
Quantifying Disequilibrium in U-Series Decay using

High-Purity Germanium Spectrometry

Thesis submitted in accordance with the requirements of the University of Liverpool for

the degree of Doctor in Philosophy

by

Sumia Abdualhadi

Oliver Lodge Laboratory

2016



Abstract

Many of the naturally occurring radioactive elements are members of radioactive de-

cay chains. These chains originate from parent nuclides with very long half-lives and end

with a stable nuclide of lead. In any natural material containing uranium which was not

disrupted, a state of secular equilibrium will occur between parent nuclide and its daugh-

ter products. However, when sedimentary deposits are formed, many geological processes

can occur which may cause isotopic fractionation of the elements resulting in a state of

disequilibrium between the parent nuclide and its daughters in the chain. This study is

aimed at the determination of the activity concentrations of radionuclides from U-series

decay and hence quantifying possible disequilibrium in 14 sediment samples selected from

four different locations. Six samples were collected from Namibia in the South Africa,

four samples were from the Cambridge Gulf in Western Australia and the four remaining

samples were from Czech Republic and South Germany regions in Europe. This work

was carried out with a novel Broad Energy Germanium (BEGe) detector inside a 50mm

thick lead shield. The BEGe detector utilises a novel point like electrode structure which

through extremely low capacitance (1pF) provides excellent an energy resolution at low

energy. This performance is far superior to conventional germanium detectors, which en-

ables a potential step change in the ability to resolve low energy peaks on a background.

Gamma-ray energy resulting in excellent spectra. Gamma-ray transitions lines ranging

from 46 keV up to 1.7 MeV associated with decay products of the 238U and 232Th decay

chains have been analysed separately to obtain more statistically significant overall results.

In the measurements of environmental samples using gamma-ray spectrometry, the main

concern is a reliable efficiency calibration. This is crucial especially for the analysis of

low-energy gamma emitters (<100 keV) such as 210Pb (46.5 keV) and 234Th (63.3 keV

and 92.6 keV). Modelled efficiency calibrations using the LabSOCS (Laboratory Sourceless

Object Calibration Software) were applied within this work. A series of validation tests

was performed and evaluated for different sample types, densities and volumes. Using



this method, an improvement can be obtained in the reliability of the derived activity

concentrations.

The sample preparation and the gamma-ray spectroscopic analysis technique are discussed

in detail. The specific activities of radionuclides from the 238U decay chain ranged from

16.8 ± 2.3 to 80 ± 5 Bq/kg for 234Th, from 14 ± 3 to 98 ± 6 Bq/kg for 226Ra, from 16.8 ±

0.6 to 116 ± 3 Bq/kg for 214Pb, from 16.6 ± 0.7 to 112 ± 3 for 214Bi and from 15.9 ± 2.6

to 114 ± 8 Bq/kg for 210Pb. Six samples were found to be in disequilibrium as a result of

an excess in 226Ra activity concentrations. The 226Ra/238U activity ratio in these samples

ranged from 1.22 ± 0.13 to 1.77 ± 0.15. Notably, these samples were collected from an

area in Namibia where leaching of radium has taken place. In the remaining samples the

results showed secular equilibrium. The activity concentrations of 228Ac ranged from 20.6

±1.0 to 60.6 ± 2.0 Bq/kg, of 212Pb from 20.0 ± 0.9 to 59.7 ± 2.5 Bq/kg and of 208Tl

from 21.1 ± 1.0 to 58.6 ± 2.4 Bq/kg, from 232Th decay chain. All results show secular

equilibrium for this decay chain.

The results obtained for the uranium and thorium concentrations some of the investi-

gated samples are consistent with mass spectrometry (ICP-MS) and other gamma-ray

spectrometry measurements.
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Chapter 1

Introduction

1.1 Background

1.1.1 Radiation sources

Naturally occurring radionuclides arising from cosmic and terrestrial sources are the main

sources of environmental radiation. Cosmic radiation reaches the Earth from interplane-

tary space and from the Sun [1, 2]. They are classified into primary cosmic rays, which

are stable charged particles and nuclei accelerated at astrophysical sources, and secondary

cosmic rays are particles produced via the interaction of the primaries with the elements

they encounter in the atmosphere [1]. The accelerated primary cosmic rays induce nuclear

reactions in the atmosphere, which may produce radioactive isotopes [3, 4, 5]. In addition,

showers of electrons and mesons are produced by these interactions [3, 4, 5]. 7Be, 22Na,

38S, 38Cl and 26Al are examples for naturally occurring radionuclides that are gamma-ray

emitters and produced by cosmic-rays [1, 6, 7]

Terrestrial gamma radiation gives rise to more than 80% of the total dose of ionising

radiation to which the population is exposed [8]. Terrestrial radionuclides can be found

as singly occurring radionuclides and nuclides that are members of the three main decay

chains (238U, 235U and 232Th). Singly occurring radionuclides decay into a stable product.

40K is an example of a singly occurring radionuclide, which decays either into 40Ca by β-

emission or into an excited state of 40Ar by electron capture. The 40Ar excited state decays
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very quickly to the ground state following the emission of a 1460 keV γ ray. The natural

radioactive decay series comprise three long chains that originate from 238U, 235U and

232Th. Uranium and thorium and their decay products are the primary sources of natural

radioactivity in the environment. These nuclides are found in most types of soil and rocks,

and their concentration in the latter is dependent on their formation process. For example,

granite contains higher concentrations of elements from the decay series radionuclides than

sandstone and limestones rocks [3, 4] due to their production in volcanic processes that

convey material from the Earth’s mantle. It is also believed to be influenced by processes

related to the pre-existing continental crust and the fractional crystallisation where crystals

are removed from magma as they form [9, 10]. For this reason, igneous rocks of granitic

composition are strongly enriched in uranium and thorium (on an average 5 ppm of U and

15 ppm of Th), compared with the Earth’s crust (average 1.8 ppm for U and 7.2 ppm for

Th), the upper continental crust (average 2.7 ppm for U and 10.5 ppm for Th) [10, 11].

The parent radionuclides in these series are primordial in origin because they are so long

lived since they still exist some 4.5 billion years after the solar system was formed [12, 4].

The main radioisotopes, half-lives and principal radiations from 238U, 232Th and 235U are

shown in Tables. 1.1, 1.2 and 1.3, respectively [13].
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Table 1.1: The Uranium series [6, 7].

Isotope Half-life Radiation Energies Yield
(MeV) (%)

238U 4.5 x 109 y α 4.19, 4.15 79, 21
γ 0.049 0.064

234Th 24.1 d β 0.199, 0.107 78, 14
γ 0.063, 0.092 3.7, 4.23

234mPa 6.7 h β 2.27 98
γ 1.001 0.84

234U 2.5 x 105 y α 4.77, 4.72 71, 28
230Th 8 x 104 y γ 4.68, 4.61 76, 23
226Ra 1600 y α 4.78, 4.60 94, 6

γ 0.186 3.6
222Rn 3.8 d α 5.49 100
218Po 3.1 m α 6.0 100
218At 1.5 s α 6.7, 6.8 89, 4
214Pb 26.8 m β 0.67, 0.72, 1.02 46, 40, 11

γ 0.352, 0.295, 0.242 36, 18, 7
214Bi 20 m β 3.27, 1.54, 1.50 19, 18, 17

γ 0.609, 1.76, 1.12 15.3, 14.9, 45
214Po 1.6 x 10−6 s α 7.68 100
210Tl 1.3 m β 1.86 24

γ 0.79 98
210Pb 22 y γ 0.046 4.25

β 0.017, 0.063 84, 16
210Bi 5.0 d γ 0.27, 0.30 51, 28

α 4.95, 4.91 55. 40
210Po 138 d α 5.3 100
206Pb stable - - -
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Table 1.2: The Thorium series [6, 7].

Isotope Half-life Radiation Energies Yield
(MeV) (%)

232Th 14 x 109 y α 4.01, 3.95 78, 22
γ 0.064 0.26

228Ra 5.8 y β 0.039, 0.025 40, 20
228Ac 6.15 h β 1.17, 2.08 30, 7

γ 0.911, 0.969, 0.338, 0.328 26, 16, 11, 3
228Th 1.9 y α 5.42, 5.34 72, 27
224Ra 3.66 d α 45.42, 5.34 95, 5

γ 0.24 4.1
220Rn 56 s α 6.29 >99
216Po 15 x 10−2 s α 6.78 100
212Pb 10.64 h β 0.331, 570 100

γ 0.239, 0.300 43.6, 3.30
212Bi 60.6 m α 6.05, 6.90 25, 10

β 2.25 55
γ 0.727 7

212Po 3 x 10−7 s α 8.78 100
γ 2.61 3

208Tl 3.1 m β 1.80, 1.29, 1.52 49, 24, 22
γ 2.614, 0.583, 0.510, 0.861 99.8, 85, 23, 13

208Pb stable - - -
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Table 1.3: The Actinium series [6, 7].

Isotope Half-life Radiation Energies Yield
(MeV) (%)

235U 7 x 108 y α 4.40, 4.36, 4.2, 4.6 58, 19, 6, 5
γ 0.185, 0.143, 0.163, 0.205 57, 11, 5, 5

231Th 25.5 h β 0.30, 0.31, 0.29 40, 32, 12
γ 0.027, 0.302 10, 2.2

231Pa 3.3 x 104 y α 5.01, 4.95, 5.03, 5.06 25, 23, 20, 11
γ 0.027, 0.29 6, 6

227Ac 21.8 y α 4.94 0.55
227Th 18.7 d α 6.04, 5.98, 5.76, 5.71 24, 24, 20, 8

γ 0.24, 0.26 13, 7
223Fr 22 m β 1.10, 1.07, 0.91 70, 15, 10

γ 0.05 34
223Ra 11.4 d α 5.72, 5.61 52, 25

γ 0.27, 0.32, 0.34 14, 4, 3
219Rn 4.0 s α 6.82, 6.55, 6.42 80, 13, 8

γ 0.271, 0.402 11, 7
215Po 1.78 x 10−3 s α 7.39 100
215At 10−5 s α 8.03 100
211Pb 36 m β 1.37 91

γ 0.40 4
211Bi 2.14 m α 6.62, 6.28 84, 16

γ 0.351 13
207Tl 4.77 m β 1.42 >99
207Pb stable - - -
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1.1.2 The concept of radioactive disequilibrium

The transformation of the long-lived primary radionuclides into stable elements involves a

complex series of radioactive decays with different half-lives and, in some cases, chemical

properties. In any geological undisturbed sample, all members are in secular equilibrium,

which means that the activity of disintegrating atoms per unit time is identical for all

members in the respective series [14]. However, if natural processes in the environment

such as mobilization of soluble elements or precipitation of minerals in an aquatic environ-

ment cause chemical fractionation between the different elements (U, Th, Ra), the decay

series are set into a state of radioactive disequilibrium [14]. This fractionation allows ra-

dionuclides in the decay series to be used as a dating tool for many geological processes.

In other words, the existence of disequilibrium in sediments is the signature of past or

still active geological processes that affect radiochemical composition of the sample and

its surroundings [15]. A comprehensive review for several types of dating using U-series

radionuclides can be found in Ivanovich and Harmon [14].

Investigation of the state of secular equilibrium in a particular environmental system

requires the quantitative identification and measurement of radionuclides from U-series and

other decay. This can be achieved using gamma-ray spectrometry to measure the intensity

of the gamma-emitting radionuclides in the decay series within a sample. Therefore, it is

essential to know the radionuclides with sizeable gamma-ray branches that can be detected

using high-resolution HPGe detectors. Table 1.4 lists the most significant gamma-emitting

radionuclides that can be detected in the uranium and thorium decay series.
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Table 1.4: The most significant gamma-ray emitting radionuclides in the natural decay
series [7].

Radionuclide Half-life γ-energies Yield
(keV) (%)

238U decay series
234Th 24.1 d 62.9, 63.3 0.02, 3.7

92.4, 92.8 2.1, 2.1
234mPa 6.7 h 766.4 0.32

1001.0 0.84
226Ra 1600 y 186.2 3.6
214Pb 26.8 m 242.0 7.3

295.2 18.4
352.0 35.6

214Bi 20 m 609.3 45.5
1120.3 14.9
1238.1 5.8
1764.5 15.3

210Pb 22 y 46.5 4.2
232Th decay series

228Ac 6.15 h 209.3 3.9
338.3 11.3
911.2 25.8
969.0 15.8

212Pb 10.6 h 238.6 43.6
300.1 3.3

212Bi 60.6 m 727.3 6.7
208Tl 3.1 m 583.2 85.0

860.6 12.5
2614.5 99.8

235U decay series
235U 7 x 108 y 185.7 57.0

143.8 11.0
163.4 5.1
205.3 5.0

231Pa 3.3 x 104 y 300.2, 302.7 2.4, 2.3
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1.1.3 Development of methods for detection of radionuclides from U-

series decay

Despite the fact that disequilibrium in U-series decay is one of the powerful tools and

chronometers of weathering processes, the improvements of analytical techniques have

been slow as a result of complications in accurately measuring U-series radionuclides [12].

U-series nuclides in geological samples have been measured using either direct or indirect

techniques over several decades. These methods include counting methods, i.e. alpha, beta

and gamma spectrometry and mass spectrometry based on, for example, thermal ioniza-

tion mass spectrometry (TIMS), inductively coupled plasma mass spectrometry (ICP-MS),

fast source mass spectrometry and accelerator mass spectrometry. Among all these meth-

ods, only gamma-ray spectrometry does not require complicated and long preparations

for the source being measured.

The Thermal Ionisation Mass Spectrometric (TIMS) measurement was initially applied

in the past decade for long-lived uranium-series nuclides [16, 17]. This technique allows

sensitive precision measurements, which have been developed for several applications in

uranium-series geochronology and geochemistry of young sediments and rocks. This led

to the invention of advanced thermal ionisation techniques such as Inductivity Coupled

Plasma Mass Spectrometry (ICP-MS), which started to be utilised by archaeologists in

the early, or mid-1990s [16, 17]. However the negative aspect of this technique is that the

processing of samples, for example, digestion of soil [18] is time-consuming and dedicated

laboratory equipment is required [17].

The Alpha spectrometric technique is a method of choice for the analysis of radioiso-

topes [19], however, it requires long processes for analysis preparations such as the sep-

aration of radionuclides [18] and has strict requirements for the source under analysis.

For instance, the source has to be thin, massless and smaller in area than the active area

of the detector [1]. The results of the analysis will be unreliable if these conditions are

not considered. This necessity for the source preparation makes the alpha spectrometry

technique time consuming for analysing environmental samples.

Marie Sklodowska Curie was the first scientist who studied the natural radioactivity
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following the discovery of this phenomenon by Becquerel in 1896 [20]. Many chemists,

geologists, and physicists then followed this study by a comprehensive research on the

natural radioactivity of rocks, minerals, natural waters, and the atmosphere. They used

different experimental methods such as photographic plate, electroscope, electrometer,

and ionization chambers [20, 21]. The Geiger-Muller tube was developed in 1908 and first

adapted for use in 1932 by Shrum and Smith [22]. In 1944, Curran and Baker developed

scintillation counters based on sensitive photomultiplier tubes. Krebs first introduced this

counter in 1941, based on a photosensitive Geiger-Muller counter [23]. This was followed by

an intensive development for scintillation materials started after the discovery of NaI(Tl)

for gamma-ray detection by Robert Hofstadter in late 1940s [24].

Mass spectrometry (MS) is another significant method for decay series measurements

and has a high degree of sensitivity. The use of this technique for measuring isotopic abun-

dances was first demonstrated in 1919 by Francis William Aston[25]. The two widely used

mass spectrometry methods for the analysis of uranium are inductively coupled plasma

mass spectrometry (ICP-MS) and isotope ratio mass spectrometry (IR-MS) [26, 27]. How-

ever, the requirements for multi-step sample preparation prior to ICP-MS experiments

make this a difficult, expensive and time consuming technique. The sample pre-treatment

procedures may decrease detection sensitivity and introduce chemical impurities. This

approach gives accurate results, but it is time consuming, lengthy and costly. Further-

more, most of the techniques considered to be very precise and accurate such as ICP-MS,

determine only parent nuclide concentrations [28, 29]. Therefore, it is difficult to examine

the equilibrium condition completely in either the 238U or 232Th decay chains. For these

reasons, it is necessary to develop a new approach for uranium determination by gamma-

ray spectrometry, which also reduces treatment and disposal costs incurred using other

techniques.

Scintillation gamma spectroscopy was one of the widely used techniques to quantify U-

series radionuclides in the 1990s [30]. Some researchers measured the high-energy gamma

rays using this technique. For example, gamma emissions from the 214Bi radionuclide

from the 238U decay series [30, 31]. Other researchers used to it to measure the geological
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uranium based on its low-energy gamma emissions from 210Pb and 226Ra [30, 32]. How-

ever, these detectors are limited by poor energy resolution and the separation of gamma

emissions in the spectra, that are often close in transition energy, is difficult or impossible.

Several researchers used a combination of different methods to quantify disequilibrium

in U-series decay. For instance, high-resolution gamma and alpha-particle spectrometry

enabled the present-day equilibrium state of the decay chains to be fully assessed [28,

29, 33]. For example, the combination of alpha and gamma spectrometry enabled the

investigation of the level of disequilibrium in U-series decay [28, 34]. The concentration

of uranium and thorium and their daughters were also determined using the combination

of inductively coupled plasma mass spectrometry (ICP-MS) and gamma-spectroscopy, for

example [29].

In several recent studies, an indirect determination for 238U from its daughters 214Bi

and 214Pb is the method of choice [35]. However, these radionuclides are controlled by

their parent 226Ra, which is in turn dependent on the gaseous radionuclide of 222Rn as

will be explained later in this thesis. In addition, this method is based on the assumption

that equilibrium is established between 238U and its daughters 214Bi and 214Pb, which has

a limitation with reporting many cases of disequilibrium in natural systems [36, 37].

The use of 234Th to determine it parent 238U was established since 1970s. For example,

some researchers used this procedure to quantify the parent of 238U from its daughter

234Th using the peak 63.3 keV [38, 39]. This was followed by using the second peak of

92.8 keV from 234Th [40, 41]. However, correction for self-absorption effects has been

a constant challenge with using these low energy gamma rays . In contrast, using this

daughter with short half-life (24.1 d) compared to the long-lived parent 238U eliminates the

inaccuracy due to disequilibrium conditions in the uranium decay series, which is achieved

quickly. Therefore, many researchers introduced different procedures to correct for this

effect [42, 43, 44]. The use of 766.4 and 1001 keV peaks from 234mPa daughter to determine

238U has also been the preferred method proposed by several researchers [45, 46, 47, 48].

Although these peaks are negligibly affected by self-absorption, a comparison was carried

out [46], showed that the results obtained with 234Th were 25 and 12 times accurate than

11



CHAPTER 1

those from 766.4 and 1001 keV, respectively. Furthermore, the overlap of 766.4 keV gamma

ray with 768.7 keV 214Bi peak (4.89%) makes it undesirable for uranium analysis [46]

Semiconductor detectors have become the method of choice for determination of nu-

clear radiation using gamma spectrometry due to short time required for measurements,

relative simplicity, lower cost and lack of complicated sample preparation. The most sig-

nificant feature of gamma spectrometry is the applicability to analyze bulk samples that

usually require little, or no, radiochemical preparation. For instance, soils and sediments

can often be directly placed into the container after only very basic preparation (e.g.

drying, sieving etc.).

