square value of 7. This value most 

likely indicates that the NECSA measured total radon concentrations are also prone to 

some systematic effects, which could partly be due to the sampling procedure. 
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However, it was noted that almost 50% of the data (mainly from WRB spring sample) 

were outliers. This might suggest the presence of more than one source of systematic 

effect. The present data set was not suitable to investigate whether water samples of 

extreme U-series disequilibria will be another source of systematic uncertainties when 

radon is measured by alpha spectrometry. It is suggested that further measurements 

need to be undertaken to investigate the possibility of systematic effects associated with 

alpha spectrometry of radon in water samples with extreme 
234

U/
238

U disequilibria. 

In view of the presented results, it seems that the LSC (iTL-G) is more suitable for 

measuring water samples of low radon concentration. However, since this technique is 

laboratory based, the RAD7, which is less sensitive and can be used in the field, might 

be more useful in planning a sampling strategy in the field. The HPGe has the advantage 

of low MDA but it is also based at a laboratory (iThemba LABS-Cape Town), which is 

very far from the mining areas. This makes it impractical except for selected inter-

comparison measurements.  

The in-situ MEDUSA spectrometry technique was found to be insensitive to the 

levels of radon present in the highly diluted Vaal River water.  

In conclusion, the RAD7 with its disadvantage of large uncertainties (due to 

collection efficiency), is more useful in measuring radon-in-water in the field. The in-

situ MEDUSA measurements were not successful in picking up variation in radon 

concentration so as to identify possible inlet of mining water into the Vaal River. 

In order to make use of the capabilities of the MEDUSA technology, we propose 

inserting the MEDUSA detector in a large volume container to measure radon in water 

in the field. The proposed set-up is expected to provide reasonable shielding of the 

detector from the terrestrial background radiation and encloses the water sample tightly 

for radon to be in secular equilibrium. The proposed set-up will be described in 

CHAPTER 6. 
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CHAPTER 6 IN-FIELD RADON MEASUREMENT IN 

WATER: A NOVEL APPROACH 

A method is proposed for measuring radon in the field based on γ-ray spectrometry 

using a MEDUSA γ-ray detector inserted in a large volume container. This chapter 

presents a description of the method including a new approach of analyzing the γ-ray 

spectra measured using a MEDUSA detector. The chapter commences with an 

introduction followed by a description of the set-up and the analysis approach (sections 

6.2 and 6.3). Measurements of water spiked with KCl for calibrating the detection 

efficiency of the set-up are discussed in sections 6.5. This is followed by measurements 

of 
222

Rn in the field using a MEDUSA detector and comparing the results to their 

counterparts obtained by sealing subsamples in Marinelli beakers measured in the 

laboratory on a HPGe detector (section 6.4). Further investigation of background 

radiation and its various components, within the context of the proposed method, will be 

presented and the results will be discussed (sections 6.6 and 6.7). The chapter is 

concluded by a summary and conclusion (section 6.8). 

6.1 Introduction 

Many field-based measurements of γ-ray emitting radionuclides have been carried 

out using semi-conductor detectors (e.g. HPGe) and scintillation detectors such as 

NaI(Tl), CsI(Na), and BGO as described in CHAPTER 3. As outlined there, two 

approaches of analysis are frequently applied: “windows” centered on an individual 

radionuclide’s photopeak(s) of interest and full-spectrum analysis (FSA), which utilizes 

the entire spectrum. Although the FSA has clear advantages, the method depends on 

how well the standard spectra represent reality, and the assumption that the background 

is constant in time. In this work, we experienced that for the standard spectra, the fit to 

the peaks in the spectrum is sensitive to assumed Gaussian broadening of the peaks. 

This sensitivity is important in particular because in the chi-square approach of the 

fitting of the standard spectra to the data, the optimal value is determined mainly by the 

fit to the continuum. 

In this chapter, we investigate the assumptions for the FSA by implementing a 

method that combines the advantages of both the FSA and the Windows method, the so-

called hybrid approach. This approach will be described in section 6.3 and provides an 

 

 

 

 



CHAPTER 6 In-field radon measurement in water: A novel approach  

 94 

analysis of the γ-spectrum using wide, nuclide dominated windows and standard spectra 

for estimating continuum contributions. 

The focus of this chapter will be on determining radon concentrations in 

groundwater in the field after grab sampling “a quasi in-situ” method. The study is 

aimed at exploring the possibility of using a MEDUSA γ-ray detection system [de 

Meijer et al., 1996] and a container to measure radon-in-water in the field. In this study, 

two sizes of container were used in the investigation: a steel drum and a plastic tank of 

nominal volumes 210 liter and 1000 liter, respectively. Various quantities of KCl 

dissolved in tap water were employed to calibrate the efficiency of the detector in the 

two geometries. These measurements were also used to investigate the nature of the 

high energy part of the spectrum, considered here as “background”.  

6.2 Experimental set-ups 

Figure 6-1a shows the iThemba LABS MEDUSA detector (described in CHAPTER 

3, subsection 3.3.2.2) mounted on top of a steel drum of dimension ~ 87 cm and ~ 57 

cm for the height and diameter, respectively, at measuring position P1. P1 is a position 

close to the iThemba LABS building and to a pipe carrying low concentrations of 

radioactivity from radionuclide production facilities to the holding dams. The volume of 

the drum was measured using a bucket (volume ~ 10 l) to be 215 ± 5 litres. A hole to 

accommodate the MEDUSA detector was drilled in the middle of the drum’s upper lid. 

A support was designed to keep the MEDUSA detector upright when lowered into the 

drum. The support also has two O-rings to maintain tight sealing during measurement to 

avoid radon exchange with the outdoor air. The support is fitted on the MEDUSA 

detector in such a way that the centre of the MEDUSA CsI crystal coincides with the 

centre of the drum. 

Figure 6-1b shows a plastic tank, which has the dimensions of about 110 cm 

diameter and 122 cm height (excluding the tank neck) at measuring position P2. P2 lies 

in the middle of a field (more than 20 meters away from the main building and the 

release pipe). The volume calculated from these dimensions is 1160 liter. The 

MEDUSA detector was mounted in a similar way to that of the drum except that the 

detector was positioned at a height of one meter from the bottom of the tank. The 

volume of the tank was also measured using buckets of tap water to be 1170 ± 10 liters. 
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Due to the uneven top of the tank, it was technically challenging to mount the detector 

tightly on top of the tank.  

 

  

 

Figure 6-1 A photo of the iThemba LABS MEDUSA detector mounted on (a) a 210-litre steel drum 

beside a borehole at iThemba LABS at position P1. The MEDUSA accessories and a water pump can also 

be seen beside the drum; (b) a 1000-liter plastic tank at position P2. 

 

6.3 Spectral analysis using the hybrid approach  

Gamma-ray spectra in this study were analyzed by setting several energy gates 

(intervals) in the range of 1.3 to 3.0 MeV. This range covers the γ-rays emitted by the 

natural radionuclides of 
40

K and those belonging to the decay series of Th and U. The 
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possible contribution of “minor” radionuclides to a certain gate for a “major” nucleus 

was estimated from standard spectra of the minor nuclei (K, Th and/or U/Rn). For the 

description of standard spectra, see CHAPTER 3, section 3.4.  

 

 

Figure 6-2: A MEDUSA measured γ-ray spectrum illustrating the four energy intervals of the hybrid 

analysis approach explained in the text. Starting from high energy, the intervals are: I (2.75 -3.0 MeV) the 

flat part of background cosmic; II (2.4 – 2.75 MeV) called Th and it contains mainly 
208

Tl peak plus 

background; III (1.6 – 2.4 MeV) called U/Rn and contains mainly three 
214

Bi peaks plus background; IV 

(1.3 – 1.6 MeV) called K and it contains mainly 
40

K peak plus background. The horizontal dotted-lines 

schematically represent the continuum part related to the various energy intervals. 

 

Since our main interest is in determining the radon (radon or Rn for short in this 

thesis refers to 
222

Rn unless otherwise stated) concentration, the spectrum analysis is 

divided into two parts. The first part of the spectrum is the low-energy part of the 

spectrum containing the contribution of the 
40

K. The second part, which is the relevant 

part for this work, is the high energy part not influenced by K: energy interval 1.6 - 3.0 

MeV.  Figure 6-2 shows a measured spectrum with a MEDUSA detector system and the 

four energy intervals: I, II, III and IV. The cosmic ray contribution will extend from the 

highest to the lowest channel. Above the highest terrestrial γ-ray (2.6 MeV; Th-series) 

we assume the background to be arising from cosmic rays only. The corresponding 

interval is set to 2.75< Eγ <3.0 MeV (interval I). Interval II (2.4< Eγ <2.75 MeV) is 

considered to contain a major contribution of thorium (Th) in addition to cosmic rays. 

This Th is also present in the soil beneath and around the water container. The energy 

interval III (1.6< Eγ <2.4 MeV) contains, in addition to the contribution of the cosmic 
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rays and Th, the γ-rays of the U-series mainly at Eγ = 1.73, 1.76 MeV and at Eγ =2.2 

MeV. The interval is indicated as U/Rn. This U/Rn interval is sometimes split into two 

subintervals: IIIa (containing the two peaks at Eγ = 1.73 and 1.76 MeV) and IIIb 

(containing the peak at Eγ = 2.2 MeV). 

We would like to point out that the nomenclature is somewhat ambiguous; on the 

one hand, the γ-ray spectrum of U contains a few weak γ-rays (mainly at low energies: 

<0.2 MeV) identical to the γ-ray spectrum of Rn and hence hard to discern. On the other 

hand, we would like to make a distinction between U and its decay products (including 

Rn) more or less in secular equilibrium present in the soil and Rn and its decay products 

present either in air or in samples of groundwater, not in secular equilibrium with U. 

Due to differences of their matrix, the U and Rn spectra may differ somewhat in shape 

due to differences in absorption. These effects are mainly expected at lower energy 

where multiple Compton scattering will contribute. In cases where we talk about 

energies of γ-rays, we will note them as U/Rn; if we refer to the U and its decay 

products in the soil we indicate them as U; radon in the air or water is referred to as Rn.  

A cosmic ray spectrum (shown in Figure 6-3) was measured  for 76 minutes on 21 

Nov. 2002, using the MEDUSA system, near the surface of Theewaterskloof (Twk) 

Dam, which is a large, deep dam situated near Villiersdorp about 60 km from iThemba 

LABS, Cape Town. This spectrum (to be used as background) contains a minor 

contribution of Th and K activities present in the detector, its associated electronics and 

housing.  

The analysis starts from the high energy side. The cosmic ray spectrum (referred to 

as cosmics) is assumed to have the shape of the Theewaterskloof spectrum, but it may 

differ in magnitude by a factor fc., following from a comparison of the count rate (CR) 

of interval I in the actual spectrum, nI, and that of the Theewaterskloof (Twk) spectrum, 

Twk

In : 

Twk

I

I
c

n

n
f = . 

6-1 

Next the CR of interval II, nII, consists of the contribution of the cosmics and decay of 

Th in addition to minor contribution of U/Rn. The U/Rn is corrected for by multiplying 

the CR per Bq/l of the U/Rn standard spectrum in the interval, SSRnU

IIn _/ , by the quantity 

fC RnU / , which is discussed in Eq. 6-6. Hence, subtracting cosmics in the interval II by 
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using the Theewaterskloof spectrum CR in interval II, Twk

IIn , multiplied by fc yields the 

Th contribution: 

SSRnU

IIRnU

Twk

IIcII

net

II nCfnfnThn _/

/)( −−= . 

