
 
 

i 
 

 

MULTIVARIATE STATISTICAL CLASSIFICATION OF BEACH 

SANDS ALONG THE COASTAL BELT OF GHANA USING 

NATURAL RADIOACTIVITY DATA 

 

 

 

 

 

This dissertation is submitted to the University of Ghana, Legon in partial fulfillment 

of the requirement for the award of PhD Radiation Protection 

 

 

 

 

By 

 

 

 

Henry Lawluvi, 10255977 

 

 

 

 

June, 2016 



 
 

i 
 

DECLARATION 

 

This dissertation is the result of research work undertaken by Henry Lawluvi in the 
department of Nuclear Safety and Security, University of Ghana, under the 
supervision of Prof. E.O. Darko and Prof. C. Schandorf. 

 

 

 

Sign________________                                                           
                   

Henry Lawluvi                            Date                               

 

 

 

Sign____________________                                                                           

 
Prof. E.O. Darko      Date    
(Principal Supervisor) 

 

 

Sign____________________                                    

 
Prof. C. Schandorf      Date   
(Co-Supervisor) 

 

 

 

 

 

 



 
 

ii 
 

DEDICATION 

 

 

  

To my late Mother 

 

Regina Managa Senoo 

(1947-2015) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

iii 
 

ACKNOWLEDGEMENTS 

 

I wish to express my sincere and profound gratitude to, Prof. E.O Darko, and Prof. 

Cyril Schandorf my supervisors for their guidance, encouragement and technical 

assistance. I also wish to acknowledge the support given to me by the staff of the 

Radiation Protection Institute and the Ghana Atomic Energy Commission for the use 

of their facilities. To Dr. Augustine Faanu, my Head of Department, I am grateful for 

your support.  

I would like to show my gratitude and my love to my wife, Cathy, my sons, Yelly 

and Yeddy, and other members of my family for their support and love through the 

duration of my PhD life. One of the most important motivations to achieve my PhD 

has been to make you proud. Also, special thanks to all of my friends for their 

friendship and support. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

iv 
 

TABLE OF CONTENTS 

 

DECLARATION            i 

DEDICATION           ii 

ACKNOWLEDGEMENT         iii   

TABLE OF CONTENTS         iv 

LIST OF TABLES          ix 

LIST OF FIGURES          xi 

LIST OF ABBREVIATIONS AND SYMBOLS                xii 

ABSTRACT             1 

 

CHAPTER 1 

INTRODUCTION 

1.1 Background            2 

1.2 Problem Statement           7 

1.3 Objectives of the Research          8 

1.4 Scope of Research           8 

1.5 Relevance of Work           9 

1.6 Arrangements of Chapters          9 

 

CHAPTER 2  

LITERATURE REVIEW 

2.1 Naturally Occurring Radioactive Materials in the Environment   10 

2.1.1 Decay of Naturally Occurring Radionuclides                15 

2.2 Sources of Radiation Exposure      28 

2.2.1 Natural Sources       28 



 
 

v 
 

2.2.2 Artificial Sources       29 

2.3 Radiation Protection and Dose Limits     31 

2.4 Existing Exposure Situations       36 

2.5 Review of Multivariate Statistical Analysis of Environmental Data  38 

2.6 Multivariate Statistical Analysis      41 

2.6.1 Data Structure        42 

2.6.2 Measurement of proximity      42 

2.6.3 Euclidean metrics       43 

2.6.4 Mahalanobis distance       43 

2.6.5 Cosine coefficient       44 

2.6.6   Cluster Analysis       44 

2.6.6.1   Partitioning Methods      45 

2.6.6.2    Hierarchical method      46 

2.6.7    Principal Component Analysis (PCA)    47 

2.6.7.1    PCA Visualization in Multidimensional Space  49 

2.6.7.2    Measures of fit in PCA Method    49 

 

CHAPTER 3  

THE STUDY AREA  

3.1 Description of the Study Area       51 

3.1.1 Geology        52 

3.1.2 Climate        52 

3.1.3 Vegetation        54 

3.1.4  Habitats        54 

3.1.5 Animal Life        55 



 
 

vi 
 

3.1.6 Salt Production        57 

3.1.7 Mineral Resources       57 

3.1.8 Tourism        59 

 

CHAPTER 4  

MATERIALS AND METHODS 

4.1 Sample Collection and Preparation      60 

4.2 Instrumentation        61 

4.2.1 Calibration of the γ-Spectrometer     63 

4.2.2 Energy Calibration       64 

4.2.3 Efficiency Calibration       66 

4.2.4 Determination of Minimum Detectable Activity   68 

4.3 Calculation of Specific Activity      69 

4.4 Estimation of Doses        69 

4.4.1 Estimation of Absorbed Dose Rate     69 

4.4.2 Estimation of Annual Effective Dose Rate    70 

4.5 Calculation of Hazard Indexes      71 

4.5.1 Radium Equivalent Activity      71 

4.5.2 External Hazard Index      72 

4.5.3 Internal Hazard Index       72 

4.5.4 Excess Lifetime Cancer Risk (ELCR)    73 

4.6 Multivariate Statistical Analysis of the Data     73 

 

 

 



 
 

vii 
 

CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Secular Equilibrium in Beach Sand Samples      75 

5.2 Specific Activities of Natural Radionuclides in Samples    78 

5.3 Elemental Concentrations        84 

5.4 Terrestrial Absorbed Dose Rates Determined at the Selected Beaches  88 

5.5 Annual Effective Doses        91 

5.6 Radium Equivalent, External and Internal Hazard Indices    93 

5.7 Lifetime Cancer Risk         96 

5.8 Statistical Analysis                    98 

5.8.1 Skewness                    99 

5.8.2 Kurtosis                    99 

5.8.3 Pearson's correlation coefficient analysis                          100 

5.8.4 Principal Components Analysis (PCA) Computation            101 

5.8.5    Cluster Analysis                 104 

 

CHAPTER 6  

CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusion                  109 

6.2 Recommendations                 111 

6.2.1 Regulatory and Environmental Protection Bodies            111 

6.2.2 Research Institutions                           111 

 

REFERENCES                      112 

 



 
 

viii 
 

LIST OF TABLES 

 

Table 1.1: Ranges and averages of the concentrations of 40K, 232Th, and 238U in 
typical rocks and soils (NCRP, 1987)                                         5 

Table 1.2: Natural concentration of some terrestrial radionuclides in various 
media (Van der Stritch 2001)                    6 

Table 2.1:  The most significant gamma rays emitted by the NORM nuclides 
(Wahl, 2007, Firestone, 1998)                              21 

Table 2.1: The most significant gamma rays emitted by the NORM nuclides 
(continued)                                22 

Table 2.2:  Additional Natural Occuring Radioactive Nuclides (Firestone, 1998, 
Choppin and Liljenzin, 2002 and NCRP, 1987)                 23 

Table 2.3:  Ranges  and averages of the concentrations of 40K, 232Th, and 238U in 
typical  rocks and soils                  27 

Table 2.4:  Natural concentration of some terrestrial radionuclides              27 

Table 2.5:  Annual average doses from all sources (in mSv)               30 

Table 2.6:  ICRP 60 recommended effective dose limits                37 

Table 4.1:  Properties of High purity germanium detector (HPGe)              64 

Table 5.1a:  Mean Specific Activities of 238U, 232Th and 40K in beach sand from 
the Volta Region                   81 

Table 5.1b:  Mean Specific Activities of 238U, 232Th and 40K in beach sand from 
the Greater Accra Region                  81 