One of the favourable semiconductors detectors used for measuring the environmental

samples is the high purity germanium detector (HPGe) [49]. This detector type has been

used to determine naturally occurring radioisotopes for several purposes including the

assessment of the level of radioactivity [35, 50, 51, 52] and the study of disequilibrium in

U-series decay and dating applications [28, 34, 53, 54]. The application of this technique

used for the measurement of radionuclides from U-series decay presented in this thesis.

The importance of this non-destructive technique requires extensive developments in the

methods for better performance and precision analysis.

1.2 Aims and Objectives of the Study

The precision and accuracy of measurements of natural sources of radiation depends on

the method of measurement. Development of the present technique is aimed at enhancing

this accuracy. The measurement of natural radioactivity; particularly the radioisotopes

from the natural decay series of uranium and thorium requires the analysis of environmen-

tal samples. It seeks to determine the elemental and/or activity concentrations for the

radionuclides being investigated. Thus quantifying radioactive equilibrium in these decay

chains. The following aspects are in this work are:

• The conventional procedure to determine the activity of radionuclides from the

uranium decay series is largely dependent on using reference material or standard

calibration samples; particularly when using gamma-ray spectrometry for analysis.
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These standards have to be in a similar matrix and geometry to the investigated

samples. This can be difficult to obtain for some samples under investigation. A

crucial part of the current efficiency calibration procedure is using the modelling

LabSOCS software (Laboratory Sourceless Object Calibration Software), the results

of which are validated experimentally. Using a standard Broad Energy Germanium

(BEGe) detector with a superior energy resolution at low gamma-ray energy is an-

other important aspect of the present research. This is important for low energy

gamma rays as it results in an improved peak height to background.

• In the present work the variation of the sample’s parameters; the thickness, the

diameter, the density and the chemical compositions and their influences on the

detection efficiency are discussed in detail. The conventional method of the effi-

ciency calibration using standard material is also outlined to some extent for the

purpose of validating both the detector’s characterisation and the method followed

for determination of the detection efficiency using LabSOCS software.

• In the uranium series decay, disequilibrium originates as a result of disturbing the

system by the fractionation of some of the daughter nuclei. Quantifying disequi-

librium is attained by determining the activity concentrations for the radionuclides

for which equilibrium is established quickly with the parent and those later in the

decay chain where interruption can take place. This research is intended to quantify

the first daughter radionuclide 234Th, where equilibrium is established very quickly

because of its half-life (24.1 days). This radionuclide has been previously used in

several studies. However, the present procedure will solve a difficult aspect associ-

ated with it as the gamma rays emitted are low energy. The sample self-absorption

is a challenge with such a low energy emitting nuclide.

• In the present work the decay series of 238U was found in disequilibrium in some of

the measured samples, whereas 232Th was found in equilibrium in all of them.

• Finally, a major aspect to be addressed in this study is the practical validation of the

results from the proposed methods using independent techniques, which will confirm
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the accuracy of determining the activity concentrations for radionuclides and thus

quantifying disequilibrium in uranium decay series.

1.3 Research benefits and impact

• Research into the behaviour of radionuclides is necessary to understand and predict

the migration of contaminant actinides and related species [16]. The results in the

present study can be used as a baseline for the level of radionuclides from U-series

decay in the investigated regions.

• The study of the isotopic compositions for radionuclides from U-series decay can

generate considerable information regarding radionuclide water-rock interactions and

weathering release rates. For example the alkaline earth radium, and to greater

extent the less soluble actinide thorium, are quickly removed from groundwater by

water-rock interactions, and so are strongly depleted. Both of these elements have

very long-lived isotopes, and so their isotope compositions reflect processes over a

range of time scales [14, 16]. The results in the present study can be used as a

guideline for the observation of any possible environmental processes.

• The measurement of radionuclides from U-series decay and hence quantifying pos-

sible disequilibrium can be used as a powerful tool for dating some environmental

samples. However, this research is not intended to discuss any of theses dating

methods.

The rest of this thesis is divided into five chapters. The second chapter gives a general

idea about the nuclear decays and radioactivity followed a brief discussion about the cases

of radioactive equilibrium with some examples for radioactive nuclides. The third chapter

is focusing more on gamma-ray spectrometry technique by discussing the interactions by

which gamma rays are detected in matter and giving a general idea about the detector

and its different features. It also discusses in detail the method that has been for the

system calibration. The fourth chapter presents the environmental aspects for the sample

collection and preparation and the methods that have been applied for the experimental
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measurements and the activity determinations followed by some procedures that were used

to validate the method. In the fifth chapter, the results obtained by analysing the samples

are presented and discussed. The final chapter presents the conclusion with a suggestion

of future work.
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Chapter 2

Nuclear Decays and Radioactivity

This chapter introduces the background of the radioactivity and radioactive decay. This

includes different types of radioactive decay, radioactive decay chains and radioactive

equilibrium. The radioactive decay law is also covered in this chapter with the relevant

equations for each type of radioactive equilibrium extracted from the Bateman solutions.

2.1 Radioactivity and Radioactive Decay

The study of radioactive substances has brought significant information on the structure

of the heavier elements such as uranium and thorium. For example, decay spectroscopy

has revealed that these elements are unstable and undergo spontaneous decays by the

emission of alpha- and beta-particles [55].

The radioactive decay is a random process by which an unstable parent nuclide is

transformed into a more stable daughter nucleus. In the case where the daughter nucleus

is unstable subsequent decays proceed as a chain until the line of stability is reached [55,

56, 57, 58].

There are several types of radioactive decay modes such as alpha, beta and nucleon emis-

sion and further electromagnetic de-excitations such as gamma emission and internal con-

version [1]. However only alpha, beta and gamma emissions will be discussed here.
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Alpha decay

Alpha particles symbolized with α, are composed of two protons and two neutrons and

constitute the 4He nuclide [56, 59]. There are many alpha-decaying radioisotopes that

are either naturally occurring such as 238U and 232Th or artificially synthesised such as

241Am [59]. The emission of alpha particles from initial nucleus results in the reduction

of both the mass and charge on the final product as indicated in the following schematic

decay process [59, 60].

A
ZX →A−4

Z−2 He+ α (2.1)

The difference in mass energy between the parent and daughter nuclei releases energy

in decay (the Q value) [56]. The energy released is shared between the alpha particles

and the recoil nucleus and can be calculated according to the following equation [56, 59]

Q = (mp −mD −mα)c2 = ED + Eα, (2.2)

where mp, mD and mα are the masses of the parent, daughter and alpha particle, respec-

tively, and ED and Eα are the kinetic energies of daughter and alpha particle, respectively.

More details about the alpha particles process may be found in [61, 62, 63].

Beta decay

Beta particles originate from the radioactive decay of certain neutron-rich or proton-rich

unstable nuclei [56]. The beta particle is symbolized with β and corresponds to an electron

orginating from this decay process. These particles can be either positive (positron, e+)

and result in the reduction of charge on the emitted nucleus or negative β (electron, e−),

which increases the charge on the emitted nucleus [56]. In radiation measurement, beta

particles are the most common source of fast electrons [59]. The following schematic

decay process indicates the emission of negative and positive beta particles, respectively

[1, 56, 59].
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A
ZX →A

Z+1 Y + β− + ν, (2.3)

A
ZX →A

Z−1 Y + β+ + ν, (2.4)

where X and Y the initial and final nucleus, respectively and ν and ν are the antineutrino

and neutrino, respectively.

As can be seen above, the first process involves the transformation of a neutron into

proton whereas in β+ decay the proton is transformed into neutron. There is another

process, that can take place alternatively to the emission of β+, which is called electron

capture (EC) [56].

Gamma emission

The emission of gamma radiation differs from alpha and beta decay since it is not a mode

of radioactive decay. It is an electromagnetic process by which excess energy is dissi-

pated from radionuclides in an excited state [1]. This state of excitation occurs often

after the emission of alpha or beta particles [1, 56, 59]. Gamma rays are similar to X-

rays in its nature (photons of electromagnetic radiation) however, they differ in terms of

their origin [64]. Typically, the energy of gamma rays covers the range from 0.1 up to 10

MeV [56, 57]. There are several common sources for gamma rays that are used as cali-

bration references. For example, 137Cs (0.662 MeV), 22Na (1.274 MeV), 60Co (1.173 and

1.332 MeV) and many more [1]. More discussion about gamma decay and the interaction

of gamma with matter will be detailed in later sections within this thesis.

2.2 The radioactive decay law

The radioactive decay is a statistical process and it cannot be predicted when any given

nucleus will decay [57]. The average rate of radioactive decay or activity can be expressed
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as [57]

A =
dN

dt
= −λN, (2.5)

where, N is the the number of radioactive nuclei at time t and λ is the decay constant

defined as [57]

λ =
ln(2)

t1/2
, (2.6)

where t1/2 the half-life of radioactive atom. The negative sign in Equation 2.5 indicates

that the number of radioactive nuclei decreases as a function of time. This law of decay

is applied to all radioactive nuclei but the decay constant is specified for each radionu-

clide [55, 58]. This indicates the basic assumption of radioactive decay theory, in which the

probability per unit time is constant regardless of the age of the atoms. The exponential

law of radioactive decay can be obtained by separating the variables of Equation 2.5 and

integrating [57].

N(t) = N0e
−λt, (2.7)

where N0 the number of atoms present initially at t = 0 and N is the number of atoms

remaining after a time t [55, 58]. Assuming that the activity, i.e. disintegration per unit

of time, of a radioactive product is A, equation 2.7 can be expressed in a different way as

follows

A(t) = A0e
−λt. (2.8)

It is very common to measure the half-life t1/2 to extract the decay constant (λ) for the

decay rate of a specific radioactive nuclide. The half-life is defined by the time required

for one half of the initial number of radioactive substance to decay. Thus by assuming

N = N0
2 in Eq. 2.7, the half-life is given by

t1/2 =
ln(2)

λ
=

0.693

λ
. (2.9)

The decay constant λ can also be considered in terms of the mean lifetime, which is

the sum of the lifetimes of a number of nuclei (before they have all decayed out) divided
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by the number of nuclei [16], using the following equation

τ =
1

λ
(2.10)

Thus, the mean lifetime τ can be expressed in terms of the half-life by substituting

Eq. 2.9 in Eq. 2.10.

τ =
t(1/2)

0.693
. (2.11)

The Curie, assigned by Ci, is the original unit of activity, which is equal to 3.7 x 1010

decays per second, based on the activity of 1 gram of Radium (226Ra). However, the

current standard unit is Becquerel (Bq) in honour of Henri Becquerel who discovered the

radioactivity of uranium in 1896 [1]. The prefixes kBq, MBq, GBq and TBq are often

used because Bq is a very small unit for many purposes [55, 58, 65, 66]. The rate of

radioactive decay varies even if the amounts of radioactive material are the same. For

instance, equal amounts from radium and uranium will give different radiation per unit

time [65]. There is another quantity that expresses the concentration of radioactivity

which is known as a specific activity, which measures the activity per unit mass or volume of

the transformed radioactive material. The Becquerel and Curie does not signify anything

about this quantity, therefore the specific activity is measured by Becquerel or Curie per

unit mass or volume [66]

An example of the radioactive decay law has been applied on an arbitrary radionuclide

as shown in Fig. 2.1. The value of λ is taken as 2.88 × 10−2 days−1 corresponding to the

half-life of 24 days. The curve represents the activity of the radionuclide A at any time

and the value of initial number of A is taken as 1. After interval time of several days the

amount of A decreases according to an exponential law with the time falling to half value

in 24 days.
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Figure 2.1: The exponential radioactive decay curve for a radionuclide with 24 days half-
life.

2.3 Branched decay

In some cases, the parent nuclide may decay to more than one daughter nuclide. This mode

of disintegration is named a branching decay [57, 60]. In this decay type each branching

is assigned by a characterised partial decay constant, which can be determined for each

decay, based on the half-life, by multiplying the total observed decay constant by the

fraction of parent decay corresponding to that branch [60]. For example, the radionuclide

40K, shown in Fig. 2.2, decays to two stable nuclei, 40Ar by electron capture and 40Ca by

β-emission with branching ratios of 10.7% and 89.3%, respectively [1, 7]. The observed

total decay constant is equal to 5.6 ×10−10 yr−1 based on the half-life of 1.25 ×109 yr for

40K. The partial constants are:

λEC = 0.107× 5.6× 10−10 = 5.93× 10−11 yr−1, (2.12)
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λβ = 0.893× 5.6× 10−10 = 4.95× 10−10 yr−1, (2.13)

Figure 2.2: A diagram showing the decay scheme of the 40K radionuclide (Edited
from [59]).

The decay constants for 40Ar and 40Ca are 5.93 ×10−11 yr−1 and 4.95 ×10−10 yr−1,

respectively. Accordingly, the partial half-lives of 1.17 ×1010 yr for electron capture decay

and 1.40 ×109 yr for β-emission and the total observed decay constant, λK , is equal to

the sum of the partial decay constants [1, 60] according to the equation

λk = λAr + λCa. (2.14)

2.4 Radioactive decay chains

There are many cases by which radioactive nuclei decay towards the line of stability

through a multistep decay chain [56, 57, 65, 67]. There are four naturally occurring

radioactive decay series, which are named in terms of their original parent source, Uranium

(238U), Thorium (232Th), Actinium (235U) and the artificial Neptunium (237Np). However,

the three naturally occurring (U, Th and Ac) are still in existence because of their long

half-lives while the half-life of the Np parent is 2.2 × 106 years, which is too short compared

to the age of the earth [14, 66]. There are as many as 10 - 12 successive steps in the decay

series of naturally occurring radionuclides [55, 60]. Figure. 2.3 indicates schematically the

relation between elements in these radioactive decay series [1]. In such decay chains the

evolution of the radioactive daughters and their subsequent decays is dependent on the
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growth arising from the parent decay rate as well as the decay rate of the daughters at

each step in the chain [68]. This is described later using the Bateman equations.

Figure 2.3: Scheme of multiple decay similar to the natural decay chains.

As can be seen from Fig. 2.4, Fig. 2.5 and Fig. 2.6, each radioactive decay chain is

headed by a long-lived nuclide, 238U (4.5× 109 y), 235U (7.1 × 108 y ) and 232Th (1.4 × 1010

y ) [59]. These three long-lived parents decay to the stable lead isotopes of 206Pb,207Pb

and 208Pb, respectively through a series of intermediary decay products. The half-lives of

intermediate nuclei ranges from microseconds to hundreds of years [14, 16].
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Figure 2.4: The 238U natural decay chain [1].

Figure 2.5: The 232Th natural decay chain [1].
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Figure 2.6: The 235U natural decay chain [1].

2.4.1 The Bateman equations

In the case where the daughter of a radioactive nuclide is still unstable it continues to

decay to other radioactive products until stability is reached. The evolution of a radioactive

daughter is dependent on its decay rate as well as its rate of production from the radioactive

parent [68]. The calculation of the decay rates of successive decays in a chain were first

proposed by Bateman.

The Bateman equations applicable to radioactive decay can be written for parents and

daughter products, respectively as [16].

dN

dt
= −λN, (2.15)

dNi

dt
= −λiNi + λ(i−1)N(i−1), (2.16)

where subscript (i − 1) denotes the next nuclide in the decay chain and λ is the decay

constant as mentioned previously.
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The solution of these equations leads to the expressions

N1 = N0
1 e
−λ1t, (2.17)

N2 =
λ1

λ2 − λ1
N0

1 (e−λ1t − e−λ2t) +N0
2 e
−λ2t, (2.18)

where N0
1 and N0

2 are the parent and daughter nuclei at time t = 0, respectively. The

first term on the right in Eq. 2.18 indicates the growth of N2 by decay of N1 and decay

of N2. The second term on the right reflects the contribution from any initially produced

N2 in the system [10]. This mathematical process can be extended to nth stage in the

decay. For example, if there is a series of radionuclides N1, N2, N3,., NM , NN and the

corresponding decay constants λ1,λ2, λ3,.., λM , λN , the evaluation of NN will be given as

[14].

NN = N0
1 (C1e

−λ1t + C2e
−λ2t + C3e

−λ3t + · · · ·+CMe−λM t + CNe
−λN t) (2.19)

in which the values for the coefficients will be written as

C1 =
λ1

λN − λ1
· λ2
λ2 − λ1

· λ3
λ3 − λ1

· · · · · λM
λM − λ1,

(2.20)

C2 =
λ1

λ1 − λ2
· λ2
λN − λ2

· λ3
λ3 − λ2

· · · · · λM
λM − λ2,

(2.21)

CM =
λ1

λ1 − λM
· λ2
λ2 − λM

· λ3
λ3 − λM

· · · · · λM
λN − λM ,

(2.22)

CN =
λ1

λ1 − λN
· λ2
λ2 − λN

· λ3
λ3 − λN

· · · · · λM
λM − λN .

(2.23)

At time t = 0, NN = 0 must be zero and so the value of coefficients is also required to

be zero. Thus

CN = C1 + C2 + C3 · · · ·+ CM + CN = 0. (2.24)

Using the mathematical solutions of the decay and growth of sequential decay of un-
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stable radionuclides enables us to obtain a clear idea about the concept of equilibrium

condition in a given system.

2.5 Radioactive equilibrium

Radioisotope decay equilibrium was first observed by Ernest Rutherford and Frederick

Soddy in 1902 [1]. The phenomenon of radioactive equilibrium is the state when the

members of the radioactive series decay at the same rate as they are produced [1]. Once

the state of equilibrium has attained, the system will remain in secular equilibrium if

there was not any process that occurs, leading to a fractionation of one or more of the

daughter nuclides from their parents. However, after a sufficient time, depending on the

half-lives of radionuclides, the system will return to the state equilibrium via the decay of

excess daughter or ingrowth of daughter from the activity of a parent. In this section, the

mathematical point of view of radioactive equilibrium will be considered with the three

predominant cases of the state of equilibrium. For more detail about the mathematics

governing parent-daughter abundances in a decay chain readers are directed to [1, 14].

There are three limiting cases for the decays of sequential radioactive decays involving the

term equilibrium, these being (i) secular equilibrium; (ii) transient equilibrium and (iii)

the state of no equilibrium [58, 60]. Each of these conditions is discussed in the following

sections.

2.5.1 Secular equilibrium

Secular equilibrium is dependent on the mechanism of the decay and production of ra-

dionuclides in a decay chain. If the parent has a much longer half-life than the daughter,

λP � λD, the daughter will eventually acquire the same activity as the parent in a closed

system [69]. In this situation, it is said that a secular equilibrium was established between

the two radionuclides and the activity of the daughter will decrease at the same rate as

the parent [57]. Consequently, the daughter will behave as if it had the same half-life as its

parent. In this case, secular equilibrium is likely to be established throughout the whole

decay chain, as the radionuclides in the beginning of the natural decay chains always have
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much longer half-lives than the rest. The time to reach secular equilibrium essentially de-

pends on the half-life of the daughter as illustrated below. If the activity of the daughter

is zero to begin with, it will take between approximately 7-9 half-lives of the daughter be-

fore it can be considered to be in secular equilibrium with its parent. Therefore, different

time intervals are required to establish secular equilibrium between different radionuclides.