6-2 

where RnUC /  is the effective U/Rn concentration and f is the detector calibration factor. 

This f factor, discussed in section 6.4 below, accounts for some of the detector 

properties, such as light-collection properties of the detector and the efficiency of the 

PMT, which are not included in the standard spectra simulated by MCNPX (see 

CHAPTER 3, section 3.4). 

The effective Th concentration, CTh, is obtained by dividing the net CR of Th in 

interval II, )(Thn net

II , by the CR per Bq/l of the simulated standard spectrum of Th 

(Th_SS) in interval II multiplied by the detector calibration factor, f: 

SSTh

II

net

II
Th

fn

Thn
C

_

)(
= . 

6-3 

The uncertainty in f and fc follows from the propagation of the statistical uncertainties.  

Systematic uncertainties arising from various assumptions have been ignored thus far. It 

should be pointed out that for intervals II, III and IV the following holds: 

.
)()()(

___ SSTh

IV

net

IV

SSTh

III

net

III

SSTh

II

net

II
Th

n

Thn

n

Thn

n

Thn
fC ===  

6-4 

The net CR of U/Rn in interval III is obtained by subtracting the cosmics 

contribution using the fc factor and the Th contribution: 

SSTh

IIITh

twk

IIIcIII

net

III nfCnfnRnUn _)/( −−= . 

6-5 

The interval IV contains a correction for the U/Rn contributions in addition to the 

contributions of cosmics and Th. An effective U/Rn concentration, CU/Rn is calculated in 

a similar way to CTh using the net CR in interval III, net

IIIn , and the CR per Bq/l in interval 

III of a simulated standard spectrum of U/Rn (U/Rn_SS), which is given by the product 

of SSRnU

IIIn _/ and the f-factor. Mutatis mutandis Eq. 6-4 may be written as: 
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SSRnU

IV

net

IV

SSRnU

II

net

II

SSRnU

III

net

III
RnU

n

RnUn

n

RnUn

n

RnUn
fC

_/_/_//

)/()/()/(
=== . 

6-6  

Please note that Eq. 6-6 contains a term for interval II which may be used for 

corrections of minor contributions of U/Rn in interval II. 

Then, the net CR of 
40

K in the interval IV is given by: 
SSRnU

IVRnU

SSTh

IVTh

twk

IVcIV

net

IV nfCnCfnfnKn _/

/

_40 )( −−−= . 

6-7 

Finally, an effective potassium (
40

K) concentration, CK, can be obtained using the net 

CR of 
40

K in interval IV, )(Kn net

IV , and the CR per Bq/l of the standard spectrum of K 

(K_SS) in interval IV normalized by the f-factor: 

SSK

IV

net

IV
K

n

Kn
fC

_

)(
= . 

6-8 

The detector calibration factor, f, can be determined using Eq. 6-8 by measuring for a 

well-defined K concentration, Ck, as discussed in section 6.4 below. 

 

 

Figure 6-3: A cosmic-ray spectrum measured on 21 Nov. 2002 using the MEDUSA detector lowered 

below the water-surface of Theewaterskloof (Twk) dam, which is situated near Villiersdorp about 60 km 

from iThemba LABS. The activity on the y-axis is the number of counts obtained in 76 minutes. The 

small peaks seen in the spectrum are minor contributions of Th and K present in the detector, its 

associated electronics, and housing. 
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6.4 The KCl measurements 

In this section, the detector efficiency will be established for the drum and the tank 

geometries. The drum and the tank were filled with tap water and the efficiency was 

determined by measuring the detector response after dissolving various quantities of 

KCl. Then, the measured 
40

K count rates were compared to the 
40

K count rates based on 

the KCl concentration in the vessel. Initially, the measurements were carried out at 

position P1 (see section 6.2). After it was noticed that the background CR at P1 varied 

significantly with time (as discussed in section 6.6), it was decided to move the set-up to 

position P2. Only measurements at P2 will be presented in this section. 

6.4.1 The MEDUSA-drum KCl measurements 

The 
40

K calibration measurements were carried out by dissolving potassium chloride 

(KCl) salt of masses 1 kg, 2 kg, 4 kg and 6 kg in the drum filled with the tap water and 

then measuring the detector response for half an hour each. The KCl salt was first mixed 

in a bucket and then mixed further inside the drum using a stick. For each measurement, 

two subsamples were collected in Marinelli beakers and measured on the HPGe 

detector. Table 6-1 shows nominal KCl masses, the calculated 
40

K concentrations (see 

intermezzo 6.1) and those concentrations obtained by measuring the sub-samples using 

the HPGe detector. One can see fairly good agreement between the 
40

K activity 

concentrations measured by the HPGe detector with their calculated counterparts. 

For the measurements with the MEDUSA detector, Table 6-2 presents the 

measurement description with nominal added masses of KCl, the gross and net CR (cps) 

in the energy interval 0.4 – 1.6 MeV, the effective contribution factor of cosmics, and 

the effective Th and U/Rn concentrations CTh and CU/Rn, respectively. We would like to 

point out that in this part of KCl measurements analysis; the energy range 0.4 – 1.6 

MeV was used instead of interval IV so as to improve the statistics. The net CR in Table 

6-2 is the CR corrected for “cosmics”, Th and U/Rn background contributions. The 

cosmics in this interval was Twk

IVn  = 4.89(3) cps, whereas the CR per Bq/l for the 

standard spectra were as follows: SSTh

IVn _  = 1.46(3) cps/(Bq/l), SSRnU

IVn _/  = 1.23(3) 

cps/(Bq/l) and SSK

IVn _  = 0.265(6) cps/(Bq/l). The Th and U/Rn corrections involve the 

MEDUSA-drum efficiency calibration factor, fdrum. This requires an iterative procedure. 

The actual values are based on the value fdrum = 0.455 ± 0.019 as derived below. 

 

 

 

 

 



6.4 The KCl measurements 

 101 

Table 6-1: The 
40

K-activity concentrations for various quantities of KCl (containing 1.133% impurities) 

dissolved in the drum filled with tap water (volume ~ 215±5 l) measured in samples and calculated from 

the mass and the volume. 

Nominal KCl mass 

(kg) 

HPGe derived 
40

K 

Conc. (Bq/l) 

40
K Calculated Conc. 

 (Bq/l) 

1 80 ± 3 75.5 ± 1.9 

2 147 ± 7 150 ± 2 

4 291 ± 12 300 ± 4 

6 428 ± 16 450± 6 

 

 
Table 6-2: The MEDUSA-drum gross and net count rate in the interval (0.4 – 1.6 MeV) for the added 

KCl masses and tap water only (TW). The last three columns present the cosmics contribution factor and 

the Th and U/Rn effective concentrations. 

 

Description 

Gross count 

rate (cps) 

net count 

rate (cps) 

fc CTh 

(Bq/l) 

CU/Rn 

(Bq/l) 

16-05-2007: 0 kg (TW) 20.92(4) 6.4(9) 0.84(6) 4.1(3) 3.8(6) 

14-06-2007: 0 kg (TW) 15.02(6) 4.0(8) 0.88(8) 2.4(2) 2.7(5) 

11-07-2007: 0 kg (TW) 15.09(3) 3.9(7) 0.91(6) 2.5(2) 2.6(4) 

14-06-2007: 1 kg  24.01(8) 13.0(8) 0.81(7) 2.6(2) 2.6(5) 

16-05-2007: 2kg 38.69(15) 23.6(1.1) 0.69(9) 4.2(4) 4.6(7) 

16-05-2007: 4kg  56.24(18) 41.3(1.2) 1.00(11) 4.0(4) 3.5(7) 

16-05-2007: 6 kg 74.3(2) 59.1(1.2) 0.88(10) 3.9(4) 4.3(7) 

 

 

Figure 6-4 represents the 
40

K net CR as a function of the amount of KCl added to 

the drum. The solid line in Figure 6-4 represents the best fit to the data obtained with a 

least squares analysis, with a reduced chi-square value of 0.4. The slope of the fitted line 

corresponds to the mean CR per mass ( )(Kn net

IV = 9.14±0.18 cps/kg) and the intercept 

(4.5±0.4 cps) is the 
40

K CR in water without KCl salt added (background 
40

K). The 

intercept agrees well with the weighted average of the tap-water (TW) spectra being 

4.5±0.4 cps. The radioactivity of one kg of KCl amounts to (1.625±0.018) x10
4
 Bq (see 

intermezzo 6.1). For volume of the drum, 215±5 l, this leads to a concentration of CK = 

75.5±1.9 Bq/l kg
-1

. So, a slope value of 9.14 ± 0.18 cps/kg KCl corresponds to: 

K

net

IV CKn /)( = 0.121±0.006 cps/(Bq/l). The expected value from the standard spectrum 

for this interval: SSK

IVn _  = 0.265(6) cps/(Bq/l) leads to, using Eq. 6-8, an efficiency 

calibration factor of fdrum = 0.455±0.019. 
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Figure 6-4: 
40

K count rate (CR) in the interval 0.4 – 1.6 MeV (measured using the MEDUSA-drum set-

up) versus the added KCl. The solid line represents the least squares fit with reduced chi-square value of 

0.4. The slope of the fitted line represents the weighted average CR per mass (cps/kg) and the intercept is 

the background CR of 
40

K. 

 

Intermezzo 6.1: Relation between mass and activity for KCl. 

• 1kg KCl corresponds to 13.4136 mol (
1551.74

1000
−⋅ molg

g
) of KCl. 

• 13.4 mol KCl is equivalent to about 8.08 x 10
24

 atoms of KCl and therefore 8.08 

x 10
24

 atoms of K.  

• The above number of K atoms contains 0.0117±0.0001 % atoms of 
40

K [Lide, 

1997]. This implies that 8.08 x 10
24

 x 1.17 x10
-4

 = 9.45 x 10
20

 atoms of 
40

K. 

• The KCl used for this work
14

 was packed in containers of 500 g KCl and has 

impurities of:  0.1% Bromide (Br), 1.0 % loss on drying, 0.03 % Sulphate (SO4), 

0.001% heavy metals (such as Pb) and 0.002% iron (Fe). This amounts to total 

impurities of 1.133%. This means that each 1 kg KCl contains 11.33 g 

impurities. By assuming 0.005 g precision on the impurities mass i.e. 

11.330±0.005 g, we get a relative uncertainty of 0.04%. 

• We weighed 5 masses of KCl of 5 kg each on a scale of precision 0.0002 kg. 

The average was found to be 5.0479±0.0109 kg. This gives a relative uncertainty 

of 0.22%. 

                                                 
14

 The KCl was purchased from: Merck Chemicals (PTY) LTD. UNIVAR® potassium chloride. Saarchem, 

259 Davidson Rd, Wadeville, Gauteng, South Africa. 
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• N
T

NActivity ⋅=⋅=
2/1

2ln
λ . For the above number of 

40
K nuclei, the activity was 

calculated to be (1.625 ±±±± 0.018) x 10
4
 Bq, with T1/2 (

40
K) = (1.277 ±±±± 0.008) x 10

9
 

years [Firestone, 1998]. 

• The volume of the water in the tank = 1170 ±±±± 10 l and is equivalent to about 

1.17 x 10
3
 kg of water.  

• Thus adding 1kg KCl to the tank, the concentration increased by 

)
102.1

106.1
(

2

3

4

OHl

Bq

×

×
= 13.91 ±±±± 0.19 Bq 

40
K per l OH

2
. 