Table 5.1c:  Mean Specific Activities of 238U, 232Th and 40K in beach sand from 
the Central Region                   82 

Table 5.1d:  Mean Specific Activities of 238U, 232Th and 40K in beach sand from 
the Western Region                   82 

Table 5.1e:  Statistics of Specific Activities of 238U, 232Th and 40K in beach sand 
from the Study Area                                         83 

Table 5.2:   Mean Specific Activities of 238U, 232Th and 40K in sand from the 
Regions                    83 



 
 

ix 
 

Table 5.3:  Comparison of Specific Activities of 232Th, 226Ra and 40K (Bq kg-1) in 
sand samples from Greater Accra Region and other studies in 
different beaches of the world. Modified from UNSCEAR 2000  84                

Table 5.4a:  Elemental concentrations of 238U, 232Th and 40K in beach sand from 
the Volta Region                              88 

Table 5.4b:  Elemental concentrations of 238U, 232Th and 40K in beach sand from 
the Greater Accra Region                             88 

Table 5.4c:  Elemental concentrations of 238U, 232Th and 40K in beach sand from 
the Central Region                   89 

Table 5.4d:  Elemental concentrations of 238U, 232Th and 40K in beach sand from 
the Western Region                   89 

Table 5.4e:  Statistics of Elemental concentrations of 238U, 232Th and 40K in beach 
sand from the Study Area                  90 

Table 5.5a:  Absorbed Dose rates in air from 238U, 232Th and 40K in beach sand 
from the Volta Region                             91 

Table 5.5b:  Absorbed Dose rates in air from 238U, 232Th and 40K in beach sand 
from the Greater Accra Region                            91 

Table 5.5c:  Absorbed Dose rates in air from 238U, 232Th and 40K in beach sand 
from the Central Region                             92 

Table 5.5d:  Absorbed Dose rates in air from 238U, 232Th and 40K in beach sand 
from the Western Region                             92 

Table 5.6a:  The annual external effective dose equivalent obtained for the beaches 
of the Volta Region                   93 

Table 5.6b:  The annual external effective dose equivalent obtained for the beaches 
of the Greater: Accra Region                  94 

Table 5.6c:  The annual external effective dose equivalent obtained for the beaches 
of the Central Region                   94 

Table 5.6d:  The annual external effective dose equivalent obtained for the beaches 
of the Western Region                             95 

Table 5.7a:  Radium equivalent (Req), External hazard indices (Hex) and Internal 
hazard indices (Hin) of the studied samples from the Volta Region  96 

Table 5.7b: Radium equivalent (Req), External hazard indices (Hex) and Internal 
hazard indices (Hin) of the studied samples from the Greater Accra 
Region                96 



 
 

x 
 

Table 5.7c:  Radium equivalent (Req), External hazard indices (Hex) and Internal 
Hazard indices (Hin) of the studied samples from the Central Region
                     97 

Table 5.7d: Radium equivalent (Req), External hazard indices (Hex) and Internal 
hazard indices (Hin) of the studied samples from the Western Region
                     97 

Table 5.7e:  Statistics of Radium equivalent (Req), External hazard indices (Hex) 
and Internal hazard indices (Hin) of the studied samples              98 

Table 5.8:  Statistics of Excess Lifetime Cancer Risk of the studied samples     98 

Table 5.9:  Comparison of Excess Lifetime Cancer Risk calculated during various 
studies                      99 

Table 5.10:   Descriptive statistics of radiological parameters                        100 

Table 5.11: Pearson correlation coefficients between the studied radioactive 
variables for sand samples                                      102 

Table 5.12: Extraction Method: Extraction Sums of Squared Loadings            104 

Table 5.13:  Extraction Method: Principal Component Analysis             105 

Table 5.14:  Clustering strategy for development of Spatial Group            111 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xi 
 

LIST OF FIGURES 

 

Figure 1.1:  Average annual dose to the world population from various sources. 
(Freitas et. al., 2004 and Kannan et. al., 2002)                 4 

Figure 2.1:  The uranium decay series       18 

Figure 2.2:  The actinium decay series.                  19 

Figure 2.3:  The thorium decay series.....       20 

Figure 2.4:  The neptunium decay series (Health, 1998)     25 

Figure 2.5:  Decay scheme of 40K (Health, 1998)      26 

Figure 2.6:  Possible, theoretical dose-response curves     32 

Figure 3.1: Geological Map of Ghana showing the Coastal Zone. (Modified from 
World Bank 1997)        55 

Figure 4.1: Map of Coastal Zone of Ghana showing the study area and some 
sampling points. (Modified from World Bank 1997)    63 

Figure 4.2:  Efficiency calibration Curve       67 

Figure 4.3: Efficiency calibration Curve       70  

Figure 5.1:  Relation between 226Ra and 214Pb      79 

Figure 5.2:  Relation between 214Pb and 214Bi      80 

Figure 5.3:  Ratio of 232Th/238U for the 41 beach sand samples    85 

Figure 5.4: Correlation between 238U and 232Th concentrations in beach sand 
sample          86 

Figure 5.5:  Scree plot of radionuclide activities and radiological parameters    106 

Figure 5.6:  Dendrogram of radionuclide concentrations and radiological 
parameters matrix clustered by linkage method and sand groups 
associated with PCA biplot                          108 

Figure 5.7: Dendrogram of sand sample matrix clustered by linkage method and 
sand groups associated with PCA biplot                        110 

 

 

 



 
 

xii 
 

LIST OF ABBREVIATIONS AND SYMBOLS 

AEDE    Annual Effective Dose Equivalent 

Hex   External Hazard Index 

Hint    Internal Hazard Index 

NORM    Natural Occurring Radioactive Materials 

MDA     Minimum detectable activity 

Raeq      Radium Equivalent 

UNSCEAR  United Nations Scientific Committee on the Effects of Atomic 
Radiation  

IAEA   International Atomic Energy Agency  

ICRP    International Commission for Radiological Protection  

NORM  Naturally Occurring Radioactive Materials  

mSv    millisievert (10-3 Sievert)  

Bq    Becquerel  

Bq/g    Becquerel per gram  

Bq/kg    Becquerel per kilogram  

μSv    microsievert  

MCA    multi-channel analyser  

HPGE    High purity germanium  

U    Uranium  

Th    thorium  

K    Potassium  

SPSS    Statistical Package for Social Sciences 

HCA   Hierarchical Cluster Analysis 

PCA    Principal Components Analysis 

 

 



1 
 

 
 

ABSTRACT 

 

The study investigated multivariate statistical data reduction strategy for 

environmental monitoring using radioactivity data. The activity concentrations of 

232Th, 238U series and 40K in beach sands along the coastline of Ghana have been 

measured using gamma spectroscopy. The mean specific activity of 238U measured, 

ranges from 1.87 to 27.00 Bq kg-1, 232Th content ranges from 2.50 to 26.90 Bq kg-

1and 40K content ranges from 47.80 to 276 Bq kg-1.  The values obtained in this study 

are comparable with published data from other works done in Ghana indicating that 

the study area has not been affected until now by any NORM activities that may have 

started in these environments. The study shows that the average Raeq value 30.93 Bq 

kg-1, for the studied area, is lower than the internationally accepted value 370 Bq kg-1. 