Very short-lived radionuclides are expected to reach secular equilibrium with their parents

or grandparents faster than long-lived radionuclides, which sometimes may have either

higher or lower activity than their parent [58, 66, 69]. The decay of 238U with half-life

4.5 billion years to 234Th with half-life 24.1 days, i.e. λ238 � λ234, has been selected as

an example to explain the secular equilibrium condition in this section. According to the

radioactive decay equations, the decay of 238U is calculated using

A1 = A0
1e
−λ1t, (2.25)

where A0
1 the amount of radioactive nuclide at time t = 0 and λ1 is the decay constant

based on the half-life of 238U . However, the growth and decay of 234Th can be given as

A2 =
λ2

λ2 − λ1
A0

1(e
−λ1t − e−λ2t) +A0

2e
−λ2t, (2.26)

where A0
2 is the activity at time t = 0 and λ2 is the decay constant of 234Th. When

λ1 � λ2, N1 decays much slower than N2 and the quantity e−λ1t is much larger than

e−λ2t and Eq.2.26 can be written as follows

A2 = A0
1(e
−λ1t − e−λ2t). (2.27)

For λ1 = 0

A2 = A0
1(1− e−λ2t). (2.28)

When the time is infinite (λ2t ≈ ∞), the decay rate of parent will be equal to daughter

(A1 = A2). This is generally implied for any radioactive decay series provided that not
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Figure 2.7: Growth of a short lived daughter 234Th (24.1 d) from a much longer lived
parent 238U (4.5× 109 y) until reaching Secular Equilibrium.

one or more of the daughter products have been removed from the system by a different

process [14].

The results derived from these calculations are indicated in Fig. 2.7. As can be seen, the

build-up and establishment of secular equilibrium of 234Th from the extremely long-lived

parent 238U has been reached after about seven half-lives of 234Th.
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2.5.2 Transient Equilibrium

The state of transient equilibrium is similar to the the secular equilibrium state in which

a steady-state condition occurs between the parent and daughter nuclides. This condition

can occur if the half-life of the parent radionuclide is longer than that of the daughter but

not significantly longer, i.e., where λP 〈 λD [1]. The approximation λP = 0 cannot be

made in this condition [66]. When transient equilibrium state is established, the parente-

daughter nuclides decay at the same half-life as that of the parent nuclide but they do not

have the same activities [1].

As an example, Bateman equations have been applied on the decay of 234U with half-

life 2.5 M years to 230Th with half-life 75000 years as shown in Fig. 2.8. As can be seen, the

growth of the daughter, 230Th, after zero activity at time (t = 0) occurs and a stationary

state is reached after sufficient time, approximately three half-lives of the daughter, in

which the daughter amount is larger than the parent amount. The activities of 234U and

230Th nuclei in this condition were calculated using Eq.2.25 and Eq.2.26, respectively.

However, because the initial activities of 230Th (t = 0) is zero, Eq.2.26 can be written as

follows

A2 =
λ2

λ2 − λ1
A0

1(e
−λ1t − e−λ2t), (2.29)

30



CHAPTER 2

Figure 2.8: Growth and decay of a short lived daughter (230Th) from a slightly longer
lived parent (234U) in Transient equilibrium.

2.5.3 No Equilibrium

When the half-life of the parent nuclide is shorter than that of the daughter product,

the state of equilibrium will not be reached [57, 66]. Figure 2.9 illustrates the relation

between the radioactivities of a parent and daughter when the half-life of the daughter (8

h) is larger than that of the parent (0.8 h). As can be seen, in the state of no equilibrium,

the parent will decay away as a result of its shorter half-life, while the daughter product

builds up to a maximum and then decreases eventually. The decay of parent nuclei is

calculated from Eq.2.25 and the ingrowth of daughter is calculated from Eq.2.29.
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Figure 2.9: A logarithmic plot of the growth and decay of a longer lived daughter from
a short lived parent in case of no equilibrium. Np and Nd indicate the amount of parent
and daughter nuclei, respectively.
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Gamma-ray spectrometry

technique

For accurate qualitative and quantitative analysis of U-series radionuclides in environ-

mental samples, a variety of techniques have been applied and are constantly being de-

veloped for. However the only non-destructive technique, which requires a simple sample

preparation (drying and weighing), is gamma-ray spectrometry. This system enables the

simultaneous measurements of radionuclides from the natural decay chains [70, 71].

The technique of gamma-ray spectrometry using semiconductor detectors (partic-

ularly germanium detectors) will be discussed within this chapter. For other proce-

dures, further information may be found in several textbooks and articles, see refer-

ences [1, 27, 72, 73, 74, 75, 76, 77]. There are several types of germanium detectors available

commercially; the most important for this work is hyper-pure germanium (HPGe) detec-

tor. The subject of this chapter is to introduce the principal methods and techniques

employed to determine the activities of the radionuclides from the Uranium decay series.

It discusses the prominent elements that can effect the reliability of the calculations.

3.1 Gamma-ray interactions in matter

The identification and quantification of radionuclides in this thesis is made through the

detection and analysis of gamma-ray energy spectra using HPGe spectrometers. Gamma-
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ray spectroscopy techniques are based on the detection of the gamma-ray photon energies

originating from the decay of excited states in radioactive nuclides [27]. This emission

is a characteristic for each radioactive isotope [27]. The precise measurement of these

characteristic energies from gamma-ray spectra allows the identification of radionuclides.

The interactions of gamma-ray photons with matter give us an insight into the basic

concepts underpinning gamma-ray spectroscopy because they explain the process by which

photon energy is transferred either partially or completely to atoms. There are a number

of processes by which gamma-ray photons and matter interact. However, the most impor-

tant ones at typical gamma-ray energies for the decay series are the photoelectric effect,

Compton scattering and pair production as explained in the following sections [78, 79, 80].

3.1.1 Photoelectric effect

In this interaction a gamma-ray photon transfers all of its energy to a tightly bound

electron and completely disappears in the absorber (detector). An energetic photoelectron

from a K-shell of the atom is ejected to conserve energy [12, 79, 80]. The photoelectron

appears with an energy equal to

Ee = hν − Eb, (3.1)

where Eb is the binding energy of the electron to an atom and hν is the incident γ-ray

energy. The probability of this interaction is dependant on the gamma-ray energy, the

binding energy of the electron, and the atomic number of the atoms [81, 79, 80]. The

absorbent atom is ionized with the interaction leaving a vacancy or a hole in the bound

shell. The hole is afterwards filled up with any free electron in the medium or simply filled

by rearrangement of the electrons from other shells. The latter may result in generation

of characteristic X-rays or Auger electrons [12, 82]. This type of interaction is the most

important one for gamma-ray spectrometry because the full-energy peaks (photopeaks)

can be obtained when all the gamma-ray energy has been lost to the detector material in

a single exchange [79, 80, 82].
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3.1.2 Compton scattering

Compton scattering occurs between an incident gamma-ray photon and a weakly bound or

free electron in the absorbing material. Here the interaction differs from photoelectric effect

in such a way that the incident gamma photon loses only part of its energy and deflects

through a given angle θ (scattering angle) from its original direction [81]. This scattering

results in a free electron with energy equal to the difference between the energies of the

incident and scattered gamma-ray photon. Equation 3.2 expresses the relationship between

energy of the scattered gamma ray and the electron (Compton electron) [79, 80, 82]

Ec = hv − hv′, (3.2)

where Ec is Compton electron energy and

hν ′ =
hν

1 + α(1− cosθ)
, (3.3)

where hν and hν ′ are the energies of the incident and scattered gamma rays, respectively,

θ is the scattering angle (in the range of 0 to 180) and α = hν/m0c
2 (where m0c

2 is the

rest mass of the electron). During this process, all scattering angles from 0◦ to 180◦ are

possible in the detector resulting in a continuum of energies for the scattered photon [82].

Compton scattering is the dominant process for low-Z materials and in the energy range

of 200 keV ∼ 1.2 MeV [12, 78].

3.1.3 Pair production

This process can only take place if the gamma-ray energy exceeds twice the rest mass

energy of the electron (1.02 MeV), that is hν ≥ m0c
2 (where m0c

2 is the rest mass

of the electron). The photon energy is converted into an electron-positron pair within

the field of an atomic nucleus. During pair production, a gamma-ray photon energy hν

is converted into 2m0c
2 with any excess being translated into the kinetic energies of the

electron-positron pair [82]. This excess energy is always distributed between those partners

(electron and positron) in range of zero to the maximum of hν − 2m0c
2. The positron
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Figure 3.1: The relative important of the three major type of gamma-ray interaction [59,
81].

will thermalise and subsequently annihilate with an electron resulting in the release of two

0.511 MeV photons [82].

Figure. 3.1 indicates how the three interaction processes depend on the gamma-ray

energy. It can clearly be seen that the effect of photoelectric absorption is most important

at low energies and for high-Z materials. However, the importance of pair production rises

with gamma-ray energy [81].

3.2 Gamma-ray interactions in a Ge spectrometer

There are many features relating to the geometry of the gamma-ray spectrometer that can

influence the appearance of the gamma-ray spectrum e.g. the detector size [82]. Consider,

a beam of gamma rays of exactly the same energy, which is greater than 1022 keV incident

on a very large detector. As can be seen from Fig. 3.2, various successive Photoelectric

Absorption, Compton Scattering and Pair Production interactions are possible that will

result ultimately in the complete absorption of the gamma-ray energy resulting in a spec-

trum of the form shown in Fig. 3.2. This single gamma-ray peak signifies the full-energy

peak and represents one extreme of the influence of detector size [12, 59].

If the same conditions occur in a small detector (Fig. 3.3) where only one interaction
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Figure 3.2: Interactions of gamma rays in a large detector and the resulting spectrum.
Photoelectric, Compton and pair production interations are labeled as PE, CS and PP,
respectively.

Figure 3.3: Interactions of gamma rays in a small detector and the resulting spectrum.
Photoelectric, Compton and pair production interations are labeled as PE, CS and PP,
respectively.

can take place, only photoelectric absorption will produce a full-energy absorption. Comp-

ton scattering events will produce a background continuum depending on the scattering

angle and pair production may give rise to a double escape peak because both 511 keV

annihilation gamma rays escape the detector volume [59].

In any real detector there will be other possibilities. Multiple Compton scatters may

follow an initial scattering event before the gamma ray is lost from the detector volume. In

37



CHAPTER 3

Figure 3.4: Interactions of gamma rays in a real detector and the resulting spectrum.
Photoelectric, Compton and pair production interations are labeled as PE, CS and PP,
respectively.

these cases this will result in events which appear in the spectrum between the Compton

edge and the full-energy peak. Pair production may be followed, after annihilation of the

positron, by the loss of one or both annihilation gamma rays resulting in separate peaks in

the spectrum representing E−511 keV and E−1022 keV, respectively. These features are

shown schematically in Fig. 3.4 [59]. For more understanding, a typical spectrum for 60Co

was acquired from BEGe detector with a counting time of 600 s is also shown in Fig. 3.5.

In addition to the two characterised photopeaks, the Compton continuum created from

each of the two gammas can be seen on the spectrum. The Compton edges can also be seen

on the spectrum, however it is difficult to see the single escape (SE) and double escape

(DE) peaks from pair production interactions due to the gamma-ray energy of 1332 keV

is slightly above the threshold for pair production [59].

3.3 Gamma-ray spectrometer system

In general, there are two types of detectors that can be used for gamma-ray spectrometry;

scintillation detectors and semiconductor detectors. Semiconductor detectors have several

advantages over scintillation detectors. Although semiconductor detectors are not as effi-

cient as scintillators such as NaI(Tl) they readily detect photons and produce fast pulses
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Figure 3.5: The 60Co gamma-ray spectrum acquired from BEGe-2825 detector with the
two characterised peaks labeled.

with excellent energy resolution [59].

It is important to know the structural composition of the semiconductor material in

terms of the atomic structure of these materials. Fundamentally, there are three types of

material with respect to conductivity, insulators, conductors and semiconductors. Solids

are characterized in terms of two energy bands in which electrons may reside; the valence

band and the conduction band, which are separated by an energy difference called the

band gap. Understanding the electronic structure in terms of how these bands are filled

and the gap between them is important to understand their conductive properties. In the

valence band (lower layer) electrons are bound to specific sites and cannot easily migrate.

These materials are known as insulators and significant energy (> 5 eV) is needed to

promote electrons from the valence band to the conduction band. In insulators, all the
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Figure 3.6: Band structure for electron energies in insulators and semiconductors modified
from.

electrons fill the valence band and there is a large gap (forbidden band) between the two

bands, see Fig. 3.6. Conductors are materials such as Copper that have a partially filled

conduction band. Copper is an excellent conductor since each atom has a free electron

that moves easily between atoms in a bulk material. An electric current is produced when

the electrons are free to move through the material under the action of an external field.

Semiconductors are materials such as Germanium, where the band gap is smaller as shown

in Fig. 3.6 and less energy is required in order for electrons migrate between the two energy

bands [59].

3.3.1 Germanium and silicon crystals

Semiconductors used in detectors are typically elements that have four electrons in the

valence gap. Silicon and Germanium are tetravalent elements. In any solid substance

that is composed of silicon or germanium atoms, the two energy bands are separated by

a narrow gap. To get an electric current in semiconductor, an external energy must be

applied to make electrons migrate through the band gap into conduction band although

a number of electrons (perhaps 1 in 109) is thermally excited at room temperature. This

results in a valence-band vacancy known as a hole. An electron from a neighbouring atom

subsequently fills the hole creating in the process a new hole. Under the action of an
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Figure 3.7: N-type semicondutor.

external field, the hole appears to migrate through the crystal but of course the positively

charged atoms do not move [57].

N-type and p-type material

In the crystal, atoms are distributed in the form of identical unit cells. In silicon and

germanium crystals, each atom forms a covalent bond with four neighbouring atoms since

the outer shell that can accommodate up to eight electrons. The conduction properties

of the semiconductor can be modified by introducing new materials into the lattice. For

example, n-type semiconductors can be constructed by introducing a small dopant con-

centration of valence-5 (pentavalent) atoms, which introduces a donor electron. For this

reason they are called n-type semiconductors. Whereas, the process of of using trivalent

(valence-3) atoms introduces acceptors resulting in a p-type semiconductors. In this case

the dominant charge carriers are holes [57]. A schematic illustration of both types can be

seen in Fig. 3.7 and Fig. 3.8.

When p-type and n-type materials are put into contact with each other, the diffusion

of electrons across the junction from the n-type material into the p-type material can

take place and combine with the holes. The charge carriers are neutralized in the vicinity

of the junction, creating a region called the depletion region. Ionized fixed donor sites

are created after the diffusion of electrons from the n-type region, whereas negatively
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Figure 3.8: P-type semicondutor.

charged fixed acceptor sites are left as a result of the similar diffusion of holes from the

p-type region. An electric field is created from the space charge from the fixed sites, which

ultimately stops further migration [57]. Electron-hole pairs are created when radiation

interacts within the depletion region that flow in opposite directions. Thus, an electronic

pulse can be generated from the total number of electrons and the amplitude of this pulse

is proportional to the energy of incident radiation [57]. Hyperpure Germanium detectors

are the favoured instruments for high-energy resolution gamma-ray studies since they

were introduced in the early 1960 [81, 78, 83, 84]. The components of a Germanium

spectrometer are described below.

3.3.2 Detector and processing electronics

In order for the detector and the system components to operate, a high voltage power

supply has to be applied, which is typically about 3000 V for HPGe detector [81, 83, 84].

The bias voltage has two functions. Firstly, the increase of the electrical field magnitude

in the depletion region. Secondly, it works to increase the sensitive volume of the detector

by increasing the the dimension of the depletion region. In both cases, this results in

generating more charge carriers [57].

The next component, which is normally attached to the detector, is the preamplifier.

The function of the preamplifier is to collect the charge generated after the interaction of
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Figure 3.9: Main components of a system for gamma-ray spectroscopy.

the gamma-ray photons within the detector crystal. Also it matches the high impedance

of the detector and low impedance of coaxial cables to the amplifier [81, 83, 84, 85]. In

a modern system, the detector signal is digitized directly from the preamplifier with only

some minor preconditioning (Lynx Digital Signal Analyzer) [85]. Fig. 3.9 demonstrates a

schematic block diagram for gamma-ray spectrometry system used in this work.

The flow chart in Fig. 3.10 indicates the basic process of gamma-ray photon detection

by a germanium detector. When a radiation interaction occurs within the depletion re-

gion, electrons from the initial generate secondary electrons that are swept towards the

electrodes by the applied electric fields, which generates an electrical signal [81, 83, 84].

The height of the signal is proportional to the energy dissipated in the detector.

High-resolution gamma-spectrometry is a powerful tool for analysing low-level activity

measurements for environmental samples with different matrix compositions. This tech-

nique is widely used in such measurements due to the simplicity of technique and sample

preparation [68]. Depending on the purpose of measurements and the energy range of

interest, HPGe detectors are available in various sizes, geometries (coaxial and planar)

and etc. In this study, the activities of radionuclides in sediment samples were determined

by using an existing high-resolution gamma-ray spectrometry system. This consists of a

shielded hyper-pure germanium detector, electronic signal processing instrumentation and

digital data readout devices. The broad energy germanium detector, BEGe-2825 model,
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Figure 3.10: The flow chart for the detection of gamma rays in a Germanium spectrometer.

was chosen for two reasons. Firstly, this detector has the ability to cover a wide energy

range of 3 keV to 3 MeV [86, 87] with reasonable efficiency across the energy range of

interest in this study. Secondly, it is characterised with an excellent efficiency and high

resolution for low-energy gamma rays [86, 88]. These characteristics make the BEGe de-

tector ideal for the measurement of environmental samples that involves the analysis of

complex spectra with many low-energy transitions [68, 88]. The dimensions of this detec-

tor are displayed in Fig. 3.11 [89]. Table 3.1 lists the characteristics of this detector, which

were obtained from the manufacturer’s data sheet and Refs. [86, 89]. The BEGe detector

system used a Canberra Lynx data acquisition system with a 14-bit 80 MHz flash ADC

with an internal trigger. The digital electronics give excellent spectra with good energy

resolution with long term stability. This stability was important as measurements took

up to seven days.

3.3.3 Shielding

The measurement system for this work mounts the Germanium detector in a shielded castle

to lower the detection of the ambient gamma-ray background [79, 80]. There are many

sources from the background that can contribute to the measured spectra. Radionuclides

from the decay chains of 232Th and 238U, and 40K are the most significant sources for

background radiation because of their relatively long half-lives [59]. Another contribution
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Figure 3.11: Broad Energy Germanium Detector Dimisions [89].

Table 3.1: Specification of the system used.

Type Planar (BEGe)

Model BE2825
Manufacturer Canberra
Relative Efficiency (%) at 1332.5 keV 18
FWHM at 122 keV 0.633 keV
FWHM at 1332.5 keV 1.717 keV
Crystal type P
Diameter (cm) 6.1
Thickness (cm) 2.6
Area (cm)2 28
Window material Carbon Epoxy
Window thickness (mm) 0.6
Distance from window (mm) 5
Depletion voltage +3500V
Recommended bias +4000V

to the background radiation is cosmic radiation. In order to analyse an accurate gamma

spectrum originating from a sample, a proper shielding must be used. This is made using

high-density materials that have high atomic numbers, to maximise a high photoelectric

absorption probability and a high linear attenuation coefficient for background gamma

rays [79, 80]. Lead and steel are the materials of choice for this purpose. However, lead is

prefered because of its high atomic number (Z=82) and high density (11.35 g/cm3) [79, 80].

Moreover, backscattered gamma radiation within the shield decreases with increasing the

atomic number [90].