 

6.4.2 The MEDUSA-tank KCl measurements 

KCl salt, in 500 g batches, was weighed (scale precision was 0.2 g) and each of 10 

batches (5 kg) was first dissolved in a bucket and then mixed further in the tank, filled 

with tap water, using a long stick. This was repeated five times (up to a final mass of 25 

kg). For the subsequent KCl batches, the water was taken from the KCl solution in the 

tank. In addition, for each measurement (5 kg batches), two subsamples were taken in 

Marinelli beakers and measured on the HPGe detector. The two subsamples were taken: 

one from the top of the tank (directly through the upper opening) and the other from a 

valve at the bottom of the tank. Table 6-3 presents the weighed KCl masses, the 

measured and calculated activity concentration of 
40

K for each filling. The good 

agreement between the calculated and the measured 
40

K activity concentrations 

indicates that there are no significant systematic uncertainties introduced by the process 

of mixing the KCl or of taking sub-samples for the HPGe measurements. 

Table 6-4 presents the MEDUSA measurement description with added masses of 

KCl, the gross and net CR (cps) in the energy interval 0.4 – 1.6 MeV, the effective 

contribution factor of cosmics, and the effective Th and U/Rn concentrations CTh and 

CU/Rn, respectively. It can be seen from Table 6-4 that the cosmics and Th contributions 

are rather constant but U fluctuates quite a bit, most likely due to background radon in 

air. This background effect will be discussed in section 6.6. 

The CR per Bq/l in the energy interval 0.4 – 1.6 MeV for the standard spectra were 

as follows: SSTh

IVn _  = 1.541(15) cps/(Bq/l), SSRnU

IVn _/  = 1.312(14) cps/(Bq/l) and SSK

IVn _  = 

0.243(6) cps/(Bq/l). In a similar way as described in subsection 6.4.1, the Th and U/Rn 
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corrections involve the efficiency calibration factor, ftank obtained by an iterative 

procedure based on the value ftank = 0.551 ± 0.018 as derived below. 

 

Table 6-3: KCl salt (containing 1.133% impurities) weighed (precision of scale was 0.2 g) and dissolved 

in the tank filled with tap water; the corresponding radioactivity concentrations of 
40

K in the solution, 

which was measured with the HPGe detector, and the 
40

K activity concentration calculated based on the 

KCl masses and the volume. 

KCl mass  

(kg) 

HPGe derived 
40

K 

Conc. (Bq/l) 

Calculated 
40

K Conc.  

(Bq/l) 

5.051 68 ± 4 69.6 ± 1.0 

10.108 140 ± 7 139.2 ± 1.9 

15.167 216 ± 9 209± 3 

20.205 271 ± 10 278 ± 4 

25.24 342 ± 12 348 ± 5 

 

Table 6-4: The MEDUSA-tank gross and net CR in the energy interval (0.4 – 1.6 MeV) for five KCl 

spectra and two tap-water (TW) spectra. The effective contribution factor of cosmics, fc, and the effective 

concentrations CTh and CU/Rn are presented in the last three columns. 

 

Description 

Gross  

count rate (cps) 

net  

count rate (cps) 

fc CTh 

(Bq/l) 
CU/Rn 

(Bq/l) 

TW_2h: 0 kg (KCl) 9.52(4) 0.3(6) 0.90(7) 0.73(11) 2.8(3) 

TW_5h: 0 kg (KCl) 9.30(2) 0.8(5) 0.90(6) 0.77(09) 2.2(3) 

5.051 kg(KCl) 17.34(5) 10.5(6) 1.00(7) 0.65(11) 0.7(3) 

10.108 kg(KCl) 26.91(6) 19.9(6) 0.96(7) 0.72(11) 0.9(3) 

15.167 kg(KCl) 36.37(7) 29.2(5) 0.89(7) 0.85(11) 1.1(3) 

20.205 kg(KCl) 45.55(8) 38.6(6) 0.92(7) 0.77(11) 0.9(3) 

25.24 kg(KCl) 55.01(9) 47.6(5) 0.90(7) 0.85(11) 1.3(3) 

 

Similar to the drum, the measured 
40

K net CRs are plotted as a function of the 

amount of KCl added to the tank (Figure 6-5). The solid line in Figure 6-5 represents 

the best fit to the data obtained with a least squares analysis, with 2

Rχ = 0.3. The slope of 

the fitted line corresponds to the mean CR per mass ( )(Kn net

IV =1.87 ± 0.02 cps/kg) and 

the intercept (0.8 ± 0.3 cps) is the 
40

K CR in water without KCl salt added (background 

40
K). The intercept agrees well with the weighted average of the TW-spectra being 0.6 ± 

0.4 cps. Moreover, one notices that this average background CR, 0.6 ± 0.4 cps, is an 

order of magnitude less than the average background CR (4.5 ± 0.5 cps) of the drum. 

This significant shielding of background is most likely due to the bigger volume of the 

tank as compared to the drum. 

 As for the drum, the radioactivity of one kg of KCl (1.625 ± 0.018) x10
4
 Bq and the 

volume of the tank (1170 ± 10 l) leads to a KCl activity concentration of 13.91 ± 0.19 

Bq/l (see intermezzo 6.1). So, a slope value of 1.87 ± 0.02 cps/kg KCl corresponds to 

K

net

IV CKn /)( = 0.134±0.006 cps/(Bq/l). The expected value from the standard spectrum 
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for this interval: SSK

IVn _  = 0.234(6) cps/(Bq/l) leads to, again by using Eq. 6-8, an 

efficiency calibration factor of ftank = 0.551 ± 0.018. 

 

 

Figure 6-5: The relation between the net CR of 
40

K in the interval 0.4 – 1.6 MeV and the added KCl. The 

solid line represents the least squares fit with reduced chi-square value of 0.3. The slope represents the 

mean cps/kg and the intercept is the background 
40

K count rate (cps). 

 

6.5 The 222Rn measurements 

For the radon measurements, the drum and the tank were filled with water from the 

borehole at iThemba LABS (see CHAPTER 4, section 4.3). This water has a time-

dependent radon concentration as found out from the analysis on the HPGe detector. For 

the drum, the various radon in-water concentrations were obtained by mixing borehole 

water (rich in radon ~ 30 Bq/l) with tap water (no radon). However, this procedure of 

mixing did not work with the tank most likely due to the big volume of the tank and the 

density difference between the high salinity and the relatively high temperature of the 

borehole water as compared to that of the tap water. Instead, the tank was filled with 

borehole water only and the concentrations were measured everyday as the radon 

decays.  

This section presents the results of in-field concentration measurements of radon in-

water by introducing a MEDUSA detector into either a drum or a tank. This task will be 

achieved by establishing correlation between the count rate extracted from MEDUSA 

measurements and the corresponding radon concentration of measurements carried out 

in the laboratory using the HPGe detector and Marinelli beakers. The HPGe method for 
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measuring radon in-water has been optimized in a previous study (see CHAPTER 4) 

and therefore will be used as a reference method. 

6.5.1 The MEDUSA-drum 222Rn measurements 

Table 6-5 presents the gross and net CRs of the U/Rn (in interval III) for four 

borehole-water spectra and two tap-water spectra. The cosmics in this interval was Twk

IIIn  

= 0.513(11) cps while the CR per Bq/l for the standard spectra were as follows: SSTh

IIIn _  

= 0.156(9) cps/(Bq/l) and SSRnU

IIIn _/  = 0.132(9) cps/(Bq/l). In column 3 of the table, the 

net CRs were obtained by subtracting the cosmics and Th contributions as described in 

section 6.3. The effective Th contribution, CTh, was obtained using the weighted average 

)(Thn net

II  of the two tap-water spectra and determined to be 2.42 ± 0.19 (Bq/l). The 

reason for taking the Th contribution from the tap-water measurements is because in the 

borehole water spectra, interval II is expected to be significantly influenced by 

contribution from U/Rn. The net CRs of the borehole-water measurements were 

corrected further in column 4 for radon decay since the time of sampling. One can see 

that in Table 6-5 the net CR for the two tap-water measurement agreed within 

uncertainties despite the one month difference between their times of measurement. 

The decay corrected net CRs (column 4 of Table 6-5), were converted to radon 

concentrations using the normalized standard spectrum value: SSRnU

IIIn _/  = 0.132(9) 

cps/(Bq/l). Next these radon concentrations were plotted against their counterparts 

measured with the HPGe as shown in Figure 6-6. From the least squares best fit (solid 

line) of the data, the intercept and slope were found to be 2.3 ± 0.3 Bq/l and 0.86 ± 0.03 

(Bq/l)/(Bq/l), respectively. The reduced chi-square value of the fit is 0.6. The intercept 

value 2.3 ± 0.3 Bq/l presumably represents the radon concentration in the tap water as 

measured by the MEDUSA detector. However, since the radon concentration in this tap 

water was measured using the HPGe detector to be 0.30 ± 0.10 Bq/l, the MEDUSA 

value 2.3±0.3 Bq/l is most likely due to γ-rays originating from U/Rn in air and in soil 

surrounding the measurement location. 
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Table 6-5: Gross CR in interval III (U/Rn) for the various spectra measured in the drum. In column 3, the 

net CR was obtained by subtracting the cosmics and Th contributions. The CR was corrected further in 

column 4 for radon decay. The effective contribution factor of cosmics is presented in column 5. 

Description 

 

Gross count 

 rate (cps) 

Net count 

rate (cps) 

Decay corr. Net 

count rate (cps) 

fc 

14-6-2007:m6-7 3.95(3) 3.10(7) 3.17(8) 0.92(8) 

19-6-2007:m7-8 2.24(2) 1.43(6) 1.46(7) 0.85(8) 

20-6-2007:m6-7 3.18(3) 2.33(6) 2.39(8) 0.91(8) 

20-6-2007:m13-14 4.35(3) 3.48(7) 3.56(8) 0.96(8) 

14-6-2007: TW 1.175(18) 0.35(6) 0.88(8) 

11-7-2007: TW 1.192(10) 0.35(5) 

Wt. av. of TW 

spectra: 0.35(4) 0.91(6) 

 

 

 

Figure 6-6: The MEDUSA-drum field measurement of U/Rn (interval III) in borehole water, of various 

radon concentrations, and tap water, versus the radon concentrations determined by the HPGe detector in 

the lab. The solid line represents the least squares fit of the data with reduced chi-square value of 0.6. The 

slope of the fitted line represents correspondence between the MEDUSA and the HPGe Rn concentration 

whereas the intercept is the U/Rn background. 