The corresponding values for the external hazard and internal hazard indices are 0.08 

and 0.11 respectively. The Hex and Hin values which are lower than the internationally 

accepted value of one (1.00) may not pose any significant radiological hazard to users 

of these sands and beaches. Hierarchical cluster analysis was used to partition the 

activity concentrations into non-overlapping clusters; the dendrograms revealed that 

238U and 232Th contribute more to the Hazard Indexes than 40K and the number of 

sampling towns can be reduced from the present 41 to 8 towns. From the analysis, it 

is possible to design an optimal sampling strategy, which could reduce; the number of 

parameters to be measured, the number of sampling stations, the number of samples 

collected and associated costs. 
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CHAPTER 1 

INTRODUCTION 

 

The quest for cost effective environmental monitoring and control, to minimize 

adverse health effects due to the presence of naturally occurring radioactive 

materials, of much concern worldwide in recent years. This chapter provides the 

background and explains the reason for the study, the importance, objectives and 

scope as previous studies have focused on different areas of the country. 

 

1.1 Background 

Exposure to ionizing radiation from natural sources is a continuous and unavoidable 

feature of life on earth. Radionuclides are the sources of radioactivity and they emit 

nuclear radiations which are a part of our environment. Alpha particles, beta 

particles and gamma rays are the most common forms of ionizing radiation 

(UNSCEAR, 2000 and Alam et. al. 2005). Radiation can arise from natural 

radionuclides as well as from man-made sources. Radiations have been widely 

applied in various fields, such as medicine, biology, industry, agriculture, and 

electric power generation (Singh et. al., 1999 and Alam et. al. 2005). As a result of 

the applications of radiation, humans can be exposed to different radioactive sources 

based upon their activities and surroundings (UNSCEAR, 1993 and Singh et. al., 

1999). For instance, patients who are treated with medical irradiation or staff who 

work in the nuclear industries may receive higher radiation exposure levels than 

members of the general public (Radhakrishna et. al., 1993 and UNSCEAR, 1993). 
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The greatest contribution to mankind’s exposure (both in working and public 

environments) are the ionising radiation arising from radionuclides in the earth’s 

surroundings and from interaction of cosmic rays in the earth’s atmosphere (De 

Meijer et. al., 2001). According to the United Nations Scientific Committee on the 

Effects of Atomic Radiation, this contribution to mankind’s exposure comes from 

natural background radiation. The worldwide average annual effective dose per 

capita is 2.4 mSv. However, much higher levels of exposure are usual for inhabitants 

of natural high background radiation areas (HBRAs) (UNSCEAR, 2000 and. De 

Meijer et. al., 2001). 

Exposure to naturally occurring radiation accounts for up to 85% of annual dose 

received by the world population, as shown in Figure 1 (Freitas et. al., 2004 and De 

Meijer et. al., 2001).  The International Atomic Energy Agency (IAEA) reports that 

the exposure from natural radiation is, in most cases, of little or no concern to the 

public, except those working with mineral ores and naturally occurring radioactive 

materials (NORM) (Ramli, 1997 and Freitas et. al., 2004). However, the World 

Nuclear Association (WNA) states that any dose of radiation involves a possible 

risk to human health (Freitas et. al., 2004 and Kannan et. al., 2002), even though the 

level of individual exposure from naturally occurring radioactive elements is usually 

statistically insignificant from a health physics point of view. In order to protect the 

health of the general public, against the radiation risk originating from naturally 

occurring radiation, measurement of radioactivity in the environment is receiving a 

greater attention by the IAEA in recent years (Ramli, 1997 and Freitas et. al., 2004). 
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Figure 1.1: Average annual dose to the world population from various sources. 
(Freitas et. al., 2004 and Kannan et. al., 2002). 

 

Naturally occurring radionuclides can be categorized as arising from two origins, 

namely, Terrestrial (also called primordial radionuclides) and Cosmogenic. 

Irradiation of the human body from external sources is mainly by gamma radiation 

from radionuclides in the 238U and 232Th series and from 40K. These radionuclides are 

also present in the body and irradiate the various organs with alpha and beta 

particles, as well as gamma rays (UNSCEAR, 200).  

These radionuclides are known as Naturally Occurring Radioactive Material or by 

the acronym ‘NORM’ (Freitas et. al., 2004, Paschoa, 2000). Only very long lived 

nuclides, with decay half-lives comparable to the age of the earth, and their decay 

products, contribute to this natural radiation background in significant quantities (De 

Meijer et. al., 2001). The majority of naturally occurring radionuclides belong to the 
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radionuclides in the 2 3 8 U and 2 3 2 Th series, and the single decay radionuclide, 

4 0 K (Pettijohn et. al. 1987). Those radionuclides which emit either alpha or beta 

particles when taken into the body by ingestion or inhalation can give rise to 

internal exposures. Additionally, some of these nuclear species may emit gamma 

rays following their radioactive decay. These represent the main sources of external 

(whole body) exposures to humans (Radhakrishna et al., 1993 and De Meijer et. al., 

2001). 

 
  
Table 1.1: Ranges and averages of the concentrations of 40K, 232Th, and 238U in 

typicalrocks and soils (NCRP, 1987) 

Rock type 
40K  232Th  238U 

% total K  Bq/kg  ppm  Bq/kg  ppm  Bq/kg 
Igneous rocks             
Basalt (crustal ave.) 0.8 300 3–4 10–15 0.5–1 7–10 

Mafic 0.3–1.1 70–400 1.6, 
2.7 7, 10 0.5, 

0.9 7, 10 

Salic 4.5 1100–
1500 16, 20 60, 80 3.9, 

4.7 50, 60 

Granite (crustal ave.) >4 >l000 17 70 3 40 
              

Sedimentary rocks             
Shale sandstones 2.7 800 12 50 3.7 40 
Clean quartz <1 <300 <2 <8 <1 <10 
Dirty quartz 2a  400a  3–6a  10–25a  2–3a  40a 

Arkose 2–3 600–900 2a  <8 1–2a  
10–
25a 

Beach sands <1 <300a 6 25 3 40 
Carbonate rocks 0.3 70 2 8 2 25 
              
All Rock (range)             
Continental crust 
(ave.) 2.8 850 10.7 44 2.8 36 

Soil (ave.) 1.5 400 9 37 1–8 66 
a indicates estimate in the absence of measured values. 
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Terrestrial radionuclides present in all soils at different trace levels, give rise to 

external exposures due to gamma radiation (De Meijer et. al., 2001). The specific 

levels of the radioactivity of various soils are related to the nature of the parent rock 

from which the soils are derived and the process of soil formation (Mange and 

Maurer, 1992). For example, igneous rocks, such as granite, generally exhibit 

higher radioactivity than sedimentary rocks (excluding some shales and 

phosphate rocks which have relatively high content of radionuclides) (De Meijer et. 

al., 2001). Tables 1.1 and 1.2 give typical natural radioactivity concentrations in 

common rocks, soil and other media. 

 

 

Table 1.2: Natural concentration of some terrestrial radionuclides in various 
media (Van der Stritch 2001). 

Medium 
Activity Concentration in Bq/kg 

 

 

40K 226Ra 232Th 238U 
Soils 400 40 25 25 
Granite 1000 100 80 60 
Coal  <40 <20 <20 - 
Fertilizers  <4000 <400 <20 - 
Ground water  <1 <1 <1 <1 
Seawater 10 <1 <1 0.04 
Drinking-water 0.2 <1 - 0.004 
Milk 47 0.003 - 0 
Foodstuffs 40-300 0.01-100 - - 
 Man ~60 0.03 - 0.1 
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1.2 Problem Statement 

All living organisms of the planet are exposed to natural radiation, which is mainly 

due to the activity concentration of primordial radionuclides 232Th, 238U and their 

decay product, and 40K which are present in the earth’s crust (UNSCEAR, 2000). 