Figure. 3.12 shows a detector that is enclosed with a 5 cm thick cylindrical lead shield to

reduce the background radiation from various natural radiation sources. A graded shield
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Figure 3.12: BEGe detector, shielding system and cryostat.

with tin and copper layers is used to attenuate X-rays. This detector window is made

from carbon because it allows excellent transmission for very low gamma-ray energies [91].

3.3.4 Dewar and cryostat

In addition to shielding arrangements, these detectors must be cooled in order to reduce

the thermal generation of charge carriers to an acceptable level since germanium has a

relatively low band gap (0.7 eV) [59, 81]. In the absence of cooling, leakage current

induced noise causes the energy resolution of the germanium detector to deteriorate. Liq-

uid nitrogen (77 K temperature) is the commonly used liquid for this purpose although

electro-mechanical coolers are becoming standard [1, 85]. Liquid nitrogen is stored in a

dewar and a thermal contact is made with the semiconductor crystal via a copper cold

finger [59, 91, 81, 85, 83, 84] . The cryostat houses the detector crystal. Typically it is

preferable for the detector to be placed within a short distance (5mm) from the cryostat

endcap window. This is particularly necessary for the samples to be as close as possible to

the detector crystal [90]. These two parts are shown in Fig. 3.12. The Dewar, the cryostat

and the preamplifier are generally supplied with the detector.
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System calibration

The sensitivity of a detector is defined in terms of its photopeak efficiency and resolu-

tion. Generally, all detectors come with specifications from the manufacturer, which state

the detector efficiency, energy resolution and peak-to-total ratio. This chapter discusses

concepts related to the operational characteristics of a semiconductor spectrometer. It

deals with the first part of the conceptual methodology applied and the procedures fol-

lowed in this study. Energy calibration, resolution and efficiency calibration are discussed.

The typical approach for efficiency calibration based on standard or reference materials

is also highlighted though was not employed for the final efficiency and activity calcula-

tions. The calculation of detection efficiency based on the LabSOCS software (Laboratory

Sourceless Object Calibration Software) is discussed involving the parameters that influ-

ence the detection efficiency and introduce uncertainties to calculations. The validation

of these calculations is presented.
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4.1 Energy calibration

To analyse and identify unknown samples using a HPGe detector, the counting system

should be calibrated in order to convert the channel scale into an energy scale. Normally,

the gamma energy follows a linear relationship with the channel number as,

y = Bx+ C, (4.1)

where y is the energy of the source, x is the channel number and B and C are the

calibration coefficients corresponding to the gradient and intercept, respectively. The PC-

based multi-channel analyser (MCA) within the Prospect software was used to perform a

calibration to provide a linear energy scale.

The system was calibrated using a calibrated source (NPRL-604) in a Marinelli beaker

geometry. This source emits gamma rays originating from a variety of radionuclides across

a wide energy range as shown in Table 4.1. The gamma-ray spectrum obtained for the

NPRL-604 source can be seen in Appendix A (A.4.1). The energy calibration line was

also obtained from the experimental results as shown in Fig. 4.1.

Table 4.1: Decay data for radionuclides in the NPRL-604 Marinelli source used in the
energy calibration. The gamma-ray energies and channel numbers measured after the
calibration are shown to the right-hand side of the vertical line.

Radionuclide Half-life Tabulated Measured Channel number
γ-ray energy γ-ray energy

(keV) (keV)

241Am 432.6 y 59.5 59.5 230.1
109Cd 461.4 d 88.0 88.0 339.9
57Co 271.7 d 122.1 122.0 471.1
139Ce 137.6 d 165.9 165.8 639.7
51Cr 27.7 d 320.1 320.0 1233.7

113Sn 115.1 d 391.7 391.8 1510.0
85Sr 64.9 d 514.0 514.1 1981.0

137Cs 30.1 y 661.7 661.6 2549.5
88Y 106.6 d 898.0 898.0 3460.0

60Co 1925.3 d 1173.2 1173.2 4519.7
60Co 1925.3 d 1332.5 1332.3 5133.0
88Y 106.6 d 1836.1 1835.9 7072.2
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Figure 4.1: The energy calibration line for the BEGe-2825 detector. Regression coefficient
is 1.

The calibration is checked every two to three counted samples by the same source to

ensure that there are no gain drifts and that the calibration remains constant over time.

4.2 Resolution

The resolution is a measure of the full width at half maximum (FWHM) as shown in

Fig. 4.2 and is expressed in term of energy spread for a specific gamma-ray energy [59]. A

Gaussian distribution is often a good representation of the shape of a peak in a gamma-ray

spectrum. The FWHM for a Gaussian peak is related to the standard deviation σ as
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Figure 4.2: Full Width at Half Maximum [59].

FWHM = 2.35× σ. (4.2)

The resolution can be deduced by measuring the narrowness of the peaks in a spectrum.

For semiconductor spectrometers with high resolutions, such as Ge, it is possible to resolve

between adjacent peaks and therefore it is easier to discriminate between close energy

levels [81].

A plot of measured FWHM against energy is shown for the BEGe detector in Fig. 4.3(a).

It is shown that the FWHM increases from 0.5 keV at 59.5 keV to 1.9 keV at 1836.1 keV.

Compared to the manufacturer’s specification, the energy resolution is slightly improved,

which was 0.7 keV at 122.0 keV and 1.7 keV at 1332.5 keV, whereas in the present work

is 0.6 keV and 1.6 keV at 122.0 keV and 1332.5 keV, respectively.
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Figure 4.3: A plot of Full-Width Half-Maximum (FWHM) as a function of gamma-ray
energy for a Broad-Energy Ge (BEGe) detector (a) and NaI(Tl) detector (b).

It can also be seen from Fig. 4.3(a) that the full-width half-maximum across the full-

energy range up to 2 MeV for BEGe detector is less than 2 keV. Figure. 4.3(b) shows the

corresponding variation in FWHM for a NaI(Tl) scintillator detector. This comparison

indicates that the energy resolution of the BEGe detector is a factor of ∼35 times better

than the NaI(Tl) detector in Fig. 4.3(b).

The resolution of BEGe detector was also plotted against a Coaxial type germanium

detector as indicated in Fig. 4.4. It can be seen clearly that the BEGe detector has a

superior resolution especially at low energy gamma-ray, where it is increased by more

than 40%, compared to Coaxial type germanium detector, which has the same diameter
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Figure 4.4: A plot of Full-Width Half-Maximum (FWHM) as a function of gamma-ray
energy for a Broad-Energy Ge (BEGe) detector and Coaxial Ge detector of the same
diameter. The same data presented in Table. 4.2 and Table. 4.3.

of 60 mm. This makes the BEGe detector better to be used for the analysis where the

gamma-ray lines of 46 keV, 63 keV and 92 keV from the U-series decay to be used. The

spectrum of low energy gamma rays from a standard calibration source is shown in Fig. 4.5.
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Table 4.2: Data for FWHM against gamma-ray energy for BEGe detector.

γ-ray energy FWHM
(keV)

60 0.54
88 0.58

121 0.63
166 0.69
320 0.86
392 0.95
514 1.04
662 1.18
898 1.33

1173 1.52
1332 1.60

Table 4.3: Data for FWHM against gamma-ray energy for Coaxial detector.

γ-ray energy FWHM
(keV)

60 0.83
121 0.92
244 1.02
344 1.12
443 1.20
779 1.45
964 1.49

1112 1.63
1408 1.91

4.3 Efficiency calibration

The precise determination of the detector efficiency is an important issue in terms of the

reliability of the results under analysis. There are several definitions of efficiency:

• Absolute efficiency The absolute efficiency is defined as the ratio of the number

of counts detected to the number of gamma rays emitted by the source [59]

Absolute efficiency =
Nc

Ns
, (4.3)
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Figure 4.5: A plot of the IAEA-375 standard source spectrum from the Broad-Energy Ge
(BEGe) detector.

where Nc is the number of counts and Ns is the number of photons emitted by the

source.

• Relative efficiency The relative efficiency is defined relative to a 75 mm × 75 mm

sodium iodide NaI(Tl) detector detecting 1332 keV photons from a 60Co point source

of known activity at a position of 25 cm from the front of the crystal.

• Intrinsic efficiency The intrinsic efficiency is defined as the ratio of the number

of counts recorded by the detector to the number of gamma rays striking the detec-

tor [59]

Intrinsic efficiency =
Nc

Np
, (4.4)

where Nc is the number of counts and Np is the number of photons incident on the

detector.
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• Full-Energy Peak Efficiency The FEP Efficiency is the ratio of the number of

counts in full-energy peak corresponding to energy E, by the number of photons with

energy E emited by the source (F(E)).

FEP efficiency =
Np(E)

F (E)
, (4.5)

where NP (E) is the number of counts in full-energy peak corresponding to energy E and

F(E) is the number of photons with energy E emitted by the source.

Among the various types of efficiencies listed previously, we are only interested in

the Full-Energy Peak (FEP) efficiency. The efficiency calibration determines a function

describing the full-energy peak detection efficiency as a function of the γ-ray energy. The

main procedure for efficiency calibration in this thesis is based on modeling using a specific

software (LabSOCS). However the experimental determination for the detection efficiency

was also carried out using different sources and geometries in order to validate the detector

characterizations and the procedure adopted. The following sections will present and

discuss the conventional method used for efficiency calibration where the standard sources

or material that have identical chemical and physical parameters to the measured samples.

The effects that influence the detection efficiency, for example the self-absorption effect,

are also explained.

4.3.1 Experimental efficiency calibration

To produce an experimental efficiency calibration of a detector, the typical approach in-

volving a standard or reference mixed gamma source with multiple energy transitions, in

a similar geometry to the measured samples, should be used [92, 93]. These reference

materials should be traceable to well known international reference materials manufactur-

ing organization e.g. NIST and IAEA. By counting the standard source or material and

recording the net peak area from the spectrum for each nuclide, the efficiency (ε) can be

calculated using this equation
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ε(%) =
NA

T ×Aγ
× 100, (4.6)

where NA is the net peak area, T is the live time, Aγ is gamma activity, which is equal

to (source activity × gamma branching ratio). Also the source activity is calculated with

the decay equation

A = A0e
−λt, (4.7)

where A0 is the initial activity, t is the time since A0 until the time of measurement and

λ equals

λ =
ln(2)

t1/2
, (4.8)

where t1/2 is the half-life.

The measured efficiency plots for the BEGe detector have been constructed using vari-

ous standards and are shown in Fig. 4.6. These include solid samples (soil) pressed pellets,

LDP1, LDP3, UO3 and the certified material of IAEA-312 provided by the International

Atomic Energy Agency. IAEA material has similar container dimensions as the actual

samples and it contains a mixture of gamma-emitting nuclides. These produce γ-rays over

a wide range of energies (46 - 2000 keV). LD planar standards (LDP1 and LDP3) are

samples from the Lake District in 1986 shortly after the Chernobyl accident [94]. These

samples contain three gamma-ray energies of 46.5 keV from 210Pb, 604 keV from 134Cs

and 662 keV from 137Cs (P. Appleby, pers. comm). However the peak for 134Cs was not

identified since a long time has elapsed since the sources were calibrated (3rd May 1986)

compared to its half-life (t1/2 = 2.1 y). The sample of UO3 contains a 1.61 g of Uranium

trioxide that has been mixed with a 8.31 g of flour [94].

The characteristics of the standards used for experimental efficiency calibration are

given in Table. 4.4. All these standards are with cylindrical geometry but different sizes.

All the calibration measurements were made with standards placed directly on the cap of

the detector. As can be seen from Fig. 4.6, variations in sample density and dimensions
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play an important role for the efficiency mainly at lower energies (<100 keV). The effects

of these parameters on the detection efficiency will be discussed in more detail in the later

sections within this chapter.

Table 4.4: Radionuclides, activties and geometries used for comparing the experimental
detection efficiency; 1 recommended values obtained from the reference sheet for the ma-
terial(IAEA, 2000) with 95% Confidence interval of 15.7-17.4 and 81.3-101.5 for 238U and
232Th, respectively.

Standard Radionuclide Activity Dimensions
(Bq/kg) (Diameter, Thickness, Weight, Density)

LDP1 210Pb 3386 ± 61 (4.4 cm, 0.5 cm, 4.38 g, 0.58 g/cm3)
137Cs 3812 ± 111

LDP3 210Pb 3329 ± 60 (4.4 cm, 2.5 cm, 20.14 g, 0.53 g/cm3)
137Cs 3856 ± 113

UO3
238U 16656 ± 832 (4.4 cm, 0.65 cm, 9.92 g, 1.00 g/cm3)
235U 771 ± 39

IAEA-3121 238U 16.5 (6.9 cm, 2.3 cm, 77.40 g, 0.90 g/cm3)
232Th 91.4
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Figure 4.6: Experimental efficiency plots for BEGe detector from different standards (as
described in the text).

Figure 4.7: The same as Fig. 4.6 using log log scales.
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4.3.2 Self-absorption corrections and low-energy efficiency

The accurate determination of the detector efficiency at low gamma-ray energies is crucial

when investigating disequilibrium in environmental samples using gamma rays (46.5 keV

from 210Pb and 63.3 keV and 92.6 keV from 234Th) that occur in the natural decay se-

ries [38]. These low-energy gamma rays are susceptible to the effects of self-absorption

within the samples. The importance of the attenuation of photons has prompted many

researchers to measure the attenuation coefficients using different methods [95, 96, 97].

This is particularly significant in measurements of composite materials such as soil and

sediments where self-absorption corrections may vary due to density and compositional

differences between the samples and the standard materials used for calibration [98]. The

influence of gamma-ray self-absorption within a sample will impact on the efficiency cal-

ibration at low gamma-ray energy and corrections must be made. In this work a com-

putational procedure for self-absorption correction was performed utilising the LabSOCS,

which is discussed later. However, the experimental method described below was applied

only to test the influence of self-absorption.

In order to carry out transmission measurements for standard and unknown samples, a

set of four gamma-ray emitting point sources was used over an energy range of 32-121 keV.

For example to measure the transmission differences due to the lowest gamma-ray

transitions in the decay series (46.5 keV and 63.3 keV), gamma-ray lines of 32 keV, 39

keV and 59.5 keV from 137Cs, 152Eu and 241Am, respectively, were used. The point sources

were positioned at a fixed distance from the detector window (10 cm). A lead collimator

was positioned just under each source to get a nearly parallel photons beam. The sources

used and their energy transitions used for these measurements are listed in Table 4.5.

The measurements were accomplished by measuring the peak count rates due to these

sources with and without the samples placed directly on the detector. This is illustrated

schematically in Fig. 4.8. This procedure was developed initially by Los Alamos National

Laboratory [99] and is widely used.
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Figure 4.8: A schematic view of the measurement arrangment; D1 the container diameter,
D2 the detector diameter, H1 the container thickness and H2 the sample thickness. Typical
values are shown.

Table 4.5: List of sources and their gamma-ray energies used to correct for samples atten-
uation.

Source Eγ(keV)

137Cs 32
152Eu 39

121
241Am 59
133Ba 80

In general, the attenuation of γ-rays in a medium is given by

I = I0 exp(−µx), (4.9)

where I0 is the initial intensity of γ ray and I is the attenuated γ-ray intensity after

passing through a medium of thickness x, and µ is the linear attenuation coefficient of the

material [12]. The linear attenuation coefficient can be expressed in terms of the physical
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Table 4.6: Gamma-ray transitions (I/I0) for set of samples with different chemical com-
positions, densities and thickness for different photon energies.

Sample Density Eγ
(g/cm3) (keV)

32 39 59 80 121

Namibia(LV393) 1.47 0.13 ±0.02 0.27 ±0.01 0.50 ± 0.02 0.61 ± 0.02 0.69 ± 0.03
Kimberly(LV519) 1.49 0.13 ± 0.02 0.29 ± 0.01 0.52 ± 0.02 0.63 ± 0.02 0.70 ± 0.03

Czech Republic(LV390) 1.51 0.20 ± 0.02 0.32 ± 0.02 0.55 ± 0.02 0.65 ± 0.02 0.67 ± 0.03
Kimberly(LV520) 1.66 0.10 ± 0.02 0.26 ± 0.01 0.52 ± 0.02 0.65 ± 0.02 0.68 ± 0.03
Namibia(LV396) 1.81 0.09 ±0.02 0.23 ± 0.01 0.51 ± 0.02 0.61 ± 0.02 0.68 ± 0.03

density (ρ) of the medium by

µ =
µ

ρ
· ρ = µmρ, (4.10)

where µm is known as the mass attenuation coefficient, which is a constant value for

particular element or compound. The units of linear and mass attenuation coefficients

are cm−1 and cm2.g−1, respectively. The transmission of gamma-ray photons is measured

from the intensity ratios (I/I0).

The experimental results were validated by comparing with LabSOCS computed values

for the same gamma-ray photons and the same experimental setup. This is presented later

in Section. 4.4.

Table 4.6 and Fig. 4.9 show the values obtained for transmitted intensities for gamma-

ray photons for different samples with different thickness, densities and chemical compo-

sitions. As can be seen, the variations are not negligible. This emphasizes the need to use

the same matrix for the samples under measurement rather than replacing with standard

materials which may have different densities and compositions. Note that these are the

same samples to be used for the measurements described later in chapter4.
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Figure 4.9: A plot for gamma-ray transition data presented in Table 4.6.

4.3.3 Determination of the sample’s chemical compositions

In order to compute the efficiency of the detector at each gamma-ray energy using Lab-

SOCS software, the chemical composition for the measured samples has to be determined.

For this purpose the system of X-ray fluorescence (XRF), which is located in the School of

Environmental Science at the University of Liverpool was utilized. Fig. 4.11 shows this sys-

tem and containers prepared for some of measured samples. Prior to XRF measurements,

the samples were powdered finer than 50 µm using the Planetary Ball Mill Instrument

(Fig. 4.10). The description of XRF technique will not be discussed in this work, however

it has been explained in detail in several references [100, 101, 102]. The only elements
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that were entered into LabSOCS for efficiency calculations are those with a percentage

larger than 0.01 in the samples. The chemical compositions for all the measured samples

are listed in the tables below.

 

 
 

Figure 4.10: Planetary Ball Mill Instrument used to prepare the samples for XRF analysis.
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Figure 4.11: The X-ray fluorescence system and some of the analysed samples.

Table 4.7: The chemical compositions for the samples from Namibia.

Elements (%) LV393 LV395 LV396 LV398 LV523 LV524

O+C (calc) 54.29 54.66 53.25 53.36 56.19 56.00
Si 20.13 20.49 20.37 20.39 22.48 18.92
Al 2.28 2.26 2.50 2.50 1.54 2.13
P 0.03 0.04 0.05 0.05 0.05 0.04
S 0.09 0.09 0.10 0.10 0.00 0.00
Ca 16.88 16.90 15.88 15.94 17.49 19.34
Mg 2.71 2.63 2.61 2.59 2.48 3.21
Cl 0.39 0.44 0.38 0.40 0.07 0.00
Na 3.71 3.65 3.89 3.88 2.42 2.24
K 1.50 1.49 1.40 1.38 0.76 0.91
Fe 0.69 0.63 0.61 0.63 0.52 0.75
Mn 0.02 0.04 0.03 0.03 0.02 0.02
Ba 0.16 0.16 0.16 0.16 0.11 0.12
Sr 0.22 0.22 0.22 0.22 0.20 0.18
Zr 0.01 0.01 0.01 0.01 0.01 0.01

4.3.4 Efficiency calibration with LabSOCS

Standard sources with the same geometry and composition as the measured samples might

not be available for every laboratory. As a result, the development of an alternative cal-
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Table 4.8: The chemical compositions for the samples from Australia.