 

The minimum detectable activity (MDA) of the MEDUSA detector in the geometry 

of the 210-liter drum was estimated from the CR in the U/Rn interval (III) of the 

Theewaterskloof background spectrum: 0.513 cps, which was measured for a time TTwk 

= 1.3 hrs. Rewriting Eq. 2-8 after replacing the fd factor with the relevant MEDUSA 

parameters, gives: 

,
)/1(3.37.2

)/(
_/ SSRnU

IIIm

Twkm

Twk

IIIm

nT

TTnT
lBqMDA

++
=  

6-9 

where Tm is the measurement time. For Tm = 0.5 hour and substituting the values of all 

factors in Eq. 6-9, the MDA was estimated to be 0.6 Bq/l for the MEDUSA-drum 

geometry. In principle, the statistical uncertainty leading to the MDA can be further 

reduced by a longer measuring time of the “background” spectrum. 
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6.5.2 The MEDUSA-tank 222Rn measurements 

The MEDUSA measurements and the HPGe samples were synchronized to reference 

measurement times. One MEDUSA measurement and one HPGe sample were taken per 

day for 13 days. The MEDUSA detector was not removed from the tank throughout the 

period of measurements. The tank radon measurements were analyzed in a similar way 

to those of the drum. Table 6-6 shows the spectrum ID, date/time of the start of the 

measurement, the gross and net CR of interval III (U/Rn) for the 13 MEDUSA 

measured γ-ray spectra of borehole water (of various radon concentrations) and for two 

spectra of tap-water. The net CR represents the CR after subtracting the cosmics and Th 

contribution using the fc factor (presented in column 4) and CTh = 0.50±0.05 Bq/l 

determined using the weighted average CR, )(Thn net

II , of the two tap-water 

measurements. The cosmics remains the same as in the drum analysis: Twk

IIIn  = 0.513(11) 

cps whereas the CR per Bq/l for the standard spectra were as follows: SSTh

IIIn _  = 0.195(5) 

cps/(Bq/l) and SSRnU

IIIn _/  = 0.153(5) cps/(Bq/l). The 5
th

 column of Table 6-6 presents net 

CR after correction for radon decay and subtracting the supported radon. The radon 

radioactive decay correction includes decay during measurements and that between 

reference measurement time and the time that the measurement started. The decay 

during measurement was corrected using Eq. 4-1. The supported radon was corrected 

for by using the equilibrium radon in-growth value: Rn

eqC = 0.82±0.04 Bq/l for the 

iThemba LABS borehole as described in CHAPTER 4 (subsection 4.4.2.2). For the 

MEDUSA measurements, this latter value was converted to count rate using the 

U/Rn_SS value: SSRnU

IIIn _/  = 0.153±0.006 cps/(Bq/l). The conversion leads to Rn

eqC  = 

0.125±0.007 cps for the MEDUSA measurements. To account for the radon build-up of 

the supported radon in the borehole water after elapsed time (te), the build-up relation: 

)1(sup
etRn

eq

Rn eCC
λ−−=  was utilized to obtain the supported radon corresponding to each 

measurement where λ is the radon decay constant. 
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Table 6-6: Spectra ID, date/time measurement started and the corresponding gross and net CR in the 

energy interval III (U/Rn) for the MEDUSA-tank geometry. The net CR was corrected by subtracting the 

cosmics and Th contributions. In column 4, the net CR was corrected further for the radon radioactive 

decay and then subtracting supported Rn
15

. The effective contribution factor from cosmics is presented in 

column 5 whereas the Th effective contribution, CTh, for all measurements was determined using the 

weighted average CR,
net

IIn , of the tap-water measurements and found to be 0.50 ± 0.05 Bq/l. 

spectrum 

ID 

 

Date/time of 

measurement 

Gross CR 

(cps) 

 

Net CR 

(cps) 

 

Net CR corr. for Rn 

decay and supp. Rn 

(cps) 

fc 

tank-Rn-m4-6 13/09/08 21:02 6.22(2) 5.59(5) 5.79(5) 1.02(7) 
tank-Rn-m25-27 14/09/08 18:02 5.14(2) 4.56(4) 4.63(4) 0.93(6) 
tank-Rn-m49-51 15/09/08 18:02 4.29(2) 3.71(4) 3.75(4) 0.93(6) 
tank-Rn-m73-75 16/09/08 18:02 3.580(18) 3.00(4) 3.01(4) 0.93(6) 
Rn-decay-m1-3 17/09/08 18:32 3.031(17) 2.47(4) 2.46(4) 0.90(6) 

Rn-decay-m25-27 18/09/08 18:32 2.539(15) 2.00(4) 1.97(4) 0.85(6) 
Rn-decay-m7-9 19/09/08 18:02 2.244(14) 1.70(4) 1.64(4) 0.87(6) 

Rn-decay-m31-33 20/09/08 18:02 1.935(13) 1.41(4) 1.36(4) 0.83(6) 
Rn-decay-m55-57 21/09/08 18:02 1.696(13) 1.15(4) 1.08(4) 0.87(6) 
Rn-decay-m75-77 22/09/08 14:02 1.473(12) 0.94(4) 0.85(4) 0.84(6) 

Rn-decay-m1-4 23/09/08 09:44 1.352(10) 0.80(3) 0.72(4) 0.88(6) 
Rn-decay-m1-4 24/09/08 09:24 1.173(9) 0.68(3) 0.58(3) 0.78(5) 

Rn-decay-2_m1-4 25/09/08 11:48 1.059(9) 0.54(3) 0.44(3) 0.82(5) 
TW-10cm-m1-6 11/09/08 11:02 0.563(6) 0.06(3) 0.80(5) 

TW-10cm_2-m1-8 12/09/08 22:55 0.650(5) 0.13(3) 

Wt. av. of TW. 

= 0.09±0.02 0.83(5) 

 

 

The radon corrected CR measured by the MEDUSA detector in the tank for the 13 

borehole-water measurements and their corresponding unsupported radon 

concentrations measured using the HPGe detector were plotted against the time elapsed 

since the time that the tank was sealed. Figure 6-7 shows the HPGe and the MEDUSA 

data fitted with an exponential decay model: teCaty λ−+= 0)(  represented by solid and 

dashed lines. The values of ‘a’ were estimated to be -0.01 ± 0.18 cps and -1.6 ± 1.0 Bq/l 

for the MEDUSA and the HPGe measurements, respectively. These latter values are not 

statistically different from zero. From the exponential fit, the effective decay constants 

were found to be 0.0072 ± 0.0005 and 0.0089 ± 0002 h
-1

 for the HPGe and the 

MEDUSA measurements, respectively. It can be seen that the HPGe effective decay 

constant agreed within uncertainties with the known value of the radon decay constant, 

0.0076 h
-1

, whereas the MEDUSA measured radon decays faster by about 17%. The 

faster decay of radon could be attributed to radon loss in the tank during the MEDUSA 

measurements. The radon loss is supported by our physical inspection of the MEDUSA 

                                                 
15

 The radon radioactive decay correction includes decay during measurements and that between 

reference measurement time and the time that the measurement started. Supported radon was corrected by 

using the relation: )1(sup
etRn

eq

Rn eCC
λ−−= as explained in the text. 
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mounting on the tank, which is less radon-tight as compared to the drum. Consequently, 

the radon present in tank water effectively decays away faster. Moreover, one notices 

that in Figure 6-7, the two decay curves associated with the HPGe and the MEDUSA 

measurements converge as radon concentration decreases with time. This convergence 

may be attributed to the fact that there is less radon-loss from the tank as the radon 

concentration in the water approaches the equilibrium determined by the Oswald 

partition coefficient described in CHAPTER 2 (subsection 2.6.2). 

 

 

 

Figure 6-7: Radon-in-water concentration (Bq/l) and count rate (cps) measured by the HPGe detector (left 

y-axis) and the MEDUSA-tank set-up (right y-axis), respectively, versus the elapsed decay time. From an 

exponential decay fit (model: teCay λ−+= 0
), the effective decay constant derived by the HPGe 

measurements was found to be 0.0072±0.0005 h
-1

 while that of the MEDUSA was found to be 

0.0089±0.0002 h
-1

.  

 

The MEDUSA unsupported radon concentration was obtained by dividing the 

corrected net CR by SSRnU

IIIn _/  = 0.153(5) cps/(Bq/l). Next, the obtained MEDUSA radon 

concentrations were plotted against their corresponding unsupported radon 

concentrations (Bq/l) measured using the HPGe detector as shown in Figure 6-8. From 

the least square fit (solid line of Figure 6-8), the slope was found to be 1.10±0.03 

(Bq/l)/(Bq/l), the intercept = -0.01±0.18 (Bq/l), and the reduced chi-square value of the 

fit was 2.3. This slightly higher value of chi-square may reflect some systematic effects, 

as can also be seen from Figure 6-7, most likely due to elevated Rn in air (whose 
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associated γ-rays reach the detector from the top, which will be discussed in section 6.7) 

that significantly contribute to measurements of the MEDUSA-tank. In addition, it can 

be seen from Figure 6-8 that the intercept is not statistically different from zero. Unlike 

the high value of the intercept (2.3 ± 0.3 Bq/l) in the case of the drum, the zero intercept 

may imply that most of the U/Rn γ-rays originating from the soil were better shielded by 

the tank-water surrounding the detector (see also the Table 6-13 and its discussion in 

section 6.7). 

  

 

Figure 6-8: MEDUSA-tank derived-U/Rn concentration of borehole water, of various radon 

concentrations, and tap water (measured in the field) versus the radon concentrations determined by the 

HPGe detector in the lab. The solid line represents the least squares fit of reduced chi-square value 2.3. 

 

The MDA of the MEDUSA detector in the geometry of the 1000-liter tank was 

estimated in a similar way to that of the drum using the Twk

IIIn  = 0.513(11) cps and 

utilizing Eq. 6-9 where for the tank SSRnU

IIIn _/  = 0.153(5) cps/(Bq/l). Thus, the MDA was 

estimated to be 0.4 Bq/l for a measurement time of half an hour. 

In comparison of the two geometries (the MEDUSA-drum and MEDUSA-tank), the 

drum has the advantage of being lighter in weight and easier to move for the field 

measurements and that the MEDUSA detector can be mounted on the drum in a more 

radon-tight way. These advantages may offset the disadvantage that the MDA of the 

drum is higher (by about 33%) than that of the tank.  The MEDUSA-tank geometry has 

the advantage of relatively low MDA, 0.4 Bq/l, which makes the set-up more suitable 

for measuring water of low radon concentration in the field. However, the disadvantage 

will be the impracticality of transporting the present tank during field measurements. 
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Another concern in the case of the drum is the effect of local background radon as 

noticed from the intercept associated with the drum measurements. 

6.6 Background investigations 

One of the major challenges for field measurements is the shielding of the 

background γ-ray radiation. The main sources of these γ-rays are the cosmic rays and 

the γ-rays emitted from terrestrial radionuclides such as U, Th and K. The terrestrial 

radionuclides are present in the soil underneath and around the detector and in the 

buildings in the vicinity of the measurements location. Several measurements to 

investigate the background effect were carried out with the MEDUSA detector inserted 

into both the drum and the tank. The analyses of the background investigations were 

confined to the high-energy part of the spectrum: the energy interval 1.6 to 3.0 MeV. In 

the KCl measurements, the part of the spectrum above 1.6 MeV is merely background. 

Therefore, for the background investigations the KCl and the tap-water measurements 

will be considered. 

In this section, the results of background investigation measurements using the 

MEDUSA detector introduced into the drum and into the tank will be discussed. The 

measurements were analyzed using the hybrid approach described in section 6.3. 

6.6.1 The MEDUSA-drum background measurements 

Table 6-7 shows the CR in each of the energy intervals described in section 6.3 for 

the four KCl spectra described in subsection 6.4.1; three spectra of tap-water that were 

measured on 16 May, 14 June and 11 July 2007; simulated and calibrated standard 

spectrum of thorium (Th_SS); spectrum of an empty drum, and the Theewaterskloof 

cosmic ray spectrum. From this Table one notices that the CRs are independent of KCl; 

count rate of interval I is independent of the time of measurement; count rate of 

intervals II and III depend on location while the CR of measurements at P1 (three KCl 

plus one tap-water spectra) are higher than those at P2 (two tap-water spectra and a KCl 

spectrum); count rates for all intervals are much lower than for the empty-drum.  