According to Ramli (1997), one of the major interests in studies of natural 

background radiation is the need to establish reference levels, especially in areas 

where the risk of radioactive material being released to the environment is high. 

There is, also a worldwide interest in identifying new areas with high natural 

radiation. Several authors have studied the levels of natural background radiation by 

in situ measurements or by analysis of radionuclides concentrations in soil or sand 

samples. However, with increasing demands for data of defensible quality, 

environmental protection agencies are faced with a substantial societal expenditure 

constrains. The United States Environmental Protection Agency (EPA) estimates that 

about $5 billion is spent annually by the EPA and the regulated community 

collecting data for research, regulatory decision making and regulatory compliance 

(USEPA, 1994). 

This situation could pose a big financial challenge to the Nuclear Regulatory 

Authority of Ghana as well as other environmental safety conscious organisations, as 

the country makes frantic efforts in promoting its environment to the outside world.  

This work is to develop an optimal future sampling strategy which could reduce 

number of sampling sites and associated sampling (and analysis) costs. 
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1.3 Objectives of the Research 

Main Objective of this study is to develop a cost effective Coastline sampling 

strategy for Beach Sands through the application of a Multivariate Statistical 

Technique to natural radioactivity data.  

The specific objectives of this research are to: 

i. evaluate the activity concentration of 40K, 238U, and 232Th in beach sands, and 

estimate Absorbed Dose Rate; 

ii. assess the radiological health impact, from exposure to radionuclides in beach 

sands, on the public using Hazard Indices (Hex and Hin ), Effective Dose, 

Radium Equivalent (Raeq) and ELCR; 

iii. establish a relationship between radionuclide activities and radiological 

parameters using multivariate Statistical techniques;  

iv. identify and classify beach sands into spatial  groups on the basis of similarities 

or differences  among their natural radioactivity concentrations using Cluster 

Analysis. 

 

1.4 Scope of Research 

This study measured and related the activity concentrations of 40K, 238U (226Ra) and 

232Th, in beach sands from Landing and Tourist beaches along the coastal belt of 

Ghana. The activity concentration data was used to classify the beach sands using 

multivariate statistical techniques. 
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1.5 Relevance of Work 

Ghana’s coastline covers a distance of 550 km stretching from Aflao in the East to 

Half-Assini in the West. Due to the vast coastline, monitoring Natural Radionuclides 

in beach sands is very tedious, time consuming and have huge financial implications. 

There is the need to classify or group the beach sands in other to make monitoring 

less tedious and cost effective. This called for the development of a sampling 

strategy along the coast using a statistical tool to facilitate NORM monitoring. 

In this study, Multivariate Statistics (Hierarchical Cluster Analysis) was used to 

classify the beach sands for NORM monitoring 

The outcome of this work will assist in proposing an optimal future sampling 

strategy which could reduce number of sampling sites and associated sampling and 

analysis costs. 

 

1.6 Arrangements of Chapters 

Chapter 1 provides the background and explains the reason for the study, the 

importance, objectives and scope as previous studies have focused on different areas 

in the country. In Chapter 2, Natural Occurring Radioactive Materials (NORMs) in 

the environment and their identification and quantification using HPGe based 

gamma-ray spectroscopy are reviewed. Principles of multivariate statistical 

techniques as well as their utility in multivariate data analysis are also discussed. 

Chapter 3 gives a description of the Study Area. Chapter 4 discusses the materials 

and methods used to carry out the research work. Chapter 5 outlines the results and 

associated discussions. Chapter 6 summarizes the major conclusions of this study 

and makes recommendations to relevant stakeholders.  
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CHAPTER 2 

LITERATURE REVIEW 

 

In this chapter Natural Occurring Radioactive Materials (NORMs) in the 

environment and their identification and quantification using HPGe based gamma-

ray spectroscopy are reviewed. Principles of multivariate statistical techniques as 

well as their utility in multivariate data analysis are also discussed. 

 

2.1 Naturally Occurring Radioactive Materials in the Environment 

Naturally occurring radionuclides of terrestrial origin (also called primordial 

radionuclides) are present in various degrees in all media in the environment, 

including beach sand. Only those radionuclides with half-lives comparable to the age 

of the earth, and their decay products, exist in insignificant quantities in these 

materials. Irradiation of the human body from external sources is mainly by gamma 

radiation from radionuclides in the 238U and 232Th series and from 40K. These 

radionuclides are also present in the body and irradiate the various organs with alpha 

and beta particles, as well as gamma rays (UNSCEAR, 2000).  

There have been many studies concerning naturally occurring radioactive materials  

in  soil  media,  which  provide  information  on  the  nature  and  levels  of 

background radiation as well as the change in radioactivity levels in that particular 

area. Most of these studies show that most soils contain 40K and nuclides of the 

uranium and thorium series, with a range of their concentrations that varies broadly. 

For example, the investigation of the concentrations and distribution of radioactive 

nuclides in river sediments and coastal soils in Chittagong, Bangladesh was carried 

out by Chowdhurry, Alam, and Hazari (Chowdhury et. al., 1999). The results of the 
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activity concentrations of 238U, 232Th, and 40K are higher than the average world 

values which are 35, 30, 400 Bq.kg-1 (UNSCEAR, 2000), respectively. In 2004, 

Matiullah, Shakeel, Shafi, and Faheem reported the mean activity of 226Ra, 232Th, 

40K, and 137Cs in soil samples of Bahawalpur, Pakistan being 32.9, and 53.6, 647.4 

and 1.5 Bq.kg-1 (Matiullah et. al., 2004). In the same year, the activity 

concentration levels arising from radionuclides 2 3 8 U, 2 3 2 Th,and 4 0 K in surface 

soils in Cyprus were carried out by Tzortzis, Svoukis, and Tsertos ranging between 

0.01-39.3, 0.01-39.8 and 0.04-565.8 Bq.kg-1,  respectively (Tzotzis et. al., 2004). 

Soil and sediments were used for measuring the natural radioactivity levels of 

Firtina Valley in Turkey by the team of Karadeniz Technical University, University 

of Rize, and Cekmece Nuclear Research and Training. The average concentrations 

of 238U, 232Th, 40K, and 137Cs in the area surveyed in that study were found to be 

50, 42, 643, and 85 Bq.kg-1 in soil samples, and 39, 38, 573 and 6 Bq.kg-1 in 

sediment samples (Kurnaz et. al., 2007). Activity concentrations were measured 

from sediment samples collected along the Upper Egypt Nile River region in 

2007 by El-Gamal, Nasr, and El-Taher. The measurement showed ranges of 238U, 

232Th, and 40K concentration of 3.83-34.94, 2.88-30.10 and 112.31-312.98 Bq.kg-1 

(El-Gamal et. al., 2007). Al- Hamarneh and Awadallah determined the radioactivity 

levels in various geological formations  of  soils  in  the  northern  Highlands  of  

Jordan  in  2009.  The average radioactivity concentrations were 42.5, 49.9, 26.7, 

and 291.1 Bq.kg-1of 2 2 6 Ra, 2 3 8 U, 232Th, and 40K, respectively (Al-Hamarneh and 

Awadallah, 2009). Some studies show the remaining artificial radioactive nuclide 

137Cs can be detected in some areas (Chowdhury et. al., 1999, Tzotzis et. al., 2004 

and Kurnaz et. al., 2007). 

Knowledge of the concentrations and distributions of the radionuclides in soil 
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materials are of interest since they provide useful information on the monitoring of 

environmental contamination by radioactive materials in the natural environment. 