Elements (%) LV519 LV520 LV521 LV522

O+C (calc) 48.88 51.51 51.53 51.63
Si 32.97 39.69 39.69 39.77
Al 5.81 5.44 5.43 5.43
P 0.03 0.00 0.00 0.00
S 0.01 0.00 0.00 0.00
Ca 1.50 0.18 0.18 0.19
Mg 1.37 0.60 0.62 0.62
Cl 0.03 0.05 0.05 0.04
Na 1.00 0.07 0.06 0.06
K 1.95 0.91 0.91 0.93
Fe 4.19 1.21 1.23 1.23
Mn 0.04 0.01 0.01 0.01
Ba 0.03 0.01 0.01 0.01
Cr 0.01 0.00 0.00 0.00
V 0.01 0.00 0.00 0.00
Rb 0.01 0.00 0.00 0.00
Sr 0.01 0.00 0.00 0.00
Zn 0.01 0.00 0.00 0.00
Zr 0.03 0.01 0.01 0.01

Table 4.9: The chemical compositions for the samples from Czech Republic.

Elements (%) LV389 LV390 LV391

O+C (calc) 51.90 51.72 51.77
Si 41.54 40.81 40.89
Al 3.27 3.73 3.79
P 0.01 0.03 0.03
S 0.01 0.02 0.01
Ca 0.28 0.30 0.27
Mg 0.45 0.48 0.48
Cl 0.04 0.04 0.03
Na 0.50 0.69 0.53
K 1.30 1.32 1.32
Fe 0.85 0.99 1.03
Mn 0.02 0.02 0.02
Ba 0.03 0.02 0.03
Rb 0.01 0.01 0.01
Sr 0.01 0.01 0.01
Zr 0.02 0.02 0.02
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ibration procedure is of importance. This innovative method for constructing efficiency

curves uses Canberra Genie 2000 module LabSOCS (Laboratory Sourceless Object Cali-

bration Software). This software calculates the gamma-ray efficiency for a characterized

detector and particular geometry based on input parameters, which are provided by the

user (e.g., sample dimensions, densities, distance to detector, etc). All input parameters

for the sample and detector are stored and a report for efficiency calibration is performed

once the user runs the software.

Once the chemical compositions and physical dimensions for the measured samples

have been determined, LabSOCS has been the primary method for efficiency calcula-

tion used within this thesis. Although the detector characterizations were defined and

validated by the manufacturer, validation of LabSOCS has been performed within this

project (section 4.4) in order to ensure that the results of this analysis is reliable. The

detector manufacturer, Canberra, performed a set of measurements using test sources in

very well-defined geometries to characterize the Ge detectors response and validate the

accuracy of the mathematical calibration [103]. These characterizations allow efficiencies

to be extracted for a known sample container, sample and absorber matrix, and a specific

source-to-detector geometry using the Genie 2000 Geometry composer [103]. In the next

two sections I will discuss the effects of density, elemental compositions, sample thickness

and diameter on the detection efficiency.

4.3.5 Density and elemental composition effects

The self absorption of low gamma-ray energies varies as a function of the physical and

chemical properties of the sample. To show the effects of density and composition on de-

tection efficiency, the full-energy peak efficiencies were modelled using LabSOCS software

for the characterized BEGe-2825 detector for some different environmental samples. Two

of the measured samples are presented here to show the effects of density variation on

the detection efficiency. The actual density for these samples was calculated using the

total weight of each sample (without the container). The variation of the density of each

sample was within the range of the actual density for all the measured samples. The aim
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of the hypothetical variation in the sample density in LabSOCS input was to examine the

influence of the sample density on the detection efficiency. As can be seen from Fig. 4.12

and Fig. 4.13, the absorption of low-energy gamma rays (<100 keV) is greater for higher

densities of material leading to a lower detection efficiency over this range. It can be

shown also that a variation in the sample density by an interval of 0.13 g/cm3 can vary

the efficiency by up to 3% at low-energy gamma rays (<100 keV). However, this decreases

for the intermediate gamma-ray energies (>200 keV) to less than 1.5% depending on the

sample chemical compositions.

Figure 4.12: Modelled efficiencies for one of the realistic samples (LV396) with varied
density and constant thickness and chemical compositions.
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Figure 4.13: Modelled efficiencies for one of the realistic samples (LV389) with varied
density and constant thickness and chemical compositions..

For the investigations of the influence of composition effects, a container similar to the

measured sample’s geometry, with a diameter of 69.1 mm and a height of 14.6 mm was

used. This container was filled with the actual samples compared with different material

labelled as Dirt1, Dirt2 and Drydirt (Fig. 4.14 and Fig. 4.15). These material are soil type

stored as default in LabSOCS software and their chemical compositions are described in

Table 4.10.
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Table 4.10: Chemical compositions (%) for LabSOCS default material used in Fig. ?? and
Fig. 4.14.

Material Chemical elements ( %)

Dirt1 H 2.20
O 57.50
Al 8.50
Si 26.20
Fe 5.60

Dirt2 H 1.10
O 55.80
Al 7.20
Si 31.10
C 1.20

Drydirt H 0.36
O 49.62
Al 7.10
Si 27.38
Fe 4.04
C 2.14
Na 0.84
Mg 1.60
K 2.37
Ca 4.21
Ti 0.34

The presence of Calcium and other elements (Mg and Fe) has a strong effect especially

on the attenuation of lower-energy gamma rays. This can be seen from the plots of the

detection efficiency variation with the chemical compositions for two of the actual samples

(LV396 and LV389) which are indicated in Fig. 4.14 and Fig. 4.15. These show the effects

of the variation in chemical composition in the energy range of <150 keV. As can be seen

from the plots, the efficiency is mostly influenced by the variation in the sample chemical

compositions at low energy gamma rays (<100 keV) and in Fig. 4.14 the presence of heavier

elements in the samples (Dirt1 and Drydirt) decreased the detection efficiency at 46 keV

and 63 keV gamma rays by about 9% relative to the material of Dirt2. A similar picture is

shown in Fig. 4.15. Therefore, performing the efficiency calibration for the measurements

of environmental samples requires the chemical compositions for the measured samples to

be known.
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Figure 4.14: Modelled efficiencies with varied chemical compositions and constant thick-
ness and density compared with LV396 sample (Table. 4.6), which is used for measurements
in the present work.
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Figure 4.15: Modelled efficiencies with varied chemical compositions and constant thick-
ness and density compared with LV389 sample, which is used for measurements in the
present work..
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Figure 4.16: Varying the efficiency with the sample thickness in the energy range from 46
-1000 keV.

4.3.6 Thickness and diameter effects

Variations in sample thickness also have a significant influence and can contribute to

uncertainty in the detection efficiency. To investigate the effect of this parameter, the

full-energy peak efficiencies were modelled using LabSOCS software for a geometry by

varying the sample height in 1 mm intervals. This geometry includes a realistic sample in

a plastic container of 69.1 mm diameter and 1.05 g.cm−3 density. Fig. 4.16 shows up the

efficiency plots for varying the efficiency with the sample thickness in the energy range

from 46 -1000 keV.

Repeated measurements for the actual sample thicknesses (6 readings) have been taken
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to deduce the mean and standard deviation for each sample and subsequently the uncer-

tainties on the detection efficiency. The LabSOCS software was used to produced efficiency

calibrations using the mean thickness and the thicknesses corresponding to the upper and

lower uncertainty values about the mean. These calculations provide an estimate of the

uncertainty in detection efficiency as a function of gamma-ray energy. Table 4.11 indicates

some of the sample’s thicknesses and the parameters used to determine the uncertanties

on the detection efficiency. Using this procedure, the efficiency uvariation on low-energy

gamma rays (<100 keV) due to sample thickness variations was around 7% and decreased

for the intermediate energy gamma rays (5%) and less for higher gamma-ray energies.

Figure. 4.17 shows the efficiency plots for one of the measured samples (LV396) for each

thickness value.

Table 4.11: Parameters in bold entered to LabSOCS for uncertainty estimates.

Sample LV393 LV395 LV396 LV398

Thickness (cm) 1.34 1.375 1.42 1.27
1.44 1.15 1.26 1.58
1.62 1.47 1.59 1.18
1.25 1.26 1.15 1.41
1.42 1.31 1.09 1.28

Average 1.45 1.29 1.32 1.31
STD 0.16 0.11 0.17 0.16
Average + STD 1.61 1.41 1.50 1.47
Average - STD 1.30 1.19 1.13 1.15

Although the diameter can be determined more accurately compared with the sam-

ple’s height, the effects of the sample diameter were also investigated following the same

procedure described above. As can be seen from Fig. 4.18, there is less than 3% variation

for the detection efficiency of low-energy gamma rays as a function of the sample diameter

whereas, negligible differences can be seen on intermediate and high gamma-ray energies.

This indicates that the sample diameter is less influential on the efficiency uncertainty

than other parameters.

Using LabSOCS modelled efficiencies provides a very promising approach for the mea-

surement of environmental samples such as sediments originating from different envi-
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Figure 4.17: Varying the efficiency with the sample thickness in the energy range from 46
- 300 keV for LV396 sample.

ronments and different sources with variable compositions and densities. Moreover, the

amount of sample available sometimes varies even within a single core, depending on core

section length, water content or previous consumption of part of the sample for different

analyses. The lack of standard sources that have similar physical parameters and chemical

compositions to the measured samples can also be a challenge to perform specific analysis

in the absence of this software.

In general, the uncertainty in the efficiency calculation is given in the LabSOCS Val-

idation and Verification Manual based on comparison of a number of tests with different

geometries [104]. The recommended values are given in [103]. The results obtained in
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Figure 4.18: Varying the efficiency with the sample diameter in the energy range from 46
-1000 keV.

this work by varying the physical properties and chemical compositions for the measured

samples were within the range of the recommended values and used for all the activity

calculations. As an example Figure. 4.19 shows the efficiency plots for two of the measured

samples as indicated.

Table 4.12: Recommended uncertainties for LabSOCS efficiencies [103].

Energy range Rel. Std. Dev
(keV) %

< 150 7.1
150-400 6.0
400-7000 4.3
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Figure 4.19: Modelled efficiency plots for two of the measured sample.

4.4 Validation of LabSOCS

The accuracy of the calibration method using LabSOCS software has been validated by

other users using a variety of methods. Several procedures and data comparison tests have

been proposed [103] by which LabSOCS proved to be consistent and better than source-

based methods. To validate the present results obtained for the detection efficiency from

the LabSOCS software and test how they are consistent with the experimental results,

two measurements were carried out. The first one is based on comparing the modelled

and experimental efficiency for the LDP1 standard described in Table 4.4. The second

one was done by transmission experiments based on different point sources with a range
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Figure 4.20: Measured and model efficiency data points from 210Pb and 137Cs from the
calibrated source LDP1.

of gamma-ray energies of 32 to 121 keV (see Table 4.5). These sources were placed on a

fixed distance from the detector using the actual samples as absorbers in the experiment

arrangements.

Figure. 4.20 and Table 4.13 present the modelled and measured efficiency values for the

two radionuclides of 210Pb and 137Cs, where a good agreement can be seen between the

two efficiency values for both low and high energies.

Fig. 4.20 shows a plot for the efficiency results in Table 4.13. The error values applied

on the modelled efficiency were deduced from the results above (7% for 46.5 keV and 4%

for 661.7 keV).
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Figure 4.21: A comparison between experimental attenuation measurements normalised
to modelled results for LV389 sample; the presented errors are due to the experimental
results.

The transmission experiment was carried out using the point sources indicated in Ta-

ble. 4.5. This includes placing each point source at a fixed distance of 10 cm from the

Table 4.13: Modelled and measured efficiency for 46.5 keV and 662 keV gamma energies
from LDP1 standard source described in Table 4.4. Uncertainty on the model is based on
the variation results discussed above.

Eγ Experimental Model
(keV)

46.5 0.168 ±0.013 0.166±0.012
661.7 0.028 ± 0.001 0.025± 0.001
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Figure 4.22: A comparison between experimental attenuation measurements normalised
to modelled results for LV519 sample; the presented errors are due to the experimental
results.

detector cap and measuring the transmission with and without the actual samples (as

an absorber). These measurements were then performed with the same settings with

LabSOCS software. Fig. 4.21 and Fig. 4.22 demonstrate that there is a good agreement

between the experimental and modelled results within the uncertainty.

The comparison of the detection efficiency calculated using LabSOCS to the source

base method was also performed by other researchers. Figure. 4.23, for example shows the

efficiency curves from their work generated for sources with identical chemical compositions

and different thicknesses. As can be seen from Fig. 4.23, the efficiency curves obtained from
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Figure 4.23: Modelled efficiency data points for standard material with different thick-
nesses (d1=10.04 cm, d2=10.22 cm and d3=11.25 cm) compared to measured effieincy
(source base efficiency) [105].

the LabSOCS and the source base shows that all the data points approximately agreed

with +96.3% confidence intervals relative to the source height of 10.22 cm (d2) [105].
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4.5 Conclusion

Although the uncertainties for the efficiency calibrations can be high for low energies, the

modelled efficiency calibration using LabSOCS has the advantage of greater freedom in

modelling the efficiency for samples of varied matrices and geometries. This method is

better than conventional procedures based on source calibrations even with the availability

of carefully manufactured sources [103].

The series of measurements performed during the LabSOCS validation showed that

the mathematical procedure is accurate and can be adapted for efficiency calibration for

samples with different matrices and geometries. This can be seen clearly from the results

obtained with the validation test for the actual samples and the small volumetric standards

containing 137Cs and 210Pb radionuclides, where the measured values are in an excellent

agreement with the modelled values. To conclude, the errors associated with the detection

efficiency are up to 7% for low-energy gamma rays from all the parameters. However, these

errors decrease with increasing gamma-ray energies to as low as only 3%. These are the

values that will be assigned to the efficiency element used for calculating the radionuclides

activities within this work.
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Environmental aspects and

activity determinations

5.1 Sample collection and preparation

In order to identify radioactive disequilibrium in uranium-series decay, geological samples

should be measured. For this purpose, samples from the following locations were selected:

the Cambridge Gulf in Western Australia, the Etosha Pan in Namibia (South Africa), the

Martinick Potok in the Czech Republic (Central Europe) and South Germany. Fourteen

samples in total were analysed in these measurements. Four of these samples originate

from river deposits from Northwest Australia (Cambridge Gulf region) (Fig. 5.1). This

site is characterised by tropical climate with high temperatures and pronounced wet and

dry seasons. Six samples originate from the Etosha Pan and shoreline deposits, which

are dry lakes, situated in Namibia, in South-Western Africa (Fig. 5.2). Three samples

were collected from the Czech Republic in central Europe and one from South Germany

(Fig. 5.3). Each sample from the mentioned sites was collected from a single location.

The details and geographical areas of the samples are listed in a table in Appendix A

(Table. A.1). The reason for selecting theses sites is to investigate potential climate change.

Samples from Namibia, for examples have been studied by other researchers to investigate

the link between lake-level change and records of late Pleistocene and Holocene climate
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change [106].

Sample preparation was carried out by placing each sample in an oven for drying

at a temperature of 105 0C until a constant weight was reached, thus ensuring complete

removal of any residual moisture. The samples were packed in containers with a cylindrical

geometry with 6.9 cm diameter and varied height. Containers were then sealed with an

electrical tape after spreading a small amount of silicon grease around the top edge of

the container to prevent the escape of radon. The container then labeled with the weight

and ID code of the sample and stored for at least one month prior to measurements in

order to attain radioactive secular equilibrium between 226Ra and its short-lived progeny

(> 7 half-lives of 222Rn). Fig. 5.4 illustrates an example for one of the prepared samples

(LV398). Care must be taken in the sample preparation in terms of the sealing procedure

in order to obtain accurate results (particularly for 226Ra). One must ensure that 222Rn,

the gaseous daughter of 226Ra does not escape from the container. Any migration of 222Rn

gas will lead to spurious results since the 214Bi and 214Pb daughters will be in a state of

disequilibrium [31]. Based on this work it is expected that the Namibia samples may not

be in secular equilibrium. These samples are discussed in more detail in chapter6. The

samples from the Czech Republic, South Germany and Northwest Australia are expected

to be in secular equilibrium.

5.2 Calculation of the minimum detectable level

Evaluating the detection limit of an analytical system is the first step in data analysis.

If low counting statistics have been recorded from low-level gamma-ray measurements, it

is difficult to decide they are significant. The Minimum Detectable Activity (MDA) is

the level of activity may be detected with a specified confidence level [81]. There are two

limits that are significant to be introduced for the activity measurements. The critical

limit (Lc) which is defined as the count above which we can state, with a certain level of

confidence, that the net counts measured from the sample is significant and not consistent

with zero and can be obtained in terms of the standard deviation in the background (σB)

by the equation [81].
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Sampling location  

Australia 

Figure 5.1: The locations of the four samples of LV519, LV520, LV521 and LV522 on the
map of Australia. This map was created using Google Earth.

	
  

Etosha Pan 

Sampling location 

Figure 5.2: The locations of six samples that were found in disequilibrium on the map of
Namibia in South Africa. This map was created using Google Earth.
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Sampling 
location for 
LV389, LV390 
and LV391 

Sampling 
location for 
Nussi 

Figure 5.3: The locations of four samples of LV389, LV390, LV391 and Nussi on the map
of Czech Republic and south Germany in Europe. This map was created using Google
Earth.

 

Figure 5.4: A prepared sample filling in a cylindrical container and sealed.

Lc(cps) = 2.33σB (5.1)

The second limit that it is necessary to determine is the detection limit (LD), which

is defined as the expected net count from the sample at which we can state with a certain

level of confidence, that we will record as a significant count, i.e. a count above the critical

limit. The detection limit for a measurement of a sample can be obtained by [59, 81, 107]
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LD(counts) = 2.71 + 4.65σB (5.2)

These two limits are with a confidence level of 95 % by means of the statistical definition

and with recording these two limits from the spectrum for the radionuclides of interest,

the MDA can be determined by

MDA(Bq) =
LD
tBε

(5.3)

where LD is the detection limit, t is the counting time for the collected spectrum, B is

gamma-ray branching ratio and ε is the gamma-ray detector efficiency. The minimum

detectable activity is units of Becquerels (Bq) [81].

The detection limit of the gamma-ray spectrometry system was determined from the

background measurement by counting some of the measured samples with a counting time

of one week (604800 s). Table 5.1 represents the Minimum Detectable Activities calculated

(in Bq) for the radionuclides of importance from 238U and 232Th decay chains that were

identified in the sample of LV389.

Table 5.1: MDA (Bq) of radionuclides in based on one of the analysed samples (LV389)
for a counting time of one week (604800 s).

Radionuclide Energy Critical level Detection limit Minimum detectable
(keV) (Lc) (counts) (Ld) (counts) activity (MDA) (Bq)

234Th 63.3 30.6 ± 1.2 63.7 ± 7.9 0.03
226Ra 186.2 17.5 ± 0.6 37.5 ± 7.6 0.02
214Pb 351.9 50.2 ± 0.3 102.9 ± 7.5 0.01
212Pb 238.6 36.8 ± 0.2 76.1 ± 7.4 0.01
208Tl 583.2 59.5 ± 0.5 121.4 ± 7.6 0.03

It should be noted that all the parts of the system are standard components bought for

use in a general laboratory. From these MDA values it can be concluded that the system

is capable of detecting low activity values.
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5.3 Background subtraction and nuclides identification

Gamma-ray backgrounds in spectra originate from many components. For instance, ra-

dionuclides in the detector materials, radionuclides in the environment and radionuclides

in the atmosphere can be significant sources of background [59]. Although lead shielding

can isolate some of the level of background, the interaction of radiation within the lead

shielding itself can give rise to the background due to radioactive contaminants in lead [12].