These observations are supported by the acceptable values (between 0.7 and 2.7) of 

the reduced chi-square associated with the weighted averages CR for the four 

measurements at P1, )4(2 ofRχ , and the very high values (above 69), except interval I, 

for the seven measurements at P1 and P2 ( )7(2 ofRχ ). The CR of interval I (cosmic rays) 
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in the seven spectra is almost constant with a weighted average of 0.0595 ± 0.0012 cps 

and )7(2 ofRχ  of 1.7. The difference between the CR for the empty drum and the other 

water-filled drum measurements is due to the fact that water shields the detector from 

the surrounding radiation. The reduction is a factor of less than two for interval I, but 

ranges between two and three for the other intervals.  

 
Table 6-7: MEDUSA-drum measured CR in the energy interval 1.6<Eγ<3.0 MeV, subdivided over a 

number of intervals. The Table presents the CR in these intervals for seven spectra (four of KCl salt 

dissolved in tap water and three spectra of tap-water), a spectrum of an empty drum, the Twk cosmic ray 

spectrum and the Th standard spectrum. Also presented are the weighted averages CR and the associated 

chi-square values for the four spectra measured at P1 and for all seven spectra measured at P1 and P2. 

                Intervals in MeV 

 description 

1.6-1.85 

IIIa (cps) 

1.85-2.4 

IIIb (cps) 

2.4-2.75 

II (cps) 

2.75 -3.0 

I (cps) 

1.6 -3.0 

Total (cps) 

16-05-2007: TW; P1 0.685(7) )
 16

 0.862(8) 0.547(7) 0.058(2) 2.15(13) 

16-05-2007: 2kg KCl; P1 0.72(2) 0.89(2) 0.543(18) 0.048(5) 2.20(4) 

16-05-2007: 4kg KCl; P1 0.71(2) 0.89(2) 0.571(18) 0.069(6) 2.24(4) 

16-05-2007: 6 kg KCl: P1 0.70(2) 0.92(2) 0.540(17) 0.061(6) 2.22(4) 

14-06-2007: TW; P2  0.517(12) 0.657(14) 0.379(10) 0.060(4) 1.61(2) 

14-06-2007: 1 kg KCl; P2 0.537(12) 0.630(13) 0.395(11) 0.056(4) 1.62(2) 

11-07-2007: TW; P2  0.532(6) 0.660(7) 0.394(5) 0.063(2) 1.649(11) 

Wt. Av. (of 4) 0.692(6) 0.873(7) 0.548(6)  0.058(2)  2.172(11) 

)4(2 ofRχ  1.1 2.3 0.7 2.4 2.7 

Wt. Av. (of 7)  0.596(4) 0.742(4) 0.453(3) 0.0595(12) 1.852(7) 

)7(
2 ofRχ  69 101 83 1.7 239 

24-05-2007: Empty drum  1.86(5) 2.00(5) 1.52(4) 0.095(10) 5.47(8) 

21-11-2002: Cosmics (Twk) 0.234(7) 0.280(8) 0.145(6) 0.069(4) 0.728(13)  

Th_SS 0.055(6) 0.102(8) 0.107(8) 0.0003(4) 0.264(12) 

 

 

In Table 6-8, the CR of the intervals are corrected by subtracting the cosmics 

contribution from the seven spectra and from the empty drum spectrum. From a 

comparison of the data listed in Table 6-8, one notices that the values at P1 are about 

1.5 times higher than at P2 for all energy intervals. The high chi-square values 

associated with the weighted averages CR of the seven spectra is most likely due to this 

difference in background CR at the two locations. 

 

 

 

 

 

                                                 
16

 Values in brackets are 1σ statistical uncertainties. 
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Table 6-8: Cosmics corrected CR, of the MEDUSA-drum measurements, in the various energy intervals 

listed in Table 6-7 and the corresponding weighted averages CR and the associated chi-square values. 

                    Intervals in MeV 

description 

1.6-1.85 

IIIa (cps) 

1.85-2.4 

IIIb (cps) 

2.4-2.75 

II (cps) 

1.6 -3.0 

Total (cps) 

16-05-2007: TW; P1 0.49(2) 0.63(2) 0.425(12) 1.54(4) 

16-05-2007: 2kg KCl; P1 0.56(3) 0.69(3) 0.44(2) 1.69(7) 

16-05-2007: 4kg KCl; P1 0.47(3) 0.61(4) 0.43(2) 1.51(9) 

16-05-2007: 6 kg KCl: P1 0.49(3) 0.67(4) 0.41(2) 1.58(8) 

14-06-2007: TW; P2  0.31(2) 0.41(3) 0.25(2) 0.98(6) 

14-06-2007: 1 kg KCl; P2 0.35(2) 0.40(3) 0.28(2) 1.03(6) 

11-07-2007: TW; P2  0.32(2) 0.41(2) 0.262(12) 0.99(5) 

Wt. Av. (of 4) 0.499(12) 0.643(14) 0.426(9) 1.57(3) 

 1.7 1.5 0.3 1.3 

Wt. Av. (of 7)  0.408(8) 0.520(10) 0.338(6) 1.28(2) 

 19.3 25.5 31.6 28.3 

24-05-2007: Empty drum 1.54(6) 1.61(7) 1.32(5) 4.47(15) 

 

A further correction was made to the CR in the radon intervals by subtracting the 

thorium contribution. The results of the latter corrections are presented in Table 6-9. 

Table 6-9 also shows the CR in the intervals IIIa, IIIb, and III for the simulated and 

calibrated standard spectrum of U/Rn (U/Rn_SS), which corresponds to one Bq/l radon 

in water. After subtracting the thorium contribution (Table 6-9), there is hardly any 

variation in the terrestrial background (U/Rn) over one day (May measurements). The 

Th also shows no changes in the same period. However, the ratio between the terrestrial 

radiation CR at the locations P1 and P2 remains about 1.5. From the values of the U/Rn 

standard spectrum (Table 6-9), this change in CR for the U/Rn intervals corresponds to 

a maximum change of 2.0 Bq/l Rn in the water if this change is due to radon dissolved 

in the water in the drum. This change is also reflected in the slightly higher values of  

)7(2 ofRχ  for the Rn intervals. It can also be noted from the data in Table 6-9 that the 

CR of interval III equals the sum of its subintervals IIIa and IIIb and that the CR of the 

total interval (1.6 – 3.0 MeV) is approximately equal the CR in the various regions. 

Hence, the subintervals of III can be combined. Moreover, the noticeable drop of the 

)7(2 ofRχ  values after subtracting the Th contribution suggests that the effect of the 

background Th (with its strong peak 2.6 MeV) dominates the small changes of 

background Rn (interval III) at the two locations, P1 and P2. 

 

 

 

 

)7(2 ofRχ

)4(2 ofRχ
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Table 6-9: The cosmics corrected CR measured with the MEDUSA-drum in Table 6-8, are corrected for 

thorium contribution. The correction was applied to the water-filled as well as to the empty drum spectra. 

Also presented are the weighted averages of CR and their associated chi-square values for the various 

intervals. 

                     Intervals in MeV 

description 

1.6-1.85 

IIIa (cps) 

1.85-2.4 

IIIb (cps) 

1.6-2.4 

III (cps) 

1.6 -3.0 

Total (cps) 

16-05-2007: Tap-water; P1 0.27(3) 0.22(5) 0.49(7) 0.49(10) 

16-05-2007: 2kg KCl; P1 0.33(4) 0.27(6) 0.60(9) 0.60(13) 

16-05-2007: 4kg KCl; P1 0.26(4) 0.20(6) 0.46(9) 0.46(14) 

16-05-2007: 6 kg KCl: P1 0.28(4) 0.28(6) 0.56(9) 0.56(13) 

14-06-2007: Tap-water; P2  0.18(3) 0.17(4) 0.36(6) 0.36(9) 

14-06-2007: 1 kg KCl; P2 0.21(3) 0.14(4) 0.35(6) 0.34(9) 

11-07-2007: Tap-water; P2  0.19(2) 0.16(3) 0.34(5) 0.34(8) 

Wt. Av. (of 4) 0.284(19) 0.24(3) 0.53(4) 0.53(6) 

 0.6 0.4 0.6 0.3 

Wt. Av. (of 7)  0.227(12) 0.190(17) 0.42(3) 0.42(4) 

 2.7 1.3 2.2 1.0 

U/Rn_SS 0.092(7) 0.038(5) 0.132(9) 0.135(9) 

24-05-2007Empty drum  0.86(11) 0.36(15) 1.2(2) 1.2(3) 

 

6.6.2 The MEDUSA-tank background measurements 

Table 6-10 shows the CR in the various energy intervals for the five KCl spectra 

described in subsection 6.4.2; two spectra of tap-water (TW): TW_2h and TW_5h 

measured for two and  five hours, respectively; a simulated standard spectrum of Th 

(Th_SS); spectrum of empty tank measured on 21 Aug. 2008. Also shown in the table 

are the weighted average CR of each interval for the five KCl spectra (Wt.Av.(5)) and 

Wt.Av.(7) for the five KCl plus the two tap-water spectra and the corresponding  

reduced chi-square values ( )5(2 ofRχ  and )7(2 ofRχ ). A comparison between the 

spectrum for the empty tank and the other water-filled tank spectra shows that there is a 

reduction factor of less than 1.5 for interval I, but this factor ranges between three and 

five for the other intervals. This value for interval I is the same as for the drum. For the 

terrestrial radionuclides, the reduction in the tank-measured CR is twice that in the 

drum-measured CR. This shows that, in comparison with the drum, the detector 

shielding improves by a factor of two. The CR in the cosmics interval for the seven 

spectra is almost constant with a weighted average CR of 0.0633 ± 0.0010 cps and 

)7(2 ofRχ  of 1.0. Contrary to the cosmics, the CR of the terrestrial background in 

intervals IIIa, IIIb and the total interval for the two tap-water spectra are higher than their 

counterparts in the five KCl spectra, except for the Th interval, 2.40< Eγ <2.75 MeV. 

 

 

)4(2 ofRχ

)7(2 ofRχ
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Table 6-10: MEDUSA-tank derived-CR in the energy interval 1.6 < Eγ < 3.0 MeV subdivided over a 

number of intervals. The Table presents the CR in these intervals for: seven spectra (five of KCl salt 

dissolved in tap water and two spectra of tap-water), a spectrum of an empty tank, a simulated standard 

spectrum of Th (Th_SS) and the Twk cosmic ray spectrum. Also presented are the weighted averages CR 

and the associated chi-square values for the five KCl spectra and for the seven spectra (KCl plus the two 

tap-water spectra). 