Enhanced levels of radioactivity in particular areas can arise due to the 

discharges of radioactive nuclides following human intervention (Bikit et. al., 2006, 

Bolca, 2007 and Carvalho, 2007). Thus, it is necessary to consider all of the 

significant sources of radioactive nuclides present in the environment. Human 

activities, such as adding fertilizer, importing top soil and the like can alter the 

surface radioactivity (NCRP, 1975).  Agricultural history is important in the 

concentration of nuclides in soils. The use of fertilizers in various agricultural 

situations has affected radionuclide concentrations to a large extent. Also, fertilizers 

may affect the chemical form of natural radionuclides in soils and, thus their 

physical transport and biological uptake (Klement, 1982). 

According to Khater, the application of phosphate fertilizers has substantially 

increased in the world (Khater and Al-Sewaidan, 2008). Furthermore, several 

authors have stated that the cultivated lands may be contaminated with trace metals 

and some naturally occurring radioactive materials (NORM) by using phosphate 

fertilizers in the agriculture activities (Khater and Al-Sewaidan, 2008, Ahmed and 

El-Arabi, 2005, Jibiri et al.2007 and Saueia and Mazzilli, 2006). 

A determination of the concentration and the distribution of soil radioactivity is 

essential in establishing reference data, allowing the observation of possible future 

changes due to future radiological contamination (Ramli, 1997). 

In 1997, Sohrabi carried out a review study on areas with elevated levels of 

NORMs (Lilley, 2001). This study concluded that elevations of NORM in different 

regions are mostly due to either ''geological structure and geochemical movements 
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of the radioactive materials in the soil, such as Morro de Ferro and Meaipe in 

Brazil'' (Carvalho et. al., 2007), Kerala coast in India (Khater and Al-Sewaidan, 

2008, Jibiri et. al., 2007) and Yangjiang in China, where the origins of the 

elevated NORMs are due to monazite sands which are rich in thorium (Jibiri et. 

al., 2007). Most of these areas are considered as medium-level natural radiation 

areas (MLNRA), with an average dose rate to the public of 6.4 mGy/y in Meaipe 

(Saueia and Mazzilli, 2006). However, Kerala in India is classified as high level 

natural radiation area (HLNRA) with an average dose rate exceeding 10 mGy/y 

(Saueia and Mazzilli, 2006). In some areas in US such as Denver, CO,  and  

Reading  Prong,  PA  the  radiation  level  was  10  times  more  than  the  usual 

concentration, being rich in uranium series radionuclides in the soil (Ramli, 1997). 

Other origins that may elevate the levels of natural radioactivity include phosphate 

deposits. This type of NORM occurs for instance in Florida, USA (Bolca et. al., 

2007). The uraniferous granite and alum shale distribution can also increase 

radiation exposure, not only within dwellings (as the case in Sweden) but also in the 

outdoor area (Bolca et. al. 2007). Using construction materials rich in 226Ra content 

(such as tailing from uranium mining) in areas for example Joachimstal in 

Czech Republic and Schlema, Schneeberg, and Saxony in Germany have been 

the main reason of indoor exposure due to very high levels of 2 2 2 Rn (Wikimedia 

Commons, 2009). Saxony has been classified as a very high level natural radiation 

area (Saueia and Mazzilli 2006). Water rich in 226Ra and 222Rn from hot springs 

which flow in Badgastein in Austria (UNESCO, 2003), and Mahallat and Ramsar 

in Iran (L’Annunziata, 2007), has been found to cause elevation of exposure, as 

high as 55 mSv/y for people working in the spa centres using the hot spring water 

for therapeutic purposes (Bolca et. al. 2007). 
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Several authors have studied the radionuclide concentrations in beach sand in Kerala 

and Tamil Nadu coastal regions of India (UNSCEAR, 1982) and in South-western 

Australia (UNSCEAR, 1993). Also in India, they analysed the distribution of natural 

and anthropogenic radionuclides in beach sand and soil from Kalpakkam 

(Radhakrishna et. al., 1993) area using gamma-ray spectrometry. Freitas and Alencar 

(Freitas and Alencar, 2004) studied the process of dispersion and the activity 

concentration of 232Th and 238U series and 40K radionuclides in two island beaches in 

south-eastern Brazil. They found that the absorbed dose rate in air, observed at 1 m 

above the ground, ranged from 54 to 228 nGy h–1 at Preta beach and from 39 to 110 

nGy h–1 at Dois Rios beach. 

 

2.1.1 Decay of Naturally Occurring Radionuclides  

Naturally  occurring  radionuclides  can  be  grouped  into  two  categories: single  

decays  and three  main radioactive  decay series.  Decay chains from terrestrial 

radionuclides have been present since the birth of the earth, headed by the 

radionuclides 235U (half-life 7.04x108 years), 238U (half-life 4.47x109 years), and 

232Th (half-life 1.41x1010 years) (UNSCEAR, 1993). Naturally occurring uranium 

consists of three separate radioisotopes with present day isotopic abundances of 

99.3% for 238U and about 0.7% for 235U, plus a small amount of 234U (5x10-3%) 

(Cember and Johnson, 2009). The 238U and 234U isotopes are part of the same 

series (the “uranium” series), while 235U is the first radionuclide of another family 

called the actinium series. Uranium has been found in all rocks and soils with an 

average concentration in the range of 1-3 parts per million (ppm) by weight, 

which corresponds to a specific activity of ~74 mBq.g-1 soil (Cember and Johnson, 

2009). The relationship between uranium and P2O5 content of fertilizer has been 



15 
 

 
 

investigated in various studies and it has been concluded that the concentration of 

uranium is directly proportional to the concentration of phosphorous (Bouwer 

and Meklveen 1978, Spalding, R. F. and Sacket 1972). Therefore, higher 

concentrations of uranium than normal are encountered in phosphate- rich soil 

(about 7-125 ppm), while the uranium content in medium-grade and high-grade 

ore are about 1,000-5,000 ppm, and 10,000-40,000 ppm respectively (Cember and 

Johnson, 2009). 

In nature, natural thorium is about 4 times more abundant than uranium and 

contains 100% of 232Th isotope (Cember and Johnson, 2009). High concentrations 

of thorium are commonly found in monazite minerals, (which can have thorium 

contents of up to 26.5%) and in zircon,up to about 13%, (UNSCEAR, 1993). A 

member of these three families can be simply distinguished by dividing its mass 

number by 4. Those nuclides which have mass numbers equal to 4n+2, 4n+3 and 

4n (where n is an integer) belong to uranium, actinium and thorium series 

respectively.  In the uranium series, there are f o u r t e e n  ( 14) decay stages until 

reaching the stable 206Pb while in actinium, the transformation process involves 

t w e l v e  ( 12) radionuclides with the stable end product, 207Pb. Eleven ( 11) 

other radionuclides, make up the thorium chain, ending with the stable nuclide, 

208Pb. Figures 2.1, 2.3, and 2.4 are illustrations of decay stages observed for these 

three decay series. 

Once an unstable nuclide emits α or β particle, the residual nucleus may attain 

an excited state. In order to de-excite the nucleus to its ground state, a single 

gamma ray or a cascade of gamma rays may be ejected. This phenomenon 

explains the energy difference between the initial state and the final state.  For 

example, there are five main ɣ-ray energies emitting from a source of 208Tl (in the 



16 
 

 
 

232Th decay chain) at 277, 511, 583, 860 and 2614 keV. Other gamma-ray 

emission from 238U, 232Th, 235U decay series and their daughters are shown in 

Table 2.1. A list of the main sources of naturally occurring radioactive nuclides are 

given in Table 2.2 along with some of their properties (Choppin and Liljenzin 

2002). 