Once the system has been calibrated, it should be counted without any source in the de-

tector and the recorded spectrum should be analysed in order to subtract the background

counts from the actual samples to obtain the net counts for the radionuclides of interest.

An example of a background spectrum from the BEGe detector and radionuclides identi-

fied is shown in Fig. 5.5. The environmental samples were placed directly on the endcap

of the detector and counted. The duration of measurements of different samples varied

according to the strength of the sources; in each case a background spectrum was collected

for the same duration. The spectra observed from background and sample measurement

were acquired via the prospect software associated with the system. The spectra analysed

in order to identify the radionuclides for each gamma-ray energy and their intensities to

be used in further calculations.
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Figure 5.5: A background spectrum from BEGe detector for a time of 257697.6 s. The
gamma-ray energies from uranium and thorium identified are labeled.

5.4 Photopeak determination

Radionuclides were identified by visual inspection of the photopeaks in a calibrated spec-

trum and comparisons of gamma-ray energies with the Table of Isotopes. The software

provided with this detector can give the area for the peak and its associated uncertainty by

selecting the region of interest. However, analysing environmental samples using gamma-

ray spectrometry there are often situations where two adjacent peaks overlap to some

extent even with high resolution detectors. In such situations, the lines are so close to-

gether that cannot be resolved and so the analyst cannot be sure how many peaks are

present under this region. However, overlapping peaks may be identified by measuring

the FWHM values and comparing with measurements of well resolved peaks. The soft-

ware associated with the present detector, Prospect, does not identify multiple peaks at

a single region of interest for some of gamma-ray lines. For example the peak of 92.6
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Figure 5.6: Example of fitting the 92-93 keV energy region using Gf3 software. Left panel:
typical spectrum before fitting. Right panel: the same spectrum showing fitted peak
shapes. Numbers are labels of fits.

keV from 234Th overlaps with other photopeaks from members of the three natural decay

series including X-rays (214Bi, Kβ1 at 89.8 keV (0.21%) and Kβ1 at 92.3 keV (0.08%),

219Rn, Kβ1 at 89.8 keV (0.21%) and Kβ2 at 92.3 keV (0.08%) and 228Ac Kα1 at 93.3 keV

(3.1%)) [7, 38, 96, 108, 109]. This interference makes the peak of 92.6 keV less reliable

than 63.3 keV peak for decay series measurements. For this reason another fitting pro-

gram, GF3, was used to resolve this problem and identify the peak areas for convoluted

peaks. This is a least-squares peak-fitting program, which is designed mainly to be used

in analyzing gamma-ray spectra from Germanium detectors [110]

As can be seen from Fig. 5.6, this software can fit complex peak shapes and attribute

energies and intensities to the components that contribute to the overall lineshape. Using

this program has enabled us to resolve the 92.6 keV gamma-ray peak for 234Th from the

overlapping X-rays and has improved the agreement between the results for the two peaks

of 63.3 keV and 92.6 keV from 234Th.
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5.5 Activity calculations

Once the radionuclides have been identified and the efficiency of the detector has been

accurately established, calculations of the specific activity is the final step in nuclide

analysis. The net area of the peak, the efficiency of the detector, the sample mass and

the branching ratio of the source are directly related to the specific activity (in Bq·kg1)

as shown in the following

A =
N

tεBm
(5.4)

where N is net area of the photopeak, t is the counting time of measurements (s), m is

the mass of the sample (kg), ε is the counting efficiency at a specific energy and B is

the gamma-ray transition probability [81]. If there is more than one peak for the same

radioisotope, then the peak activities are averaged and weighted according to their relative

uncertainties. Let us consider a radionuclide with two peaks that have activities A1 and

A2, and the uncertainties associated with them are u1 and u2. The weighted activities

thus can be calculated as

Weighted activity =
(A1wi1 +A2wi2)

(wi1 + wi2)
, (5.5)

where wi1 and wi2 are the weights on A1 and A2, respectively, which can be calculated by

wi =
1

(u)2
(5.6)

The total weighted uncertainty then was calculated as

Weighted error =
1√

(wi1 + wi2)
(5.7)

5.6 Uncertainty calculation

In any quantitative radioisotope analysis, the overall uncertainty of an analytical result

depends on the combination of errors [59] introduced mainly by the measurement of peak
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and background intensities, the efficiency calibration and the corrections for matrix effects.

For example, the uncertainty expressed on a quantity of X, which is a function of other

independent quantities Y1, Y2,......Yn can be calculated with the rules of error propagation

as expressed in the equation below

(
σ(X)

X

)2

=

(
σ(Y1)

Y1

)2

+

(
σ(Y2)

Y2

)2

+ .............+

(
σ(Yn)

Yn

)2

(5.8)

The combined uncertainty in these measurements can be grouped in two main cate-

gories. First, errors are generated by small changes in the initial conditions and affect

the precision. For example, the repeated measurements of the peak area for a gamma-ray

transition will produce a spread of results about the mean value. Second, errors affect the

accuracy of a measurement and could arise from different sources including, uncertainty

of efficiency, uncertainty of nuclide decay parameters. The uncertainty of nuclide decay

emissions were not negligible especially for low-energy gamma rays from 234Th nuclide as

can be seen from Table 5.2.

The total uncertainty, (σtot), of the calculated activity values (A) is estimated by the

following formula

σtot = A
√

(σ1
2 + σ2

2 + σ3
2), (5.9)

where σ1 is the uncertainty on the net counts estimated from the errors on the peak inten-

sity from the sample and subtracted background, σ2 is the uncertainty on the efficiency

including the physical parameters of the investigated sample, for example the density,

thickness and chemical compositions and σ3 is the uncertainty on gamma-ray emissions.

5.7 Determination of 238U and 232Th

Evaluation of radionuclides arising from natural sources can provide detailed information

for understanding different issues in environmental sciences. Many radionuclides were

present in the observed spectra from the measured samples. The significant radionuclides

identified in the spectra were used for identifying disequilibrium in the 238U and 232Th
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Table 5.2: Gamma-ray energy from uranium and thourium decay series and associated
uncertainty on their gamma-ray emissions [7].

Radionuclide Eγ Error on branches
(keV) (%)

Radionuclides from 238U .
234Th 63.3 10.8

92.6 7.1
226Ra 186.2 1.1
214Pb 295.2 0.2

351.9 0.2
214Bi 609.3 0.3

1120.2 0.2
1764.4 0.2

210Pb 46.5 0.9

Radionuclides from 232Th
228Ac 338.3 0.02

911.2 0.01
212Pb 238.6 0.01
208Tl 583.2 0.003

decay series. The gamma-ray energies and decay branching to check the identification were

obtained from The National Nuclear Data Centre evaluation [7] and other nuclear data [41,

111]. Table 5.3 indicates gamma-ray energies and intensities for the most significant

radionuclides from 238U and 232Th decay chains, which were used to obtain the activity

concentrations of these nuclei and their daughters.

Since the 238U nuclide emits a weak gamma-ray line (0.064 %) at 49.55 keV [7], which

cannot be detected using gamma-spectrometry techniques [112], the activity of 238U was

estimated from gamma-ray emissions of its immediate daughter 234Th at (63.3 and 92.6

keV). This is possible since a secular equilibrium is established between them in a short

time because the half-life of the 234Th daughter is 24.1 days [14, 59]. There are other

contributions to the gamma-ray line of 63.3 keV from 234Th, 63.9 keV (0.023%) from 231Th

and 63.8 keV (0.263%) from 232Th but they were ignored due to the weak probabilities of

the corresponding energy [95, 96, 113]

The granddaughter of 226Ra was identified by its 186.2 keV gamma-ray emission after

taking into account the interference with 185 keV gamma ray originating from 235U.The
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Table 5.3: Gamma-ray energies and associated emission probability per decay used for
activity concentration determination; 1 The emission probability is the sum of the double
gamma-ray at 62.9 keV and 63.3 keV (0.016, 3.7), 2 the emission probability is the sum of
the double gamma-ray at 92.4 keV and 92.8 keV (2.13, 2.10), 3 the gamma-ray emissions
corrected for the fraction of beta emission to 212Po nuclide (64.1%).

Radionuclide Eγ Emission probability
(keV) (%)

Radionuclides from 238U .
234Th 63.3 3.721

92.6 4.232
226Ra 186.2 3.64
214Pb 295.2 18.42

351.9 35.60
214Bi 609.3 45.49

1120.2 14.92
1764.4 15.30

210Pb 46.5 4.25

Radionuclides from 232Th
228Ac 338.3 11.27

911.2 25.80
212Pb 238.6 43.60
208Tl 583.2 30.63

correction procedure is discussed later in Section 5.8.

The nuclides 214Pb and 214Bi are recommended for quantifying 226Ra by many au-

thors [10, 114, 115] and therefore they were estimated via their gamma-ray emissions

indicated previously, and to quantify the state of disequilibrium in this chain. These two

radionuclides are the most intense emissions in the spectra and because of their short

half-lives, equilibrium is soon established. These radionuclides reach secular equilibrium

with their parent 226Ra within one month in a closed system. The most intensive lines

for 214Pb are 351.9 keV, 295.2 keV and 242 keV, however, the 242 keV gamma ray will

not be considered here because it contaminated by the gamma-ray emission of other nu-

clides [116]. There is another gamma-ray emission at 351.1 keV from 211Bi, from 235U.

However, this overlaps negligibly since the activity of 235U is low in the measured samples.

Gamma-ray lines of 609 keV, 1120 keV and 1764 keV were used to determine the activity

214Bi. The lines of 609 keV and 1120 keV have been found to suffer from coincidence

summing in other studies as indicated in ref [116]. However, in this work the effect of
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coincidence summing was found to be less than 2% (see Section. 5.9).

Gamma-ray energy peaks arising from 235U at 143.8 keV (11%), 163.4 keV (5%) and

205.3 keV (5%) were not detected in the spectra, however, there is a peak at 185.7 keV

from this isotope, which is very close in energy to the 186.2 keV transition of 226Ra from

238U. Therefore, corrections must be applied in order to resolve these two gamma-ray lines

from different sources [113]. The natural abundance of 238U and 235U are 99.27 % and

0.725 % and the half-lives are 4.47 × 109 years and 7.04 × 108 years, respectively.

The situation is similar for 232Th since there is a weak gamma ray of 63.8 keV (0.26%)

arising from this nucleus [7] and it cannot to be detected using gamma-ray spectroscopy.

In this case, the activity of 232Th is determined from its grandaughter 228Ac, which has

a half-life of 6 h. The activities from 212Pb and 208Tl from this decay-series were also

measured in order to check the state of secular equilibrium and the reliability of the

results obtained [68].

5.8 Correction for 226Ra from 235U

The only gamma-ray line for 226Ra that has a sufficient intensity is the 186.2 keV (3.6%)

transition. However, this line is significantly disturbed by the 235U emission at 185.7 keV

with an intensity 57%. These gamma rays cannot be resolved using a fitting procedure

due to the small energy difference between the two components. In the present study no a

special attention has been paid to the 235U due to the low activities for this nuclide in the

investigated samples. However, a correction for 226Ra from 235U at gamma emission of

186.2 keV was performed based on the assumption of the natural abundance as indicated

in the calculations below.

5.8.1 Calculation of 238U decay rate

The natural abundance and the half-life of 238U are 99.3 % and 4.47 x 109 years, re-

spectively. This half-life corresponds to 1.411 x 1017 seconds. The mean lifetime of a

radioactive isotope, τ , can be obtained by [57]
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τ = t1/2/ln(2), (5.10)

which results in a mean lifetime of 2.035 × 1017 seconds. The decay constant, λ, is equal

to the inverse of the mean lifetime

λ =
1

τ
, (5.11)

which corresponds to λ = 4.914× 10−18 per second. This is the fraction of the 238U that

decays in one second. Therefore a mass of 0.993 gram of uranium decays at a rate of

0.993 × 4.914 × 10−18 = 4.88 × 10−18 gram per second. The atomic mass of 238U (238

gram/mole) and Avogadro constant (6.022 × 1023 atoms/mole) are used to convert this

decay rate from grams per second to atoms per second as

(4.88 × 10−18 g/s) × (1.0 mole / 238 g) (6.022 × 1023 atoms / mole) = 1.23 × 104 atoms/s.

5.8.2 Calculation of 235U decay rate

The same steps above are followed with taking into account that the abundance of 235U

in natural uranium is 0.72 % and the half-life of 235U is 7.04 × 108 years. This will give

a value of 570 atoms/s for the decay rate for 235U.

5.8.3 Calculation of gamma fraction

The gamma ratio is calculated by multiplying gamma-ray intensity by the decay rate,

which is 3.64 % and 57 % for 226Ra and 235U, respectively. From the calculations of the

ratio of 238U to 235U based on their natural abundances, it is deduced that 226Ra counts

for 58% of the 186.2 keV peak, whereas 42 % from 235U. Thus the contribution from 226Ra

at 186.2 keV can be calculated by multiplying the total count at this line by 0.58 ± 0.01.

5.9 Correction for coincidence summing

In cases where multiple gamma-ray cascades are emitted in a nuclide’s decay, additional

peaks can appear in the spectrum due to the coincidence summing of two or more gamma-

ray photons [59]. This effect can decrease the number of counts in the full-energy peak.
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Therefore, the correction for this effect should be taken into account especially in low-level

measurements due to the close source-detector geometry [117, 118].

The correction for coincidence summing depends upon the total detection efficiency

εt(E) at gamma-ray energy E and the gamma-ray transition probability. The total effi-

ciency was calculated from the equation [118, 119]

εt(E) =
εp(E)

PT (E)
, (5.12)

where εp(E) is the full-peak efficiency and PT(E) is the peak-to-total ratio, which is defined

as the the number of counts in the full-energy peak and the total number of events in the

spectrum [59]. The full-peak efficiency value was taken from the efficiency curve, but

the peak-to-total efficiency was computed using the source of 137Cs for the intermediate

gamma-ray energy and 60Co for the high gamma-ray energy, treating the volume source

as a point source.

To demonstrate the correction method, the 609 keV gamma ray from 214Bi is considered

as an example for the photopeaks that are under the influence of coincidence summing.

Let us consider the probabilities for the emission of two gamma rays are I1 and I2, the

coincidence summing correction factor (C) was then calculated as the following formula

C = I1I2εt(E). (5.13)

If we take two cases from the decay scheme of 214Bi and substitute in the previous

equation, we will get the following results

• C = 0.076 × 0.55 × 0.07 = 0.003

• C = 0.18 × 0.82 × 0.05 = 0.0074

where 0.076 and 0.18 are the probability of beta decay of 214Bi resulting in a 609 keV

gamma-ray and 0.55 and 0.82 are the probability of transitions of gamma-ray emissions

for 768 keV and 1120 keV gamma-ray energies, respectively and 0.07 and 0.05 are the

total efficiencies. Figure. 5.7 shows the diagram for the two decay schemes and the full
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decay scheme for 214Bi can be found in [120]. The values for the full-energy efficiency used

above are based on the model efficiency for one of the measured samples (LV519). As can

be seen from the deduced values, the effect of coincidence summing is negligible and when

all of the possible branches are taken into account it is approximately 2%.

Figure 5.7: Selected paths in the decay scheme of 214Bi to 0.768 MeV and 1.120 MeV
gamma-ray emissions [120].
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Results and discussion

In this study a total of 14 samples were investigated in order to quantify possible dis-

equilibrium in the uranium series decay. They were collected from different locations

across the globe. The samples of LV393, LV395, LV396, LV398, LV523 and LV524 were

from Etosha Pan in Namibia, the samples of LV519, LV520, LV521 and LV522 were from

the Cambridge Gulf in Western Australia, the samples of LV389, LV390 and LV391were

from Czech Republic and finally Nussi sample was from Germany. The specifications of

these samples can be found in in Appendix A (Table. A.1). The following sections will

present and discuss the results obtained for the relevant radioactive nuclides identified in

the acquired spectrum for each measured sample.

6.1 Specific activities of the radionuclides from the 238U and

232Th decay chains

The experimental results for the specific activities for the radionuclides from 238U decay

series and from 232Th are collected in Table 6.1 and Table 6.2, respectively (more details

about the results for all the measured samples and their spectra can be found in Appendix

A (A.3) and Appendix A (A.4), respectively). All the radionuclides have been measured

by gamma-ray spectrometry using a Broad Energy Germanium Detector (BEGe-2825).

As shown in Table 6.1, the specific activities of 234Th ranged from 16.8 ± 2.3 to 80.2
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± 4.8 Bq/kg, of 226Ra from 13.9 ± 3.1 to 97.9 ± 6.0 Bq/kg , of 214Pb from 16.8 ± 0.6

to 116.2 ± 3.4 Bq/kg, of 214Bi from 16.6 ± 0.7 to 112.2 ± 2.6 and of 210Pb from 15.9

± 2.6 to 114.2 ± 8.2 Bq/kg. Of all the fourteen samples measured in this study, the

sample of LV523 has the highest activities of 234Th and 226Ra. Equilibrium is established

between 234Th and its parent 238U very quickly (168 days) due to the short half-life for

234Th (24.1 days) compared to 238U (4.47 × 109 years) [37]. Therefore, 234Th is the only

nuclide that contributed to the quantification of 238U. The two peaks of 63.3 keV and

92.6 keV contributed to the determination of 234Th. Fig. 6.1 shows the specific activities

(Bq/kg) obtained for 234Th using its 63.3 keV peak versus the 92.6 keV peak. The values

of the 63.3 keV peak correspond to the analysis of gamma-ray spectra using the software

associated with the detector (Prospect). However the values of the 92.6 keV peak was

obtained from fitting gamma-ray spectra using Gf3 software. As can be observed, the

values obtained from the two peaks of 63.3 keV and 92.6 keV are in a good agreement in

all the measured samples suggesting the reliability of the peak correction of 92.6 keV from

other contributions.

Table 6.1: Specific activities of the relevant radionuclides from 238U decay series.

Sample Sample Specific activity
region ID (Bq/kg)

234Th 226Ra 214Pb 214Bi 210Pb
Namibia LV393 44.1 ± 1.5 65.5 ±4.0 75.3 ± 2.2 70.6 ±1.9 68.5 ± 5.0
Namibia LV395 52.5 ± 3.1 92.9 ± 5.3 116.2 ± 3.4 108.6 ± 2.5 114.2 ± 8.2
Namibia LV396 45.4 ± 2.7 70.2 ± 4.2 79.7 ±2.4 75.1 ± 1.9 76.4 ± 5.6
Namibia LV398 62.1 ± 4.4 83.3 ± 4.8 88.8 ± 2.6 81.7 ± 2.1 80.4 ± 5.6
Australia LV519 34.3 ± 3.0 37.3 ± 3.5 28.7 ± 1.1 25.9 ± 1.1 28.3 ± 3.5
Australia LV520 36.1 ± 2.9 38.0 ± 3.5 29.60± 1.1 27.5 ± 1.2 26.3 ± 3.4
Australia LV521 32.7 ± 2.9 33.6 ± 3.5 32.2 ± 1.2 31.4 ± 1.2 32.2 ± 3.7
Australia LV522 33.1 ± 2.1 36.4 ± 3.5 28.1 ± 1.1 26.6 ± 1.2 25.6 ± 3.1
Namibia LV523 80.2 ± 4.8 97.9 ± 6.0 113.2 ± 3.3 112.2 ± 2.6 96.7 ± 7.5
Namibia LV524 62.3 ± 4.8 82.4 ± 5.3 97.4 ± 2.9 87.1 ± 2.2 80.5 ± 6.4

Czech Republic LV389 18.4 ± 2.4 13.9 ± 3.1 16.8 ± 0.6 16.6 ± 0.7 15.9 ± 2.6
Czech Republic LV390 16.8 ± 2.3 17.9 ± 3.1 19.5 ± 0.8 17.6 ± 0.8 16.6 ± 2.4
Czech Republic LV391 23.5 ± 2.4 20.2 ± 3.2 20.3 ± 0.7 18.3 ± 0.7 18.0±2.5

Germany Nussi 30.6 ± 2.8 28.7± 3.1 34.5± 1.1 32.4 ± 1.0 30.9 ±3.5
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Figure 6.1: Comparison of the results of the 234Th specific activities using its peaks at
63.3 keV and 92.6 keV in the all measured samples. The line represents the 1 : 1 agreement.