                Intervals in MeV 

description 

1.6-1.85 

IIIa  (cps) 

1.85-2.4 

IIIb (cps) 

2.4-2.75 

II (cps) 

2.75 -3.0 

I (cps) 

1.6 -3.0 

Total (cps) 

23-04-2008: TW_5h 0.435(5)
 
 0.460(5) 0.220(3) 0.062(2) 1.177(8) 

24-04-2008: TW_2h 0.484(9) 0.485(9) 0.216(6) 0.062(3) 1.246(14) 

24-04-2008: 5kg 0.307(7) 0.415(8) 0.221(6) 0.069(3) 1.012(12) 

24-04-2008: 10 kg 0.318(7) 0.421(8) 0.225(6) 0.066(3) 1.030(12) 

25-04-2008: 15 kg 0.340(7) 0.417(8) 0.229(6) 0.062(3) 1.047(12) 

25-04-2008: 20 kg 0.333(7) 0.400(7) 0.225(6) 0.064(3) 1.021(12) 

25-04-2008: 25 kg 0.363(7) 0.423(8) 0.230(6) 0.062(3) 1.078(12) 

Wt. Av. (of 5) 0.331(3) 0.415(3) 0.226(3) 0.0644(13) 1.037(5) 

)5(
2 ofRχ  9.8 1.5 0.4 1.1 4.6 

Wt. Av. (of 7) 0.371(2) 0.435(3) 0.223(2) 0.0633(10) 1.096(4) 

)7(2 ofRχ  93 17 0.8 1.0 60 

21-08-2008: Empty tank 1.33(4) 1.45(4) 1.01(3) 0.086(10) 3.87(7) 

Twk  spectrum 0.234(7) 0.280(8) 0.145(6) 0.069(4) 0.728(13) 

Th_SS 0.052(3) 0.093(4) 0.101(4) 0.0004(2) 0.246(6) 

 

In Table 6-11, the CR of the intervals were corrected by subtracting the contribution 

of cosmics from the seven spectra and from the empty tank spectrum. It is noted that the 

reduced chi-square values for the intervals IIIa and IIIb: 15.6 and 2.9, respectively, are 

smaller compared to those before correction for cosmics. The reduced chi-square value: 

0.4 associated with the weighted average CR of interval II (0.223 ± 0.002 cps) indicates 

that there is no significant change in the CR for the various spectra. A further correction 

was made to the CR in the radon intervals by subtracting the thorium contribution. The 

results of the latter correction are presented in Table 6-12. Table 6-12 also shows the 

CR of a simulated and calibrated standard spectrum of U/Rn. The reduced χ2(7)−values 

associated with the weighted average CR are 13.5, 2.2, 6.7 and 3.2 for the intervals IIIa, 

IIIb, III and the total interval, respectively. These high values after all the corrections 

could indicate that the CR in these intervals is not constant for the various background 

spectra.  A possible qualitative explanation for the variability in terrestrial radiation may 

be the change in soil water content during the KCl measurements. Increasing soil 

moisture content will reduce the apparent activity concentrations [de Groot et al., 2008] 

and will hamper the radon exhalation. Changes in radon (
222

Rn) exhalation are indicated 

by the changes in the two energy intervals around the U/Rn peaks. The weighted 

averages of the CR in the interval IIIa for the five KCl spectra has reduced χ
2
-values of 

9.8 (Table 6-10), 2.8 (Table 6-11) and 1.8 (Table 6-12) and indicates that even over a 
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period of half a day the count rate in this interval may change by about 15%. From the 

value for this interval in the calibrated U/Rn standard spectrum: 0.085 ± 0.003 

cps/(Bq/l), this change corresponds to about 0.7 Bq/l. A comparable change is observed 

in the interval IIIb. The comparison with the two tap-water concentrations indicates a 

change of about 2.5 Bq/l. The calculated change in background radon, 2.5 Bq/l, is for 

the time being an estimate for the systematic uncertainty made by the assumption that 

the terrestrial background is a constant over a period of a few days. The systematic 

decrease of χ
2
-values from Table 6-10 to Table 6-12 is probably caused by the cosmics 

and thorium correction made to the interval’s CR. We would like to point out that this 

background radon effect is most likely due to γ-rays associated with radon daughters (in 

air) and probably come from the direction of the top of tank since the detector is not 

shielded enough from this top direction, only ~ 20 cm depth of water. Further discussion 

on the geometry effect will be presented in section 6.7. 

Contrary to the apparent temporal change of content in the radon intervals, the CR 

of the thorium interval seems to be constant over the same period of measurements. 

This is expected since the Th-soil radioactivity is not expected to vary significantly with 

time.  

 
Table 6-11: The cosmics corrected CR in the subintervals for the measured spectra of Table 6-10 and the 

corresponding weighted averages CR and their associated reduced chi-square values. 

                 Intervals in MeV 

description 

1.6-1.85 

IIIa (cps) 

1.85-2.4 

IIIb (cps) 

2.4-2.75 

II (cps) 

1.6 -3.0 

Total (cps) 

23-04-2008: TW_5h 0.23(2) 0.21(2) 0.090(10) 0.53(4) 

24-04-2008: TW_2h 0.27(2) 0.23(2) 0.086(13) 0.59(5) 

24-04-2008: 5kg 0.073(19) 0.13(2) 0.075(13) 0.28(6) 

24-04-2008: 10 kg 0.093(2) 0.15(2) 0.085(13) 0.33(5) 

25-04-2008: 15 kg 0.13(2) 0.17(2) 0.099(12) 0.40(5) 

25-04-2008: 20 kg 0.12(2) 0.14(2) 0.090(12) 0.35(5) 

25-04-2008: 25 kg 0.15(2) 0.17(2) 0.099(12) 0.43(5) 

Wt. Av. (of 5) 0.115(8) 0.154(10) 0.090(6) 0.36(2) 

)5(2 ofRχ  2.8 0.6 0.6 1.1 

Wt. Av. (of 7) 0.157(7) 0.175(8) 0.090(5) 0.423(19) 

)7(2 ofRχ  15.6 2.9 0.4 4.6 

21-08-2008: Empty tank 1.03(5) 1.10(6) 0.83(4) 2.96(13) 
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Table 6-12: The cosmics corrected CRs of Table 6-11 are corrected further for thorium contribution. Also 

presented are the weighted averages of the corrected CR and their associated reduced chi-square values. 

                 Intervals in MeV 

description 

1.6-1.85 

IIIa (cps) 

1.85-2.4 

IIIb (cps) 

1.6-2.4 

III (cps) 

1.6 -3.0 

Total (cps) 

23-04-2008: TW_5h 0.180(17) 0.13(2) 0.31(4) 0.31(5) 

24-04-2008: TW_2h 0.23(2) 0.15(3) 0.39(4) 0.38(6) 

24-04-2008: 5kg 0.03(2) 0.07(3) 0.10(4) 0.10(6) 

24-04-2008: 10 kg 0.05(2) 0.07(3) 0.12(4) 0.12(6) 

25-04-2008: 15 kg 0.081(19) 0.08(2) 0.16(4) 0.16(6) 

25-04-2008: 20 kg 0.07(2) 0.06(2) 0.13(4) 0.13(6) 

25-04-2008: 25 kg 0.10(2) 0.08(2) 0.18(4) 0.18(6) 

Wt. Av. (of 5) 0.069(9) 0.071(11) 0.14(3) 0.14(3) 

)5(
2 ofRχ  1.8 0.1 0.6 0.3 

Wt. Av. (of 7) 0.111(7) 0.093(9) 0.205(16) 0.20(2) 

)7(2 ofRχ  13.5 2.2 6.7 3.2 

U/Rn_SS 0.085(3) 0.034(2) 0.119(4) 0.123(4) 

21-08-2008: Empty tank 0.61(6) 0.34(8) 0.95(13) 0.94(19) 

 

The temporal changes of background radon were investigated further by carrying 

out day and night continuous measurements (for about 24 hours) and, after being 

stopped for some time because of rain, for further six hours. These measurements were 

divided into two hour duration sub-measurements and analyzed using a similar 

approach as described above. The CR in intervals I (cosmic), II (thorium) and III (U/Rn) 

are plotted in Figure 6-9. 

The diurnal variations occur only in the U/Rn interval and not in the Th and cosmic 

intervals as clearly observable in Figure 6-9. The U/Rn count rate reaches a minimum 

value at time of about 15:00 to 17:00 in the afternoon and increases systematically to its 

maximum value at about 03:00 to 05:00 in the morning. No meteorological parameters 

have been monitored but it was noticed that the wind started blowing (gale force north-

westerly) from about 23:00 on the 14-07-2008. 

These diurnal variations have similar patterns to what has been reported before e.g. 

Sesana et al., 2006. The most plausible explanation for these variations is that we 

observe a variation in the U/Rn CR due to variation in Rn concentration in the air 

surrounding the tank where γ-rays reached the detector mainly from the top. The fact 

that the CR of Th remains unchanged makes it plausible that there is no change in the γ-

radiation intensity coming from the soil. Diurnal radon variations in outdoor air is 

generally explained by the fact that in the evenings the temperature drops causing a 

thinner mixing layer for the exhaled radon as the air near the surface is not heated 

anymore and starts to cool by radiating heat to space. Thus, the radon builds up in the 

air layer close to the surface. When the temperature increases around sunrise, the air 
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starts rising causing a thicker mixing layer and hence more dilution. Consequently, the 

radon concentration in the ambient air drops. 

  

 

Figure 6-9: Variations of count rate for U/Rn (interval ΙΙΙ), thorium (interval ΙΙ) and cosmic rays (interval 

Ι) measured with the MEDUSA detector inside the tank filled with tap water. Measurements took place in 

the period of 14 to 16 July 2008. The horizontal axis represents the local time starting on 14 July 2008 at 

13h16 and ending on 16 July 2008 at 12h20. 

 

After it rained, the U/Rn CR values even drop further; no CR change is observed in 

the Th and cosmics intervals. During these measurements there was hardly any wind 

that could have caused vertical mixing. This drop therefore is likely due to a combined 

effect of radon washed out by the rain and a reduction in exhalation of radon by the wet 

soil top layer.  

To conclude the section, the background radiation was not found to be constant. 

Cosmic rays and terrestrial thorium γ-rays were found to be fairly constant over a few 

days’ measurements. Radon exhalation made variations in the CR for U γ-ray lines of 

about 15% over half a day and 60% over several days, most likely due to changes in 

radon concentrations in the surrounding air. While the thorium and cosmics did not vary 

significantly after rain, the radon CR decreased dramatically. This effect is likely due to 

a combination of wash out of airborne radon and a temporary reduction of radon 

exhalation from the soil. 

 

 

 

 



CHAPTER 6 In-field radon measurement in water: A novel approach  

 120 

6.7 Geometry effect 

In the previous section, it was shown that the background radon varies substantially 

with time on a scale of hours and depends on the weather conditions. In addition to the 

radon in air, there are background γ-rays (emitted from terrestrial radionuclides such as 

U, Th and K present in the soil underneath and around the detector and in the buildings 

in the vicinity) that could reach the detector.  

This section presents the results of investigating the optimum position for placing the 

detector in the tank for minimizing the background contribution to quasi in-situ 

measurements of radon in water using the MEDUSA-tank geometry. This task is 

achieved by inserting the detector in the tank full of water and determines the detector’s 

response at various heights from the bottom of the tank. 

The assumption made was that the background γ-rays are mainly from the sides and 

directly from underneath the tank. When filling the tank with water, the minimum 

distances traversed by the γ-rays to the detector are 51.5 cm (horizontally from the 

sides) and the detector height above the bottom of the tank (minimum vertical distance 

that depends on where the detector is positioned). 