 

Figure 2.1: The uranium decay series 
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Figure 2.2: The actinium decay series. 
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Figure 2.3: The thorium decay series 
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Table 2.1: The most significant gamma rays emitted by the NORM nuclides 
(Firestone, 1998). 

Nuclide Half-life Decay 
mode 

Gamma-ray 
energy 

Emission  
probability 

(keV) (%) 
238U series         
238U 4.468 (3)x109 y α β- 49.55 (6) 0.063 (7) 
234Th 24.10 (3) d   63.283 (6) 4.1 (7) 
      92.370 (10) 2.42 (15) 
    β- 92.793 (10) 2.39 (15) 
234mPa 1.17 (3) m   1001.03 (3) 0.837 (10) 
      766.38 (2) 0.294 (12) 
    α α α α 742.81 (3) 0.080 (4) 
234U 2.455 (6)x105 y α, β- 53.20 (2) 0.123 (2) 
230Th 75380 (30) y β- 67.672 (2) 0.373 (21) 
226Ra 1600 (7) y   186.211 (13) 3.59 (6) 
222Rn 3.8235 (3) d   511 (2) 0.076 
218Po 3.10 (1) m Α no  γ  -rays - 
214Pb 26.8 (9) m α, β- 351.932 (2) 35.1 (4) 
      295.224 (2) 18.2 (2) 
      241.997 (3) 7.12 (11) 
218At 1.6 s   no  γ  -rays - 
214Bi 19.9 (4) m   609.312 (7) 44.6 (5) 
    α β- β- 1764.494 (14) 15.1 (2) 
    α, β- 1120.287 (10) 14.7 (2) 
    Α 1238.110 (12) 5.78 (8) 
214Po   - 799.7 (1) 0.0104 (35) 
210Tl 164.3 (20) µs   no  γ  -rays - 
210Pb 1.3 m   46.539 (1) 4.25 (4) 
210Bi 22.3 (2) y   no   γ  -rays - 
210Po 5.013 (5) d   803.10 (5) 0.00122 (4) 
206Pb 138.376 (2) d   - - 
  stable       
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Table 2.1: The most significant gamma rays emitted by the NORM nuclides 
(continued) 

Nuclide Half-life Decay 
mode 

Gamma-
ray 

energy 

Emission  
probability 

  
(keV) (%) 

232Th series  
  
    

  
  

232Th 1.405 (6)x1010 y α β- β- 63.81 (2) 0.263 (13) 
228Ra 5.75 (3) y   13.52 (2) 1.6 
228Ac 6.15 (2) h   911.204 (4) 25.8 (4) 

      968.971 
(17) 15.8 (3) 

      338.320 (3) 11.27 (12) 

      964.766 
(10) 4.99 (9) 

    α α α α 463.004 (6) 4.40 (7) 
    β- 84.373 (3) 1.22 (2) 
228Th

 1.9116 (16) y   240.986 (6) 4.10 (5) 
224Ra 3.66 (4) d α, β- 549.76 (4) 0.114 (17) 
220Rn 55.6 (1) s   804.9 (5) 0.0019 (3) 
216Po 0.145 (2) s α β- 238.632 (2) 43.3 (3) 
212Pb 10.64 (1) h   300.087 

(10) 3.28 (3) 

      727.330 (9) 6.58 (6) 
212Bi 60.55 (6) m   1620.50 

(10) 1.49 (4) 

      no  γ  -rays - 
212Po 0.299 (2) µs - 2614.533 

(13) 35.64 (6) 
208Tl 3.053 (4) m   583.191 (2) 30.4 (2) 
      510.77 (10) 8.13 (2) 
      860.564 (5) 4.47 (4) 
208Pb Stable       
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Table 2.2: Additional Natural Occurring Radioactive Nuclides (Firestone, 1998, 
Choppin and Liljenzin, 2002 and NCRP, 1987) 

 

The  similarity  of  the  three  families  is  that  each  series  contains  one  gaseous 

member from the element,  radon; these are called radon (222Rn, T1/2 = 3.825 d), 

thoron (222Rn,  T1/2 = 55.6 s),  and  actinon  (219Rn,  T1/2 = 3.96 s)  for  the  uranium,  

thorium  and actinium series respectively. Since 220Rn and 219Rn decay away 

rapidly, the health hazard from 222Rn gas is the most important of these to be 

considered.   Inhalation   of contaminated dust particles causes deposition of 

radioactive radon progeny in the lung and brings about an internal exposure. 

Non-gaseous radioactive daughter nuclei produced by 222Rn when accumulating 

in the lungs give rise to a health effect of about 500 times larger than  that from 

222Rn  itself  (Cember and Johnson, 2009)  and 214Po and 218Po which  are the 

decay products of radon can also catalyse cancer and damage cell tissue. Radon 

gas is an inert radioactive gas which is both colourless and odourless. It is easily 

spread through the air relying on various factors such as diffusion, convection 

processes, surface conditions, temperature  and  wind  speed  (Van der Stritch and 

Nuclide Half-life (y) Decay 
mode 

Isotopic  
Abundance 

(%) 

Typical  crustal 
concentration 

(Bq.kg-1) 
40K  1.26 x 109 β- , EC 0.0117 630 
50V  > 1.4 x 1017 β- , EC 0.25 2 x 10-5 
87Rb  4.8 x 1010 β- 27.83 70 
113Cd  9 x 1015 β- 12.2 < 2 x 10-6 
115In  5.1 x 1014 β- 95.7 2 x 10-5 
123Te 1.3 x 1013 EC 0.905 2 x 10-7 
138La 1.1 x 1011 EC, β- 0.089 2 x 10-2 
144Nd 2.1 x 1015 Α 23.8 3 x 10-4 
147Sm 1.06 x 1011 Α 15.1 0.7 
152Gd 1.1 x 1014 Α 0.2 7 x 10-6 
176Lu  3.6 x 1010 β- 2.61 0.04 
174Hf  2.0 x 1015 Α 0.16 2 x 10-7 
187Re  4 x 1010 β- 62.6 1 x 10-3 
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Kirchmann  2001).  The concentration in indoor air depends on several factors such 

as underlying soil and rocks, ventilation in the buildings, and meteorological 

factors affecting the flow rate into buildings (Theodorsson, 1996). Radon is not 

only contained in some natural gas and oil supplies but is also present in confined 

spaces and ground water. It can enter buildings from soil and rocks, from 

building materials and tap water. High radon exposure is found in many places 

around the world, particularly in areas with geothermal or volcanic activity and 

also in caves and mines. A relationship between the weather conditions and radon 

levels had been discovered by various British researchers. In the cold season with 

high pressure conditions (i.e. cave system) the radon levels tend to increase by 

orders-of-magnitude. The average of 222Rn concentration in outdoor air reported 

from several countries may be taken normally to be in the range of 4-19 Bq.m-3 

(Theodorsson, 1996). 

There is a fourth decay series which is headed by 241Pu, called the neptunium 

series. 241Pu is an artificial radionuclide made in the laboratory by neutron 

irradiation of the reactor-produced 239Pu (Cember and Johnson 2009).  Even the 

longest half-life of the member in this series, 237Np (T1/2 = 2.2 x 106 yrs) is short 

enough to have decayed away since the birth of the earth and no longer found in 

nature, apart from residues from atomic weapons testing. The neptunium decay 

series are shown in Figure 2.4. 
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Figure 2.4: The neptunium decay series (Health, 1998). 