The experimental findings show that the 238U activities (234Th) compared to those of

226Ra are small, this shows the state of disequilibrium. The determination of 226Ra activ-

ities were obtained by measuring the intensity of the 186.2 keV energy line and using its

daughters 214Pb and 214Bi. The direct determination for 226Ra has the disadvantage that

its most intensive line (186.2 keV, 3.6%) overlaps with 235U (185.7 keV, 57%). Therefore,

the 226Ra results were corrected to account for the contribution from 235U. The correc-

tion factor of 0.58 was obtained from calculations discussed previously within this thesis

assuming that the natural abundance for 235U is 0.7%. Thus the 226Ra activity obtained

from measurement of the gamma-ray signal at 186.2 keV was corrected by multiplying by

0.58.

The activity of the 226Ra nuclide obtained from the 186.2 keV peak is consistent with

the respective daughter nuclei of 214Pb, 214Bi and 210Pb in all the measured samples.
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Figure 6.2: 214Pb and 226Ra diagram of samples. The equilibrium line is displayed.

The 214Pb activity concentrations follow very closely those of 214Bi as illustrated by

the results in Fig. 6.2 and Fig. 6.3. This shows that the 214Pb and 214Bi activities agree

with each other and are in equilibrium with their parent 226Ra and the situation is the

same for 210Pb daughter as indicated in Fig. 6.4. In some cases, the deviations from

the correlation line are covered by the uncertainty of the measurement, especially if one

considers 2σ uncertainties.
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Figure 6.3: 214Bi and 226Ra diagram of samples. The equilibrium line is displayed.
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Figure 6.4: 214Bi and 226Ra diagram of samples. The equilibrium line is displayed.

The quantification of 232Th activity by gamma-ray spectrometry was by its significant

progenies of 228Ac, 212Pb and 208Tl. The obtained results of the activity concentrations of

radionuclides from 232Th ranged from 20.6 ±1.0 to 60.6 ± 2.0 Bq/kg of 228Ac, from 20.0

± 0.9 to 59.7 ± 2.5 Bq/kg of 212Pb and from 21.1 ± 1.0 to 58.6 ± 2.4 Bq/kg of 208Tl.

As can be observed from Table 6.2, the LV521 sample presented the highest activities for

all the radionuclides from 232Th decay series. It is also shown from Fig. 6.5 and Fig. 6.6

and Table 6.2 that radionuclides from the decay series of 232Th are always found to be

in equilibrium in all the samples investigated. This implies that the decay series of 232Th

is found in equilibrium because thorium is an immobile element and less fractionated

compared to uranium and radium.

The activity concentrations of 238U presented in Table 6.1 revealed that in three sam-

ples (LV398, LV523 and LV524) there is an elevated level of 238U (234Th) activity. Sug-

gested reference activity concentration of uranium and its progeny vary from 11.3 Bq/kg
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Table 6.2: Specific activities of the relevant radionuclides from 232Th decay series.

Sample Sample Specific activity
region ID (Bq/kg)

228Ac 212Pb 208Tl
Namibia LV393 28.5±1.3 24.0±1.3 27.7±1.5
Namibia LV395 37.4±1.4 37.0±1.8 37.1±1.8
Namibia LV396 33.0±1.4 32.9±1.6 32.3±2.0
Namibia LV398 28.3±1.2 25.8±1.4 28.7±1.6
Australia LV519 54.3±1.9 52.8±2.2 49.7±2.1
Australia LV520 59.2±2.0 56.8±2.3 54.8±2.3
Australia LV521 60.6±2.0 59.7±2.5 58.6±2.4
Australia LV522 53.0±1.9 51.5±2.1 52.5±1.9
Namibia LV523 35.4±1.5 35.3±1.5 34.3±1.5
Namibia LV524 34.3±1.5 32.0±1.4 34.4±1.6

Czech Republic LV389 20.6±1.0 20.0±0.9 22.0±1.0
Czech Republic LV390 21.9±1.2 22.4±1.0 21.1±1.0
Czech Republic LV391 24.7±1.1 23.5±1.0 22.4±1.1

Germany Nussi 32.7±1.2 32.1±1.3 33.4±1.5

to 56.6 Bq/kg for 234Th and 14.0 Bq/kg to 63.7 for 226Ra and 27.2 Bq/kg to 93.0 Bq/kg

for 214Pb and 214Bi [50]. The same reference suggest that 232Th varies 1.49 Bq/kg to

44.7 Bq/kg in some locations that are situated in Namibia. This indicates that the activ-

ity concentration of thorium (232Th) presented in Table 6.2 is normal for the measured

samples from Namibia.
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Figure 6.5: 228Ac and 212Pb diagram of samples. The equilibrium line is displayed.
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Figure 6.6: 228Ac and 208Tl diagram of samples. The equilibrium line is displayed.

6.2 Concentration of 238U and 232Th

The elemental concentration of 238U and 232Th in part per millions (ppm) can be obtained

by converting the specific activities in Bq.kg−1 using the conversion factors of 12.4 and

4.06 for 238U and 232Th, respectively [121, 122]. Since the 234Th radionuclide was used to

determine 238U, the activity concentrations of this radionuclide were used to calculate the

concentration of 238U. For 232Th, the activity of the radionuclides of 228Ac, 212Pb and 208Tl

were used. In the current study, the ranges of the calculated elemental concentrations in all

sediment samples are found to be 1.4 ± 0.2 to 6.5 ± 0.4 ppm for uranium, and 5.1± 0.1 to

14.7 ± 0.3 ppm for thorium. Sediments from Australia presented the highest concentration

from 232Th (12.9±0.3 to 14.7±0.3 ppm). This is may be indicative of enrichment of

thorium due to natural processes in this region. The relationship between uranium and

thorium can be considered in terms of the Th/U ratio. According to [14], the theoretical
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values of the elemental ratios of Th/U are expected to range from 3.5 to 6.3 in igneous

rocks, 2.0 to 4.3 in metamorphic rocks and 1.6 to 3.8 in sedimentary rocks [123]. In the

current study, the obtained results of the elemental ratios for Th/U varies from 1.3 ±

0.1 to 5.6 ± 0.5, which are consistent with the theoretical values. Samples from Czech

Republic presented elemental concentrations for uranium and thorium consistent with the

Earth’s crust average. Whereas sediments from Namibia presented an elevated level for

uranium approaching the average value in granite rocks. The respective results for U and

Th concentrations and their ratio in all the measured samples are shown in Table 6.3.

Table 6.3: The elemental concentrations of uranium and thorium in all the measured
samples.

Sample Sample 238U 232Th Th/U ratio
region ID (ppm) (ppm)

(234Th) (228Ac - 212Pb - 208Tl)
Namibia LV393 3.6±0.1 6.6±0.2 1.9± 0.1
Namibia LV395 4.2±0.3 9.2±0.2 2.2 ± 0.1
Namibia LV396 3.7±0.2 8.1±0.2 2.2 ± 0.1
Namibia LV398 5.0±0.4 6.8±0.2 1.4 ± 0.1
Australia LV519 2.8±0.2 12.9±0.3 4.7 ± 0.4
Australia LV520 2.9±0.2 14.1±0.3 4.8 ± 0.4
Australia LV521 2.6±0.2 14.7±0.3 5.6 ± 0.5
Australia LV522 2.7±0.2 12.9±0.3 4.8 ± 0.3
Namibia LV523 6.5±0.4 8.6±0.2 1.3 ± 0.1
Namibia LV524 5.0±0.4 8.2±0.2 1.6 ± 0.1

Czech Republic LV389 1.5±0.2 5.1±0.1 3.5 ± 0.5
Czech Republic LV390 1.4±0.2 5.4±0.2 4.0 ± 0.5
Czech Republic LV391 1.9±0.2 5.8±0.2 3.1 ± 0.3

Germany Nussi 2.5±0.2 8.0±0.2 3.3 ± 0.3

The elemental concentrations of the 238U and 232Th presented above also showed that

sediments from Australia contain a uniform level of the uranium and thorium. Suggested

reference elemental concentration of uranium and thorium are 2.3 ppm and 13 ppm, re-

spectively [124]. Using these suggested reference values, the concentration of uranium

(238U) and thorium (232Th) is normal for all the measured samples from Australia.
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6.3 Disequilibrium in the Uranium series

6.3.1 Possible origins of disequilibrium in sediment and soil samples

Long-lived radionuclides in the uranium series may be expected to fractionate and vary

according to the environmental conditions. For example, the behaviour of different isotopes

in the environment is controlled by their chemical properties, and by specific processes

related to their radioactive decay, i.e., alpha recoil [125]. In natural water, the fractionation

results from the interaction with mineral or organics due to the difference in the chemical

properties [125]. In sediment and soil samples disequilibrium can originate from different

possible influences. Processes such as transport and deposition of mobile elements in water

can interrupt the primary state of the system and produce a state of disequilibrium [126].

The variation in the chemical properties of the elements in the uranium series can cause

fractionations. For example, uranium and radium are chemically mobile and thorium

is immobile, due to the respective solubility properties of their ions [16]. Uranium and

thorium both occur in nature in the state of +4, however, uranium can also exist in the

form of +6 as uranyl ion (UO2
+2), which forms compounds that are soluble in water.

For example, the oxidation state of uranium and thorium in primary igneous rocks and

minerals is the 4+ state, but uranium can be also oxidized to 5+ and 6+ states in the

near-surface environment. In the redox state of +6 (oxidizing conditions), uranium is

soluble and mobile, however, it is much less soluble and mobile in the state +4 (reducing

conditions) [14]. Thorium is mostly transported on the surface of clay minerals where

it is adsorbed [14]. Radium is a member of the alkaline earth metals and has similar

chemical characteristics similar to the elements in this group. Therefore, radium can can

pose significant interferences with calcium and barium [127, 128]. In solution, there is only

one oxidation state for radium (Ra+2) [129, 128] . In some circumstances, radium can be

leached from clay and adsorbed to heavy metals or metal oxides such as manganese (Mn)

and iron (Fe) [26].

The thorium decay series consists of isotopes that cannot be fractionated significantly

from the parent due to their relatively short half-lives [34]. This fact results in the rapid

return to the secular equilibrium condition even if a preferential chemical separation of
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the various elements in the decay series has occurred. Consequently, it is expected that

concentrations of radionuclides in the thorium decay series would be found in secular

equilibrium. This is shown clearly from the results, Table 6.2, for all the measured samples

from different locations. The situation is similar for some of the uranium decay series

daughters, where short-lived isotopes are found. However, uranium decay series has three

relatively long-lived progeny isotopes (234U, 230Th, and 226Ra). Thus it is reasonable

to consider that these might not be in equilibrium with the parent 238U nuclide. The

first long-lived isotopes in the decay series, 234U and 230Th, are alpha emitters without a

significant gamma-ray signature. Therefore, alpha spectroscopy is the only effective means

of measurement of these radionuclides.

In this work, the use of a high-resolution gamma-ray spectroscopy system resolved and

measured 226Ra (and its significant gamma emitting progeny) directly. The progenies of

226Ra are very short-lived (214Pb and 214Bi) and have significant gamma-ray signatures

that can be used to indicate equilibrium within the chain and to quantify the concentration

of the parent 226Ra isotope. A possible problem occurs with equilibrium within 238U decay

chain because the first daughter of 226Ra is an isotope of Radon (222Rn), which is a noble

gas. The 222Rn nuclide is potentially more mobile as a gas than 226Ra. Therefore; the

emanation of radon from the system may lead to a disequilibrium condition between

226Ra and the rest of the decay chain [14]. However, this is not typically significant in

situ but can be exacerbated by the process of sampling and sample preparation. In the

present work, sealing the samples in airtight containers for a sufficient period of time

before analysis permitted radon daughters ingrowth and ensured equilibrium conditions

with 226Ra have been reached. The observation that 210Pb, 214Pb, 214Bi and 226Ra have

consistent activities shows that there was not loss of radon and indicates that samples

were appropriately sealed.

6.3.2 Interpreting of the state of disequilibrium

The data collected by gamma-ray spectroscopy can be used to solve at least part of the

problem. Understanding the processes that led to the fractionation of U-series nuclides
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and thus disequilibrium is the crucial part for interpreting the obtained results. Inter-

pretation of disequilibrium origin in this work is based on the simple idea that the most

mobile element produces the most variable activities. The obtained results (Table 6.1)

demonstrate that out of fourteen samples, six samples, which are LV393, LV395, LV396,

LV398, LV523 and LV524, are found to be in a state of disequilibrium. The collection

of these samples was from the same region; the Etosha Pan in Namibia. This location

is a dried lake bed, which is depressed in a flat environment, that is flooded occasionally

by overflowing rivers [130]. The sources of these rivers are in the tropics where there is

abundant rainfall and in between flood periods the pan falls dry [130]. For more details

about the nature and the environment of this region, the reader is referred to [106]. Sed-

iments collected from the shoreline of the former lake display pronounced uranium series

disequilibrium with fractionation of 226Ra relative to the parent 238U.

According to [1, 14], disequilibrium between Ra and U isotopes may be occurred in

the decay chains due to (i) precipitation/ dissolution reactions, (ii) alpha recoil, and (iii)

diffusion. The results indicate that leaching and accumulation of 226Ra from inflowing

water has taken place. Figures. 6.7, 6.8 and Table 6.1 illustrate the disequilibrium state

in the samples from Namibia, which occurred between the head of the series 238U and

the 226Ra radionuclide. As previously stated, uranium and radium are the most mobile

elements in the environmental conditions and the study of their activity is able to show

which is the most variable, and therefore, the origin of disequilibrium. Figure. 6.7 shows

that 226Ra is the most variable element since its activities are greater than the 238U parent.

This can be interpreted that the disequilibrium condition may result from the leaching of

radium from different materials into the system.
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Figure 6.7: 226Ra and 234Th diagram for all the measured samples. The equilibrium line
is displayed. 226Ra varied in the six samples from Namibia (open circle pattern). These
data are indicated in Table 6.1.

As shown in Table 6.4, in the samples from Namibia, the 226Ra/238U activity ratio

ranges from 1.22± 0.13 to 1.77± 0.15. For LV523 and LV524 samples this ratio approaches

the unity within the uncertainty value. These samples were collected from the same sand

ridge indicating that the fractionation of radium at this part of the pan is lower compared

to other sediments. This ratio gives a clear evidence that the main impact of the radium

released to the system could arise from the direct deposition from sediments and/or the

different incorporation and leaching properties of the radionuclide from the waters to the

sedimentary environment. It is also observed that uranium and radium are in secular

equilibrium for the remaining samples; LV389, LV390, LV391, LV519, LV520, LV521,

LV522 and Nussi as shown in Table 6.4 and Fig. 6.9. The activities of 234Th and 226Ra in

these samples are correlated and consistent with a line passing through the origin as shown
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Figure 6.8: The variation of 234Th and 226Ra in samples that were found in equilibrium as
indicated in Table 6.1. The numbers of 1, 2, 3, 4, 5 and 6 on X-axis refer to the samples
ID of LV393, LV395, LV396, LV398, LV523 and LV524, respectively.

in Fig. 6.7. This indicates that these samples have a uniform 226Ra : 238U (234Th) ratio

and therefore the environments where they have been derived are close system. However,

in the samples where the equilibrium was disturbed, the radium activity concentrations

were high and the ratios are larger than unity, indicating that 226Ra was brought to the

system by the accummulation from the water column. The essential reason for this excess

in radium is that radium an alkaline earth metal and occurs as Ra2+ when dissolved in

water, which makes it mobile in most environments [76, 126].
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Table 6.4: The activity ratio of 226Ra to 238U (234Th) in all the measured samples.

Sample Sample 226Ra/238U
region ID

Namibia LV393 1.49 ± 0.10
Namibia LV395 1.77 ± 0.15
Namibia LV396 1.55 ± 0.13
Namibia LV398 1.34 ± 0.12
Australia LV519 1.09 ± 0.14
Australia LV520 1.05 ± 0.12
Australia LV521 1.03 ± 0.12
Australia LV522 1.10 ± 0.13
Namibia LV523 1.22 ± 0.13
Namibia LV524 1.32 ± 0.14

Czech Republic LV389 0.75 ± 0.19
Czech Republic LV390 1.06 ± 0.23
Czech Republic LV391 0.86 ± 0.16

Germany Nussi 0.94 ± 0.13

6.4 Reliability of the method

To ensure that the results from an analytical procedure are reliable, an experimental or

theoretical verification process must be applied. Some of the results were validated us-

ing complementary independent techniques to confirm the 238U and 232Th concentrations.

The measurements of the concentrations of 238U and 232Th (in ppm) in four of the ana-

lyzed samples have been determined independently with Inductively Coupled Plasma Mass

Spectrometry (ICP-MS) at the University of Cambridge. Measurements were checked for

accuracy against several standards from multiple sources (U.S. Geological Survey Geo-

chemical Reference Materials and also synthetic matrix standards from European Suppli-

ers). The ICP-MS measurements defined the elemental concentrations with uncertainties

at the 3-5 % level based on repeated analysis. The respective results are listed in Table 6.5

for the two different techniques. It is shown that ICP-MS technique gave consistent ura-

nium and thorium concentrations with those deduced from gamma-ray spectrometry. This

indicates that the procedure followed using gamma-ray spectrometry in the present work

is reliable. This is particularly of importance with respect to 238U, which is quantified

using the low-energy emitting radionuclide of 234Th as discussed earlier. This also can be
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Figure 6.9: The variation of 234Th and 226Ra in non-equilibrium data as discussed above
and shown in Table 6.1. The numbers of 1, 2, 3, 4, 5, 6, 7 and 8 on X-axis refer to the
samples ID of LV519, LV520, LV521, LV522, LV389, LV390, LV391 and Nussi, respectively.

observed from the correlation diagram shown in Fig. 6.10. The good agreement obtained

provides a confidence for the procedure followed to determine the 238U concentrations.

The situation is the same for 232Th, where results denote the good agreement as indicated

in Fig. 6.11.

Analysing reference materials is another procedure performed as a mean of validation. The

results obtained for the standard material of IAEA-312 also indicate the good agreement

between values obtained in the current study and the recommended values presented in

the reference sheet for this material in Appendix A (A.1.3). Table 6.6 shows a comparison

between these values.
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Table 6.5: 238U and 232Th concentrations (ppm) from two independent techniques; 1using
BEGe detector, 2using ICP-MS system.