A first estimation of the shielding factors for the K, U/Rn and Th were made using 

the distances of 51.5 cm (from the sides) and a height of 100 cm (from the bottom of the 

tank) and the mass attenuation coefficients, µρ (cm
2
 g

-1
), of water as presented in 

CHAPTER 2 (Table 2-2). The mass attenuation coefficients that correspond to K, U/Rn 

(average energy 2.0 MeV) and Th in their respective intervals were calculated (using the 

interpolation) and presented in column 3 of Table 6-13. The shielding factors for 

horizontal and vertical γ-rays were then estimated as shown in Table 6-13 (column 4 

and 5, respectively). For these estimations, the water density was assumed to be 1.0 g 

cm
-3

; no build up effects have been included.  According to the geometry used for this 

study, the horizontal distance will remain unchanged when filling the tank. Table 6-13 

also shows the estimated percent γ-rays reaching the detector horizontally and vertically, 

calculated as the reciprocal of the shielding factors. Although, the percentage of γ-rays 

reaching the detector is much higher for the sideways entering γ-rays, the ratio of the 

actual contribution will depend on the effective activities seen from the bottom and the 

side. 
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Table 6-13: Mass attenuation coefficients for various γ-ray energies and the corresponding shielding 

factors, estimated based on the interpolated attenuation coefficients for the intervals specified and water 

surrounding the detector in the tank, for horizontal and vertical γ-rays emitted from K, U/Rn and Th. The 

last two columns represent the percent γ-rays reaching the detector
17

. 

 

Radionuclide 
Eγ 

(MeV) 

Interp.  µρ  

(cm
2
 g

-1
) 

horizontal 

shielding 

factor 

vertical 

shielding 

factor 

% γ-rays reaching 

detector (sides) 

% γ-rays reaching 

detector (bottom) 

K 1.46 0.0576 19 318 5.1 0.3 

U/Rn 2.0 (av.) 0.0492 13 137 7.9 0.7 

Th 2.6 0.0430 9 74 10.9 1.4 

 

To investigate the optimum position of the detector, the tank was filled with tap 

water and the detector was placed at several heights from the bottom of the tank. At 

each height, a spectrum was accumulated for at least five hours and analyzed with the 

hybrid approach. The shielding factors were obtained by dividing the CR when the tank 

was empty by the CR when the tank was filled with water at the various heights of the 

detector. 

Table 6-14 presents the shielding factors calculated from the CRs in the various 

energy intervals. The shielding factor for the cosmic rays (interval I) increases with 

lowering the detector, which is expected, since the cosmic rays mainly come from the 

top. The Th and K γ-rays are mainly emitted from soil underneath and around the tank 

and the building in the vicinity. By lowering the detector, the horizontal γ-rays dominate 

as the height of the detector is greater than the radius. This is clear from the constant 

shielding factors of the Th and K with weighted averages of 11.5 ± 0.5 and 70 ± 40 

(associated with χR
2
 = 0.4 and 0.05), respectively, which are consistent within 

uncertainties with the estimated values (Table 6-13) for the horizontal shielding. The 

high uncertainties are possibly due to interdependences of the corrections, which were 

ignored during the manipulation of the low background count rates. It appears that the γ-

rays from K are almost totally shielded possibly because it has a relatively low energy 

in the spectrum and most likely emitted predominantly from the soil underneath the 

tank. The very low value of chi-square associated with the weighted average shielding 

factor of K is due to the very high statistical uncertainties. Similar to the Th, there is no 

significant improvement in the shielding factors for the U/Rn when changing the 

detector position. Thus, the current measurements could not show any preferable 

position for placing the detector to effectively shield γ-rays emitted by terrestrial 

radionuclides and radon in air. This is contrary to what is expected from the calculations 

                                                 
17

 The γ-rays reaching the detector were calculated as the reciprocal of the shielding factors. 
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in Table 6-13 and the discussion of Table 2-2 in which a monoenergetic pencil beam 

was assumed. The values in these tables suggest that the detector has to be lowered by 

at least 50 cm so as to reduce γ-rays coming from the top by more than 90%.  

 
Table 6-14: Shielding factors calculated by dividing the CR (cps) of each interval when the tank was 

empty by those when the tank was filled with water for the various distances (heights) of the centre of the 

detector from the bottom of the tank. Intervals II and IV were corrected for U/Rn contribution. 

Height  

(cm) 

1.3-1.6 MeV 

(IV) 

1.6-2.4 MeV  

(III) 

2.4-2.75 MeV 

(II) 

2.75 -3.0 MeV 

(I) 

100 200(400) 6.4(1.7) 10.1(1.3) 1.44(5) 

95 200(400) 6.6(1.6) 10.6(1.2) 1.59(6) 

90 200(600) 12(6) 12.7(1.8) 1.60(6) 

85 400(2000) 9(3) 12.0(1.6) 1.67(7) 

80 100(200) 10(4) 12.0(1.4) 1.81(7) 

70 60(50) 6.8(1.4) 11.5(1.2) 1.94(7) 

90 (ditto) -3000(200000) 6.9(1.9) 12.7(1.9) 1.51(6) 

85 (ditto) 200(500) 4.9(9) 12.4(1.7) 1.65(7) 

Wt. av. 70(40) 6.2(6) 11.5(5) 1.63(2) 

Red. chi-square 0.05 0.8 0.4 6.6 

 

6.8 Summary, discussion and conclusion 

A new method of measuring radon in the field using γ-ray spectrometry was 

presented in this chapter. The method is based on a MEDUSA detector inserted in a 

steel drum or in a plastic tank of volumes 210 and 1000 liters, respectively. As such, the 

radon in-water is measured in the field after grab sampling. This is, therefore, a quasi 

in-situ approach. The spectra were analyzed using a hybrid approach that combines the 

advantages of both FSA and the Windows methods. The approach, which was described 

in section 6.3, provided an analysis procedure of the γ-spectrum using wide, nuclide 

dominated windows and standard spectra for estimating continuum contributions. This 

was achieved by setting four energy intervals on the high energy part of the MEDUSA 

measured γ-ray spectrum: 1.6 – 3.0 MeV. Such settings help reduce the Compton multi-

scatter contribution, mainly present at the low energy part of the spectrum. 

The detection efficiency was calibrated using KCl salt dissolved in both the drum 

and the tank which were filled with tap water. The calibration factor was deduced from 

comparing the MEDUSA detector response with the calculated (include simulation) 

activity concentration of the 
40

K (see Eq. 6-8). The calibration factors were thus 

determined to be 0.455 ± 0.019 and 0.551 ± 0.018 for the drum and the tank geometries, 

respectively.  
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The new method was used for measuring radon in borehole water in-the-field and 

the results were compared to their counterparts measured in the laboratory using a 

HPGe detector and screw-top Marinelli beakers. The MEDUSA measured γ-spectra 

were analyzed using the hybrid approach. The results showed that the comparison 

between the MEDUSA- and the HPGe-derived radon concentrations has factors of 0.86 

± 0.03 (Bq/l)/(Bq/l) and 1.10 ± 0.03 (Bq/l)/(Bq/l)  for the drum and the tank, 

respectively. This means that for the drum the MEDUSA-derived radon concentration 

are 14% less than those derived from the HPGe whereas for the tank the concentrations 

are 10% higher than those of the HPGe. These differences are not unreasonable 

considering that we are comparing field measurements, associated with various 

systematic effects, and well controlled laboratory measurements.  

The minimum detectable activity (MDA) of the method was estimated using the 

Theewaterskloof background spectrum (measured for ~ 1.3 hrs) and found to be 0.4 

Bq/l 
222

Rn for the MEDUSA inserted in the tank and 0.6 Bq/l 
222

Rn for the MEDUSA 

inserted in the drum. It is expected that the statistical uncertainty leading to the MDA 

can be further reduced by a longer measuring time of the “background” spectrum. 

Measurements were also carried out to investigate variability of ambient background 

γ-rays and to explore the effective shielding of these γ-rays. These background 

measurements showed that the ambient background was not constant due to variability 

in radon in the surrounding air. 

In this chapter, a new method was described and calibrated. A good MDA was 

achieved and the radon in the iThemba LABS borehole was measured with an 

uncertainty of not more than 17%. From comparing the present drum and tank 

geometries, it seems that the drum geometry is practically suitable for measuring radon 

in the field more rapidly and reliably. Future work to be carried out includes the 

measurement of the background for a longer time and to test the set-up by measuring 

radon in-water in some other locations. However, the drum geometry is sensitive to 

ambient background radiation; therefore, one has to take into consideration background 

effects. 
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CHAPTER 7 SUMMARY, CONCLUSIONS AND 

OUTLOOK   

7.1 Introduction 

There is a growing interest, worldwide and in South Africa in particular, of using 

radon (
222

Rn) as a natural tracer in hydrogeological applications. As mentioned in 

CHAPTER 1, the Water Research Commission (WRC), the CSIR (South Africa) and 

the iThemba LABS have embarked on a multi-disciplinary project to look into the 

prospect of using radon as a tracer to assess the possible influence of gold-mining 

activities on the fresh water aquifers in the West Rand Basin area near Krugersdorp and 

part of the Vaal River near Orkney.  

This work emerged from the potential use of radon as a natural tracer in South 

African aquifers and rivers with specific focus on investigating the aspects of radon 

measurement methodologies within the context of the project taking into account the 

available radon measuring techniques. Therefore, the aims as stated in CHAPTER 1 

were: (1) to optimize the measurement of radon in water via γ-ray spectrometry using a 

laboratory-based hyper-pure germanium (HPGe) detector. The optimization involves 

investigating statistical and systematic uncertainties due to sampling, measurement and 

analysis; (2) to develop a model that may describe the time evolution of radon 

concentrations during aquifer sampling to help estimate some of the aquifer 

characteristics. After optimization, the HPGe method was used for carrying out 

borehole water measurements for testing the model; (3) to develop an in-field radon 

measurement technique based on a MEDUSA system that comprises a CsI(Na) 

scintillation detector. The idea behind measuring radon in-field was to avoid sending 

samples to laboratories when studying remote areas. Sending samples to laboratories is 

associated with the risk of radon loss due to radon decay and water shakeup during 

transport in addition to possible delay of laboratory results, which may be received long 

after field trip has finished. 

It was also stated in CHAPTER 1 that for hydrogeological applications of radon 

measurements, minimum detectable activity (MDA) and precision are the key 

parameters whereas accuracy is of lower priority. In this regard, an accuracy of 25% due 

to systematic uncertainties is good enough when it is compared to uncertainties in 
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geological and hydrological description of radon generation in aquifers. The 

requirements of low MDA and good precision are constrained by the preference of short 

measuring time to survey large areas with a high density of measuring points.  

Radon concentrations in groundwater are generally higher than those of surface 

water. This is partly due to the occurrence of groundwater within rock and soil 

formations that contains relatively high radium content, thus radon is generated 

continuously. In addition, radon loss (discounting radioactive decay) is minimal since 

groundwater is not in direct contact with air as compared to surface water. Radon 

concentrations measured in some of the Western Cape groundwaters are typically in the 

range from 3 to 380 Bq/l whereas water from mining areas (borehole, springs, and 

mines water) has radon concentration in the range from 1.5 to 70 Bq/l. On the other 

hand, radon flux from some mine dumps in the Witwatersrand mining area was 

estimated to be about 0.1 Bqm
-2

s
-1

 [Lindsay et al., 2004]. Although radon in air was not 

measured in this area, if one assumes an upper limit for radon in air of concentration of 

100 Bq/m
3
 (which corresponds to 0.1 Bq/liter), then surface water in equilibrium with 

this air will have a radon concentration of only 0.02 Bq/l. This latter value was 

estimated from the Oswald partition coefficient (~ 0.2) at a temperature of about 25 °C, 

see CHAPTER 2 (Table 2-3). So, even 1 Bq/liter in the water could indicate an influx 

from an on-land source. Therefore, a method that measures at a level of 1.0 Bq/l in 

surface water would be sensitive enough. Therefore, a radon concentration of 3 Bq/l 

(lower limit) in mine and groundwater may be a target for the investigated methods. 