 

In addition, 40K, a non-series natural radionuclide with a half-life of 1.28x109 

years, is common in all types of rock, with a variation of concentrations related to 

those in the underlying rock. In nature, natural potassium contains only 0.0118% 

of 40K (Theodorss, 1996). However, with an elemental abundance more than 104 

times that of uranium and thorium by weight in soil and rock, 40K contributes to 

the dose received by NORM at a level comparable to that from the 238U and 
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232Th decay chains.   The decay process of 40K involves β- emission (89%) and 

electron capture (EC) (11%). The β- end-point energy is 1.312 MeV and a 

gamma ray at energy of 1.461 MeV is emitted following the electron capture 

decay branch, as shown in Figure 2.5. 

 

 

 

 

 

 

 

 

Figure 2.5: Decay scheme of 40K (Health, 1998). 

 

The concentration of 238U, 232Th, 226Ra and 40K in typical rocks and soils 

reported by NCRP and in other media are given in Table 2.3 and Table 2.4 

respectively. 

Natural radioactivity has also been investigated in seawater with the total amounts 

estimated to be 4.3x1012kg (53 EBq) for 238U, and 6.9x1010kg (0.3 EBq) for 232Th. 

The amount of 40K is deduced to be 7.4x1013kg corresponding to the activity of 

1.94x104 EBq which is the major contribution from radioactive source in the oceans 

(Choppin, and Liljenzin 2002). 
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Table 2.3:  Ranges  and averages of the concentrations of 40K, 232Th, and 238U in 
typical  rocks and soils(NCRP, 1987) 

Rock type 
40K  232Th  238U 

% total  Bq/kg  ppm  Bq/kg  ppm  Bq/kg 

Igneous rocks             
Basalt (crustal ave.) 0.8 300 3–4 10–15 0.5–1 7–10 

Mafic 0.3–1.1 70–400 1.6, 
2.7 7, 10 0.5, 

0.9 7, 10 

Salic 4.5 1100-
1500 16, 20 60, 80 3.9, 

4.7 50, 60 

Granite (crustal ave.) >4 >l000 17 70 3 40 
Sedimentary rocks             
Shale sandstones 2.7 800 12 50 3.7 40 
Clean quartz <1 <300 <2 <8 <1 <10 

Dirty quartz 2a  400a  3–6a  10–
25a  2–3a  40a 

Arkosa 2–3 600–900 2a <8 1–2a 10–25a 
Beach sands <1 <300a 6 25 3 40 
Carbonate rocks 0.3 70 2 8 2 25 
All Rocks (range)             
Continental crust (ave.) 2.8 850 10.7 44 2.8 36 
Soil (ave.) 1.5 400 9 37 1–8 66 

a indicates estimate in the absence of measured values. 
 

 

Table 2.4:  Natural concentration of some terrestrial radionuclides (Van der Stritch, 
and Kirchmann 2001). 

Media 
  Activity concentration (Bq/kg) 

40K 226Ra 232Th 238U 
Soils 400 40 25 25 
Granite 1000 100 80 60 
Coal  <40 <20 <20 - 
Fertilizers  <4000 <400 <20 - 
Ground water  <1 <1 <1 <1 
Seawater 10 <1 <1 0.04 
Drinking-water 0.2 <1 - 0.004 
Milk  47 0.003 - - 
Foodstuffs  40-300 0.01-100 - - 
Man ~60 0.03 - 0.1 
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2.2 Sources of Radiation Exposure 

Human beings are inevitably exposed to ionising radiation either from external 

exposure arising from radioactive sources outside the body or internal exposure 

which comes from radioactive materials inside the body (Martin and Harbison, 2006 

and UNSCEAR, 2008). Both external and internal radiation exposure to humans 

mainly arises from the natural sources. In addition to the natural sources, the use of 

radiation and radioactive materials by human activities is another source of radiation 

exposure to individuals (Martin and Harbison, 2006 and UNSCEAR, 2008). 

 

2.2.1 Natural Sources 

The sources of natural radiation exposure are cosmic radiation from the outer space 

and radioactive materials present in the earth’s surroundings and wider environment, 

including the human body itself. About 85% of the average annual dose of 2.4 mSv 

received by the world population is from the distribution of these natural radiation 

sources (Lilley, 2001, and UNSCEAR, 2008). 15% of the total dose from natural 

sources is due to cosmic ray interactions at sea level; however, latitude and 

particularly altitude are the factors which give rise to dose rate variations from these 

environmental exposures (UNSCEAR, 2008). Exposure to cosmic rays at the 

cruising altitude of commercial aircraft is significantly higher than those at the sea 

level (Lilley, 2001, 55, UNSCEAR, 2008).   In addition to cosmic-ray induced 

radiation, primordial radionuclides are a main contribution to the annual dose due to 

natural sources. These naturally occurring radioactive materials include radionuclides 

which  belong  to  the  uranium  and  thorium  decay  chains  and  natural  radioactive 

potassium (40K) are present in at least trace amounts in most geological materials in 

the Earth’s crust (NCRP, 1975). Gamma radiation arising from these radionuclides is 
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the main source of natural, background, external exposure to human beings. The 

concentrations of such radionuclides at different places are a factor in the variation of 

external exposure due to gamma radiation from one place to another (UNSCEAR, 

2008). Inhalation and ingestion of primordial radionuclides can give rise to 

irradiation of organs inside the body. Airborne radionuclides, such as 222Rn from the 

238U decay chain, can enter the human body by inhalation and represent a significant 

source of internal exposure (Lilley, 2001, UNSCEAR, 2008).  

 

2.2.2 Artificial Sources 

Human activity involving the application of radiation is another source of radiation 

exposure to human. Some of these activities can give rise to an enhanced level of 

exposure from natural sources such as the discharge of radioactive materials into the 

environment from nuclear power plants, the global dispersion of radionuclides from 

the nuclear weapon testing or the atmospheric fall-out from the nuclear reactor 

accidents at Chernobyl (Lilley, 2001, and UNSCEAR, 2008) and more recently 

Fukushima. However, the main artificial source of the annual dose received by the 

worldwide population is the use of radiation for medical purposes (Lilley, 2001, 

UNSCEAR, 2008). Some special groups of people who work in industry, medicine 

and research may be occupationally exposed to radiation used in their work. The 

average dose from occupational exposure is relative small compared with the natural 

radiation exposure (Lilley, 2001, UNSCEAR, 2008). A summary of the annual 

average dose of ionising radiation and the range of artificial sources are also listed in 

Table 2.5. 
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Table 2.5: Annual average doses from all sources (in mSv) (UNSCEAR, 2008). 
 
Source 

Annual 
average 

dose 
(Worldwi

de) 

 
Typical range of 
individuals doses 

 
Comments 

Natural sources of exposure 

Inhalation (radon gas) 1.26 0.2-10 The dose is much higher in 
some particular dwellings. 

External terrestrial 0.48 0.3-1 The dose is higher in some 
geographical locations. 

Ingestion 0.29 0.2-1  

Cosmic radiation 0.39 0.3-1 The dose increases with 
altitude. 

Total of natural sources 2.4 1-13  
Artificial sources of exposure 

Medical diagnosis (not 
therapy) 

0.6 0-several tens Individual doses depend on 
specific examinations 

Atmospheric nuclear testing 0.005 Some higher doses 
around test sites 
still occur. 