Sample Sample Gamma-ray Spectrometry1 Mass Spectrometry2

region ID ppm ppm

238U 232Th 238U 232Th
Czech Republic LV389 1.5 ± 0.2 5.1 ± 0.1 1.6 ± 0.1 5.3 ± 0.3

Namibia LV395 4.2 ± 0.3 9.2 ± 0.3 4.8 ± 0.2 10.1 ± 0.5
Namibia LV396 3.7 ± 0.2 8.1 ± 0.3 3.8 ± 0.2 8.4 ± 0.4
Germany Nussi 2.5 ± 0.2 8.0 ± 0.2 2.3 ± 0.1 8.7 ± 0.4

Figure 6.10: Comparison between the 238U concentrations determined by gamma-ray spec-
trometry (BEGe detector) and ICP-MS system.

Eight of the measured samples show secular equilibrium between radionuclides from

238U decay series, see Table 6.1 and Fig. 6.7. This also validates the method applied

to determine 234Th and thus 238U. This is particularly significant for the low gamma-

ray energies such as 46.5 keV from 210Pb, 63.3 keV and 92.6 keV from 234Th, which are

influenced by several issues including sample self-attenuation and overlapping with other
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Figure 6.11: Comparison between the 232Th concentrations determined by gamma-ray
spectrometry (BEGe detector) and ICP-MS system.

Table 6.6: 238U, 232Th and 226Ra concentrations (ppm) for IAEA-312 standard material
from gamma spectrometry using BEGe detector and data presented in the reference sheet
in Appendix A (A.1.3).

Element Gamma Spectrometry results Recommended values
ppm Mean value 95% Confidence interval

Uranium 17.1 ± 1.4 16.5 15.7-17.4
Thorium 84.7 ± 2.7 91.4 81.3-101.5
Radium 249.7 ± 15.4 269 255 -287

gamma or X-ray emissions.

The results in the present work also indicate that 226Ra activity concentrations can

be determined reliably using the peak of 186.2 keV in the sediment samples. This can be

verified from the activity concentration of the 226Ra calculated from the peaks of radon

daughters (214Pb and 214Bi). In all the samples measured, 226Ra was in a good agreement

116



CHAPTER 6

with 210Pb, which emits low-energy gamma-ray, suggesting that equilibrium existed and

verifying the radioactive disequilibrium between 238U and 226Ra in some of the measured

samples. Estimating the activity concentration of 226Ra using its 186.2 keV gamma-ray

emission is proved to be reliable even for different geological material such as coal slag

samples as emphasized by [131].

The measurement of some of the samples investigated in this study using different

method of gamma-ray spectrometry is another mean of validating to the procedure. The

Nussi sample has been analysed using gamma-ray spectrometry in several laboratories

allowing an opportunity to compare results obtained by different analytical approaches.

These approaches were based on the conventional procedure, which includes calculating

the activities with a comparison to certified material instead of an efficiency calibration for

the system. The concentrations in ppm for 238U and 232Th in this sample from different

systems and laboratories including the present results are indicated in Table 6.7.

Table 6.7: A comparison for concentrations of 238U and 232Th from Nussi sample obtained
using different gamma-ray spectrometry systems; ∗ Ge detector, • neutron activation anal-
ysis. Details about the results presented in this Table can be obtained by a personal
communication with Babara Mauz.

Facility used 238U (ppm) 232Th (ppm)

∗Liverpool-BEGe 2.5 ± 0.2 8.0 ± 0.2
∗Liverpool-coaxial 3.1 ± 0.1 8.9 ± 0.2
∗FS HD 3.3 ± 0.2 8.2 ± 0.9
∗FS Canberra-spec 3.3 ± 0.1 7.6 ± 0.2
∗FS old g-spec 3.1 ± 0.1 7.4 ± 0.2
∗SAW Freiberg g-spec 3.0 ± 0.1 7.4 ± 0.3
∗Dresden g-spec 2.4 ± 1.1 7.9 ± 0.4
•NAA, HD 2.8 ± 0.2 8.1 ± 0.2
∗Fribourg g-spec 2.9 ± 0.2 7.2 ± 0.5
∗TU Freiberg g-spec 3.0 ± 0.1 7.3 ± 0.2
•NAA MPI 3.0 ± 0.1 8.1 ± 0.1
•NAA MPI 2.8 ± 0.1 8.3 ± 0.9
∗Freiberg 2.9 ± 0.4 7.5 ± 1.2

Table 6.7 shows that the results obtained in this work agree with the other results and

for 232Th the accuracy is comparable to the best of the other results.
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Some of the measured samples (Namibia samples) were also analysed using another

type of germanium detector (Coaxial geometry) and the results obtained are shown in

Table 6.8. This was part of a different project [130]. The detector was in a 100 mm thick

lead shield and had a size of 70.0 mm diameter and 32.4 mm length. For this work the low

energy efficiency calibration was done with a single source of standard material (IAEA-

375). The results in Table 6.8 show that the additional low energy efficiency calibration

carried out in the present work result in different results.

Table 6.8: 234Th and 210Pb activities (Bq/kg) from two germanium detectors; ∗ details
about the results from this detector can be obtained by a personal communication with
Babara Mauz.

Sample BEGe detector Coaxial detector∗

ID Bq/kg Bq/kg

234Th 210Pb 234Th 210Pb
LV393 44.1 ± 1.5 68.5 ± 5.0 51.0 ± 1.7 84.2 ± 13.1
LV395 52.5 ± 3.1 114.2 ± 8.2 70.4 ± 2.4 155.7 ± 24.1
LV396 45.4 ± 2.7 76.4 ± 5.6 56.2 ± 2.0 94.3 ± 14.7
LV398 62.1 ± 4.4 80.4 ± 5.6 79.6 ± 2.6 111.5 ± 17.3
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Conclusions and Future Work

7.1 Summary

The disequilibrium in U-series decay in sediments collected from four different regions

has been quantified using high-resolution gamma-ray spectrometry. In this study, the

measurements showed that radionuclides of 234Th, 226Ra, 214Pb, 214Bi and 210Pb from 238U

and 228Ac, 212Pb and 208Tl from 232Th are detected and quantified in all the sediment

samples. The radionuclide of 234Th was used to determine the quantity of the parent

nuclide of 238U. The weighted average for the activities of 234Th was calculated using the

63 keV peak and the 92 keV peak. The peak fitting software GF3 was used for the 92 keV

peak as this lies in a complex region of the spectrum. The correction for self-absorption for

both gamma-ray energies was studied in detail using a combination of calibrated samples

for experimental measurements and the LabSOCS software which allow the correction

to be adjusted for each sample. Consistent results were obtained for both gamma ray

peaks. The calculation of 226Ra activities was determined from its gamma-ray peak of

186 keV with a correction applied for the peak of similar energy from the decay of 235U.

For all samples the 226Ra activity is consistent with results from its daughters of 214Pb

and 214Bi. The activity of 210Pb was determined using its peak of 46.5 keV. The same

process, described above was used for self-absorption correction. A range of activities was

found across the samples. In the results 232Th was high in Australia compared to other
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regions. The results also show that 238U is high in some of the samples from Namibia,

which are LV398, LV523 and LV524, compared to other samples from the same location.

This is indicative that the results are influenced by geological structure variations in some

of the regions studied. . Based on the Author' s knowledge the level of naturally occurring

radioactive material are not assessed for the regions of the Czech Republic and the north

coast of Western Australia in the literature. Therefore the results in this current study

can be used as a baseline for the level of radionuclides from 238U and 232Th in the studied

regions and the observation of any possible changes in the future.

The activity ratios between 226Ra and 238U, and between other granddaughters (214Pb,

214Bi and 210Pb) and 226Ra in 238U decay series and between 228Ac and its daugh-

ters in 232Th decay series were used to validate the existence of radioactive equilibrium

through the decay chains. The isotopic activity ratios of 226Ra/214Pb, and 214Pb/214Bi

and 214Bi/210Pb in the 238U decay series and those of 228Ac/212Pb and 212Pb/208Tl from

the 232Th decay chain were found to be close to unity. The results demonstrate that the

state of secular equilibrium has been achieved in all samples between these radionuclides.

However, the isotopic activity ratios of 226Ra/238U (234Th) were larger than the unity

in six of the measured samples. The origin of these samples was from the same location,

which is Etosha Pan in Namibia. These results are indicative that a state of disequilibrium

was produced in 238U decay chain in this region. This may be as a result of the variation

in the chemical properties of 226Ra.

The activity concentrations of 238U, 232Th were converted into the elemental concen-

trations in terms of ppm (parts per million) in this current study. The ranges of the

calculated elemental concentrations in all sediment samples in the current study are found

to be 1.4 ± 0.2 to 6.5 ± 1.4 ppm for 238U and 5.1 ± 0.1 to 14.9 ppm for 232Th. The

obtained results of the elemental ratios of Th/U varies from 1.3 ± 0.1 to 5.6 ± 0.5. A

high value of the Th/U ratio as measured in some studied locations may be indicative

of a depletion of uranium or an enrichment of thorium due to alteration or natural pro-

cesses in those areas. These results obtained for 238U and 232Th are consistent with mass

spectrometry (ICP-MS) measurement for LV389, LV395, LV396 and Nussi samples.
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7.2 Conclusion

This work has shown that a standard BEGe detector in a 50 mm thick graded lead shield

can be used for environmental measurements with activities as low as 10 Bq/kg. The

excellent energy resolution of the BEGe detector, especially at low gamma-ray energy,

results in spectra with an improved peak height to background ratio giving reliable and

accurate results in a complex region of the spectrum. This is particularly important for

the low energy gamma rays (46 keV, 63 keV and 92 keV) used in this work for investigating

the 238U decay chain.

The method of using a validated model calculation (LabSOCS) to determine the detection

efficiency as a function of gamma-ray energy for each individual sample has been shown

to be successful. The determination of the 238U content relied on the use of 63 and 92

keV gamma rays. It has been shown that the efficiency for these low energies is dependent

on the detailed geometry and composition of the samples and it is difficult to reproduce

this variation across a range of samples with standard reference material. This work has

demonstrated the need to know the geometry (size, shape and density) and composition

of each sample in detail often requiring further measurements such as x-ray fluorescence

in order to determine whether there are any higher Z (greater than about 20) present.

All this information is needed for input to a model calculation which in turn needs to

be validated using standard material or by gamma-ray transmission measurements using

the actual samples to be measured. A model calculation needs to be carried out for each

sample in order to get the correct low energy efficiency for that sample..

The method developed has shown that the 232Th decay chain is in secular equilibrium

in all the samples measured. The measurements further show that 238U decay chain is

in secular equilibrium in all samples measured except those from Namibia. In the latter

samples there is an enhanced amount of 226Ra and its daughters meaning the decay chain

in disequilibrium.

The absolute values of U and Th in the samples are in agreement with results from mass

spectrometry measurements (ICP-MS) further validating the methods used in the present

work where low energy gamma rays were used to determine the Uranium content.
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7.3 Future Work

The use of validated modelling of the efficiency at low gamma-ray energy could be inves-

tigated for a wider range of sample geometries and detector types. The problem arising

from self-absorption will get bigger for larger and denser samples.

The state of disequilibrium found in this study was established as a results of the radium

excess. The source of water in the regions from where the samples were collected was

freshwater. Future work should include more freshwater and marine water source sedi-

ments. The variation in the sediments might give different results to what have been found

here. For example in the marine environment disequilibrium can result from the variation

in uranium not only radium [14, 16, 26]. Studying a variety of samples may give different

type of disequilibrium based on the variation of the radionuclides properties.

Gamma-ray spectrometry does not detect radionuclides with no or very weak gamma-ray

emissions such as 234U and 230Th from 238U decay series. Therefore using a combination

of different techniques [34, 132] will help to investigate further information for other nuclei

in U-series decay.
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A.1 Standard sources certificates
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A.1.1 NPRL604 Marinelli Beaker



A.1.2 IAEA-375 Standard Material



	
  



A.1.3 IAEA-312 Standard Material

 
 

 
 
 

    
REFERENCE REFERENCE REFERENCE REFERENCE SHEETSHEETSHEETSHEET    

 
 

REFERENCE MATERIAL 
 

IAEAIAEAIAEAIAEA----312312312312    
    

226Ra, Th and U  
IN SOIL 

 
Date of issue: January 2000⊕⊕⊕⊕ 

 
Recommended Values  
(Based on dry weight) 

 
Reference Date: 30th January 1988  

*         Number of accepted laboratory means which were used to calculate the recommended values and confidence 
intervals.  

 
⊕⊕⊕⊕        Revision of the original reference sheet dated January 1991 
 

The values listed above were established on the basis of statistically valid results  
submitted by laboratories which had participated in an international intercomparison exercise  
organized during 1990. The details concerning the criteria for qualification as a recommended 
value can be found in the report (IAEA/AL/036) "Report on the Intercomparison Run  
IAEA-312: 226Ra, Th and U in Soil" [1]. This report is available free of charge upon  
request. 

 

Element 
 

Recommended Value 
Bq/kg 

 

95% Confidence Interval 
Bq/kg 

 

N* 

226Ra                         269 250 – 287 25 

    

 

Element 
 

Recommended Value 
mg/kg 

 

95% Confidence Interval 
mg/kg 

 

N* 

Th                           91.4 81.3 – 101.5 32 

U                           16.5 15.7 – 17.4 29 
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A.2 Samples specifications



T
a
b

le
A

.1
:

S
am

p
le

s
d

es
cr

ip
ti

on
;

;
1

p
o
or

ly
m

ea
n

s
d

iff
er

en
t

ra
n

ge
of

gr
ai

n
si

ze
s,

2
w

el
l

m
ea

n
s

th
at

th
e

gr
ai

n
si

ze
s

ar
e

al
l

co
n

si
st

en
t.

S
am

p
le

ID
C

o
or

d
in

a
te

s
D

ep
os

it
io

n
al

E
n
v
ir

on
m

en
t

S
ed

im
en

t
T

ex
tu

re
D

om
in

an
t

gr
ai

n
si

ze
(µ

m
)

L
V

3
93

18
.4

1S
,

1
6.

15
E

L
ak

e
sh

or
el

in
e

P
o
or

ly
1

so
rt

ed
si

lt
y

sa
n

d
10

0-
20

0
L
V

3
95

18
.4

1S
,

1
6.

15
E

L
ak

e
sh

or
el

in
e

P
o
or

ly
so

rt
ed

si
lt

y
sa

n
d

10
0-

20
0

L
V

3
96

18
.4

1S
,

1
6.

15
E

L
ak

e
sh

or
el

in
e

P
o
or

ly
so

rt
ed

si
lt

y
sa

n
d

10
0-

20
0

L
V

3
98

18
.4

1S
,

1
6.

15
E

L
ak

e
sh

or
el

in
e

P
o
or

ly
so

rt
ed

si
lt

y
sa

n
d

10
0-

20
0

L
V

5
19

1
5.

33
S

,
12

8.
40

E
F

lu
v
ia

l
(s

la
ck

w
at

er
)

d
ep

os
it

P
o
or

ly
so

rt
ed

si
lt

10
-8

0
L
V

5
20

1
5.

33
S

,
12

8.
40

E
F

lu
v
ia

l
(s

la
ck

w
at

er
)

d
ep

os
it

P
o
or

ly
so

rt
ed

si
lt

10
-8

0
L
V

5
21

1
5.

33
S

,
12

8.
40

E
F

lu
v
ia

l
(s

la
ck

w
at

er
)

d
ep

os
it

P
o
or

ly
so

rt
ed

si
lt

10
-8

0
L
V

5
22

1
5.

33
S

,
12

8.
40

E
F

lu
v
ia

l
(s

la
ck

w
at

er
)

d
ep

os
it

P
o
or

ly
so

rt
ed

si
lt

10
-8

0
L
V

5
23

18
.4

1S
,

1
6.

15
E

L
ak

e
sh

or
el

in
e

P
o
or

ly
so

rt
ed

si
lt

y
sa

n
d

10
0-

20
0

L
V

5
24

18
.4

1S
,

1
6.

15
E

L
ak

e
sh

or
el

in
e

P
o
or

ly
so

rt
ed

si
lt

y
sa

n
d

10
0-

20
0

L
V

3
89

49
.5

8N
,

1
5.

20
E

H
il

l
fo

ot
co

ll
u

v
iu

m
P

o
or

ly
so

rt
ed

si
lt

40
-8

0
L
V

3
90

49
.5

8N
,

1
5.

20
E

H
il

l
fo

ot
co

ll
u

v
iu

m
P

o
or

ly
so

rt
ed

si
lt

40
-8

0
L
V

3
91

49
.5

8N
,

1
5.

20
E

H
il

l
fo

ot
co

ll
u

v
iu

m
P

o
or

ly
so

rt
ed

si
lt

40
-8

0
N

u
ss

i
49

.1
0
N

,
8.

40
E

A
eo

li
an

si
lt

on
h

il
l

su
rf

ac
e

W
el

l2
so

rt
ed

si
lt

20
-4

0



A.3 Tables of Results for the activity calculations
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Table A.3: Australia samples.

Radionuclide Eγ (keV) LV519 LV520 LV521 LV522

Radionuclides from 238U (Bq/kg)
234Th 63 34.79 ±3.94 35.88 ±3.94 33.57± 3.96 32.91± 3.73

92 33.62 ±4.73 36.29 ±4.35 31.62± 4.38 33.25± 2.57
214Pb 295 28.47 ±1.70 29.34 ±1.71 31.10± 1.78 27.80± 1.66

351 28.97 ±1.49 29.81 ±1.51 33.13± 1.63 28.29± 1.45
214Bi 609 25.75 ±1.28 28.03 ±1.25 31.89± 1.33 26.65± 1.32

1120 26.30 ±3.20 27.48 ±3.75 33.01± 3.59 25.87± 3.82
1764 26.79 ±4.03 28.42 ±4.28 32.06± 4.36 27.36± 4.71

Radionuclides from 232Th (Bq/kg)
228Ac 338 53.08 ±3.03 55.22 ±3.07 53.08± 3.03 55.22± 3.07

911 55.11 ±2.44 62.07 ±2.57 55.11± 2.44 62.07± 2.57

Table A.4: Nussi and samples from Czech Republic.

Radionuclide Eγ (keV) LV389 LV390 LV391 Nussi

Radionuclides from 238U (Bq/kg)
234Th 63 18.07 ±2.75 17.19 ±2.64 22.50± 3.56 30.03± 3.32

92 19.29 ±4.61 15.78 ±4.33 24.32± 3.33 32.29± 5.45
214Pb 295 15.39 ±0.92 18.48 ±1.21 19.40± 1.04 33.88± 1.68

351 18.00 ±0.87 20.25 ±1.02 21.06± 0.98 34.89± 1.49
214Bi 609 16.50 ±0.77 17.35 ±0.89 17.91± 0.77 31.68± 1.14

1120 15.00 ±2.33 17.39 ±2.53 19.79± 2.24 31.42± 2.49
1764 19.44 ±2.29 20.39 ±2.76 20.52± 2.27 36.96± 2.63

Radionuclides from 232Th (Bq/kg)
228Ac 338 20.77 ±1.68 20.31 ±2.09 25.76± 1.91 32.26± 2.11

911 20.50 ±1.29 22.59 ±1.43 24.14± 1.40 32.89± 1.53



A.4 The spectra of the measured samples

A.4.1 Standard materials





A.4.2 Samples from Czech Republice



A.4.3 Sample from Germany



A.4.4 Samples from Australia



A.4.5 Samples from Namibia
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