7.2 Achievements 

7.2.1 Validation of the HPGe method 

Radon in water has been measured via γ-ray spectrometry using a HPGe detector 

situated at iThemba LABS – Cape Town and a 1.3-liter Marinelli beaker. The optimum 

results were obtained by deriving radon concentration from six γ-ray lines emitted in the 

decay of 
214

Pb and 
214

Bi, assumed to be in secular equilibrium with radon. The full-

energy peak (FEP) efficiencies were determined by using KCl salt dissolved in tap 

water and borehole water of unknown radon concentration. The procedure involved 

using the FEP efficiency of 
40

K at Eγ = 1.46 MeV to scale the six FEP efficiencies 

associated with the radon daughters and obtained from the measurement of the borehole 

water. The FEP efficiencies were validated against their counterparts simulated using 

the MCNPX code. For a measuring time of two hours and a full Marinelli beaker, a 
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Minimum Detectable Activity (MDA) of 0.2 Bq/l (3 σ) was obtained. As such, the first 

aim of optimizing the HPGe method was met. Further validation of the HPGe 

measurements is provided by the comparison to other methods as described in 

subsection 7.2.4 below. 

7.2.2 Radon for representative sampling of aquifers 

To investigate the role of radon in sampling aquifers, a borehole at iThemba LABS 

was studied over more than one year by carrying out ten pumping tests. In these 

investigations, the radon concentration was found initially increasing, as expected, with 

pumping time and eventually reaching a steady level. The time needed for the radon 

concentration to reach this level was estimated to be between the time required to pump 

out water equivalent to three to four of the borehole volumes (1.2 m
3
), which is a 

generally known practice among hydrogeologists. After pumping out about 20 borehole 

volumes, a second jump in the radon was noticed. Therefore, the time for pumping-out 

four to 20 borehole water-volumes is most likely the time window for representative 

sampling of the iThemba LABS borehole. 

7.2.3 A model for predicting time of borehole sampling 

Based on the radon measurements for pumping tests, a physical model has been 

developed, derived from an activity balance. This model reproduces the change of radon 

concentration with pumping time and predicts the time for representative sampling. The 

analysis of the data produces almost a constant steady level of (33.4 ± 0.3) Bq/l radon 

concentration for the pumping tests over a period of one year and indicates that this 

value is characteristic for the aquifer. Thus, the first aim of this thesis (to optimize the 

measurement of radon in water via γ-ray spectrometry using a laboratory-based hyper-

pure germanium (HPGe) detector) has been achieved with a sensitivity better than the 

traditional methods. By describing the radon concentrations in the pump tests by a 

simplified model, the second aim of the thesis (to develop a model that may describe the 

time evolution of radon concentrations during aquifer sampling to help estimate some of 

the aquifer characteristics) has been fulfilled. However, this model needs to be further 

developed and tested. 
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7.2.4 Radon-in-water measurements in mining areas 

Radon has been measured in two South African areas where there are gold mining 

activities. The areas are West Rand Basin near Krugersdorp, Gauteng province, and the 

Vaal River near Orkney (North West province). The focus was on assessing the 

measurement procedure including the minimum detectable activity (MDA) of the 

various techniques used. A second objective that has also been achieved was to cross-

check the various techniques as discussed in the next paragraphs. 

Five techniques have been used to measure radon in water. Three of the techniques 

are based on alpha spectrometry. These are: the Durridge RAD7 radon detector and two 

LS (liquid Scintillation) counters situated at NECSA, Pretoria, and at iThemba LABS-

Gauteng, Johannesburg, laboratories. The other two are novel methods based on γ-ray 

spectrometry using the HPGe detector discussed in subsection 7.2.1 and the MEDUSA 

detector in-situ in the Vaal River only. 

The existing techniques have the following MDAs: The RAD7 is used in the 

laboratory and in field measurements. The RAD7 MDA = 0.4 Bq/l for a sample volume 

of 0.25 l and 30 minutes measuring time. Due to low collection efficiency of the RAD7, 

the statistical uncertainties are above 70% for measuring samples of radon concentration 

≤ 2.0 Bq/l. The LSC situated at the laboratory of the iTL-G was not calibrated for 

efficiency and provided results in counts per minute (CPM) for radon extracted from 

one liter water sample. Its minimum count per minute was ~ 1 CPM; the MDA for the 

LSC (NECSA), sample volume of 0.007 l, was determined for each measurement at 

95% level and it was found to be in the range from 0.095 to 6.6 Bq/l. 

The HPGe method optimized in this work has an MDA of 0.2 Bq/l for 1.3 l sample 

volume and two hours measuring time. 

A conclusion was reached that the MEDUSA detector cannot be used for measuring 

radon in the Vaal River in-situ. This was due to the low radon concentration in the river-

water, which is probably aggravated by agitation due to turbulent water flow. 

The results showed that there is a good correlation between the RAD7 and the LSC 

(iTL-G) with a reduced chi-square value of 1.8. The RAD7 and the HPGe also showed 

good correlation with a reduced chi-square value of 2.7 and slope of 0.90 ± 0.04. The 

slightly higher chi-square value, 2.7, associated with the RAD7-HPGe correlation 

suggests that some of the measurements may be prone to systematic uncertainties that 

most likely occurred during sampling. Similar to the HPGe, the LSC (NECSA) and the 
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RAD7 have a reasonable correlation with slope of 0.80 ± 0.07 and reduced chi-square 

value of 7. This latter high value of the reduced chi-square was attributed to 

discrepancies of radon concentration in some groundwater samples from the WRB area, 

which was also noticed to have extreme disequilibrium in the U-decay series as deduced 

from the high 
234

U/
238

U ratios (>> 1) presented in Table 5-4 (CHAPTER 5, subsection 

5.5.1). 

In view of the results obtained, the LSC of iTL-G seems to have the lowest MDA, 

hence it is suitable for measuring water samples of low radon concentration. The RAD7 

represents (to our knowledge) the only available in-field method in South Africa for 

measuring radon in water. However, the low collection efficiency and the small sample 

size may set a limit on comparing water samples of low radon concentration. The 

optimized HPGe method has the advantage of high reliability and relatively low MDA 

but it remains a laboratory-based method with low sample throughput. 

The radon may also be concentrated using liquid scintillation oil and measured on a 

HPGe detector (destructive method). This method was also shown to have low MDA 

[Shizuma et al., 1998]. The iTL-G method, however, is automated and has more sample 

throughput than the destructive HPGe method. However, both methods are laboratory-

based and results may only be received after the field work is completed. 

7.2.5 A novel method for measuring radon in the field 

The third aim of this study, as mentioned in CHAPTER 1, is to develop a novel 

method for measuring radon-in-water in the field. The method comprises a MEDUSA 

detector inserted in a drum (volume ~ 210 l) or in a tank (volume ~ 1000 l) and 

analyzing the γ-ray spectra using a hybrid approach that combines the advantages of the 

full-spectrum analysis (FSA) method and the “windows” method. The hybrid analysis 

approach involves setting four energy intervals in the γ-ray spectra, each interval with a 

dominant contribution of one source of γ-radiation. Contributions of other radionuclides 

to these intervals were corrected using standard spectra simulated using the MCNPX 

code in the geometry of the MEDUSA detector inserted in a drum or in a tank. KCl salt 

in various quantities was dissolved in the tank and in the drum filled with tap water to 

determine the calibration of the MCNPX standard spectra. 

The method was used to measure radon in the iThemba LABS borehole water in the 

field and the results were validated against their respective results obtained by 

measuring subsamples, sealed in Marinelli beakers, with the HPGe detector. The field 
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and the laboratory derived radon-concentrations agreed within ±17%, which is within 

the accuracy required by hydrogeological applications of radon (25%) as discussed in 

CHAPTER 1. The MDA of the method was estimated using a background spectrum 

measured for about 1.3 hrs. The MDA was determined to be 0.4 and 0.6 Bq/l (at 2σ for 

half an hour measuring time) for the tank and the drum, respectively. These values are 

well within the requirements stated in the aim of this work for measuring both 

groundwater and mine water. The fact that this value is almost an order of magnitude 

higher than the estimated surface water concentration is not a serious limitation because 

the origin of lower radon concentrations would be disputed. In addition, the MDA 

values of the developed method are comparable to that of α-spectrometry using the 

RAD7 for in-the-field radon in water measurements. The advantage of the drum/tank 

method is that it may be more representative due to the large sample volume.  

In the case of the drum geometry, caution need to be taken in accounting for 

surrounding radon. This component was estimated to be equivalent to radon 

concentration in water in the order of 2 Bq/l from measurements at the iThemba LABS. 

7.3 Conclusions, outlook and recommendations 

The method of measuring radon by γ-ray spectrometry using a HPGe detector and 

Marinelli beakers has been optimized. The results showed that a radon concentration of 

30 Bq/l in water can be determined with good precision (5%) in a reasonable time by 

taking the weighted average of radon concentrations derived from six γ-lines associated 

with the decay of 
214

Bi and 
214

Pb in secular equilibrium with 
222

Rn. 

A model has been developed that uses the time-evolution of radon concentration in 

borehole water to indicate the pumping time required for sampling an aquifer. Given 

knowledge of the pump speed (vp) and the borehole geometry (V0), one can use the 

model to estimate the time for representative sampling from the aquifer (using a semi-

cased borehole) by measuring only C0 and C(t) at a slightly later time. 

A novel method has been developed, calibrated and tested for measuring radon in-

water quasi in-situ, using the MEDUSA detector and a large volume of water in a 

container. The method’s MDA is good enough to allow investigating aquifer 

characteristics and measuring radon in mine water. However, the method may not be 

sensitive enough to measure very low radon concentration (of the order of mBq/l) in 
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surface water. It should be noted that the method can be used in the field and it supplies 

results instantly.  

The model described in subsection 7.2.3 above was derived for the particular case of 

the iThemba LABS borehole. Therefore, the model needs to be developed and tested at 

other boreholes and aquifers.  

The hybrid analysis approach described in section 6.3 involves measuring a 

background spectrum and simulating standard spectra for 
40

K, and the nuclides from the 

Th and U decay series using the MCNPX code. The statistical uncertainties associated 

with this background spectrum, taken at Theewaterskloof, would have been decreased if 

the measurement time was longer. Thus, it is recommended that the background 

spectrum be measured for a longer time. For the traditional FSA procedure, the 

inappropriate fitting of the peaks of the measured spectra yielded high chi-square 

values. This is most likely caused by the fact that the broadening function was not 

optimized in the simulation of the standard spectra used for this work. Hence, further 

investigation of the broadening function may be needed. 

  The developed quasi in-situ method of measuring radon in water using the 

MEDUSA-drum set-up needs to be tested at several aquifers. For surveying a large area 

using this method, the following procedure is recommended: 

• We propose deploying six steel drums at pre-planned positions in the field. The 

drums can be filled with water from source of interest (ground or mine water) 

using for example a water pump. 

•  By measuring each drum for half an hour, one would expect to take three hours 

to measure the first set of drums. Each drum measured will be emptied and taken 

to another position. 

•  In this way, one can make a series of about 15 sequential measurements of 

radon-in-water in the field per day. 

 

The results of this thesis have improved the method for radon-in-water 

measurements which should be useful in future applications of radon as a tracer. 
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