The average has fallen from a 
peak of 0.11 mSv in 1963 

Occupational exposure 0.005 ~0-20 The average dose to all 
workers is 
0.7 mSv. Most high exposures 
are due to natural radiation 
(specifically radon in mines) 

Chernobyl accident 0.002a In 1986, the 
average dose to 
more than 300,000 
recovery workers 
was nearly 150 
mSv; and more 
than 350,000 other 
individuals 
received doses 
greater than 10 
mSv. 

The average in the northern 
hemisphere has decreased from 
a maximum of 0.04 mSv in 
1986. 

Nuclear fuel cycle 
(public exposure) 

0.0002a Doses are up to 
0.02 mSv for 
critical groups at 1 
km from some 
nuclear reactor 
sites. 

 

Total of artificial sources 0.6 From essentially 
zero to several tens 

Individual  doses depend 
primarily on medical treatment 
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2.3 Radiation Protection and Dose Limits 

Ionising radiation can damage biological organs in the human body. Many studies 

concerning the biological effects of radiation have been. The aims of these studies 

are to establish dose limits in order to protect radiation workers and members of the 

public from radiation exposure. Much of the knowledge of radiation effects on 

humans has been obtained from a group of people who survived from the atomic 

bombs in Hiroshima and Nagasaki and those individuals who received radiation 

exposure from routine work or accidents (Lilley, 2001, Cember, and Johnson, 2009). 

The relationship between biological effect and radiation exposure was studied by the 

Biological Effect of Ionising Radiation (BEIR) group in agreement with the United 

Nations Scientific Committee on the Effect of Atomic Radiation (UNSCEAR) and 

the International Commission on Radiological Protection (ICRP), as shown in Figure 

2.6. Initial reports used a linear relationship between the effect and the amount of 

exposure (shown in curve A) as a ‘linear, no-threshold’ hypothesis. Further studies 

also allowed the possible hypothesis of a different trend (curve B) with the radiation 

exposure at very low levels not significant to cause harmful effects; this is referred to 

as the ‘threshold effect’. Curve C represents the hypothesis with the opposite effect, 

where absorbed doses of ionising radiation at low levels are more dangerous 

(Cember, and Johnson, 2009). 
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Figure 2.6: Possible, theoretical dose-response curves.  

 

The effect of radiation exposure can be classified into deterministic effects and 

stochastic effects (Lilley, 2001, Cember, and Johnson, 2009 and Noz, and Maguire, 

2007). The effects which are observed when organs of the body receive a certain 

level of dose or threshold are called deterministic effects. Below this threshold, 

detrimental effects are not observed. The response of the effect is similar to curve B 

in Figure 2.6. The severity of the effect increases with the size of the dose (Cember 

and Johnson, 2009 and Martin and Harbison, 2006). Stochastic effects occur 

randomly and the probability of occurrence is dependent on the size of the dose 

(Cember and Johnson, 2009 and Martin and Harbison, 2006). Cancer induction and 

genetic effects in future generation are thought to possibly result from these types of 

effects. The expected relationship between the probability of the stochastic effect and 

dose is along curve A in Figure 2.6. 

The ICRP system of radiation protection is based on three fundamental principles: 

justification, optimisation and dose limitation. 
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The principle of justification requires that any decision that alters 

the radiation exposure situation should do more good than harm; in other words, the 

introduction of a radiation source should result in sufficient individual or societal 

benefit to offset the detriment it causes. 

The principle of optimisation requires that the likelihood of incurring exposures, the 

number of people exposed and the magnitude of their individual exposure should all 

be kept as low as reasonably achievable, taking into account economic and societal 

factors. In addition, as part of the optimisation procedure, the ICRP recommends that 

there should be restriction on the doses to individuals from a particular source and 

this leads to the concept of dose constraints. 

The third principle of the ICRP’s system of protection is that of dose limitation. This 

principle requires that the dose to individuals from planned exposure situations, other 

than medical exposure of patients, should not exceed the appropriate limits 

recommended by the Commission. 

As part of the system of protection, ICRP publication 103 defines three categories of 

exposure situations (ICRP 2007), namely: planned exposure situations which involve 

the deliberate introduction and operation of sources; emergency exposure situations, 

which require urgent action in order to avoid or reduce undesirable consequences; 

and existing exposure situations, which include prolonged exposure situations after 

emergencies. The ICRP recognises three categories of exposed individuals: workers, 

patients and members of the public. These categories of exposure are known as 

occupational, public and medical exposure. Occupational exposure is generally 

interpreted as radiation exposure of individuals as a result of their work. However, as 

radiation is ubiquitous, only those exposures that can reasonably be regarded as the 
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responsibility of the operating management are included. Medical exposure is 

predominantly that of patients but also includes exposures incurred by those caring 

for patients, other than as part of their occupation, and exposures incurred by 

volunteers as part of biomedical research programmes, where there is no direct 

benefit to the volunteer. Public exposure then incorporates all exposures other than 

medical and occupational. 

The principles of justification and optimisation apply universally to all three 

categories of exposure situations (planned, emergency and existing), whereas dose 

limits apply only to planned exposure situations. The exception to this is planned 

exposure situations involving medical exposure where dose limits do not apply. In 

the absence of a dose limit, dose constraints assume a particular importance. 

Dose constraints are used as part of the optimisation process for planned exposures. 

They represent a level of individual dose which should not, in normal circumstances, 

be exceeded. They are used in the planning process and the chosen value will depend 

on the circumstances of the exposure under consideration. They are not a limit and 

do not represent a demarcation between safe and dangerous levels 

of radiation exposure but are used, prospectively, as a tool for optimisation. For 

planned exposures that have a dose limit associated with them, dose constraints 

should be lower than the pertinent dose limit. 

Dose limits recommended by ICRP are shown in Table 2.6. 
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Table 2.6: ICRP 103 recommended dose limits in planned exposure situations (ICRP 
2007). 

Type of limit  Occupational, mSv in a year Public, mSv in a year 

Effective Dose 20, averaged over 5 years, 
with no more than 50 mSv in 
any one year 

1 (exceptionally, a 
higher value of 
effective dose could be 
allowed in a year 
provided that the 
average over 5 years 
does not exceed 1 mSv 
in a year) 

Equivalent dose to lens 
of the eye  

150 15 

Equivalent dose to skin  500 50 

Equivalent dose to hands 
and feet  

500 - 

 

For occupational exposure, the annual effective dose that the whole body is 

uniformly irradiated is limited to 20 mSv averaged over a defined period of 5 years 

to limit the probability of stochastic effects. The dose can be allowed to be over 20 

mSv but cannot exceed 50 mSv in any single year. The dose limit of a member of the 

general public is set to be lower than a group of radiation workers, at 1 mSv per year. 

To prevent deterministic effects, occupational equivalent dose limits of 500, 500 and 

150 mSv per year are recommended for the skin, the hands and the feet, and the lens 

of the eye, respectively. The annual equivalent doses for individual members of the 

public are limited to be 15 mSv for the lens of the eye and 50 mSv for the skin (Noz 

and Maguire, 2007, ICRP, 2007 and Martin and Harbison, 2006).  
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2.4 Existing Exposure Situations 

There are many types of existing exposure situation. For example, aircraft crew 

exposure to cosmic radiation is an existing exposure situation. The cosmic ray dose 

rate exists, dependent upon altitude, geographical location, etc. Likewise, exposure to 

radon in dwellings and workplaces is, for the most part, an existing exposure 

situation, because the naturally occurring decay chain of uranium has not been 

introduced deliberately. 

Naturally occurring radioactive material (NORM) presents another existing exposure 

situation. This includes consideration of materials that are already present on the 

earth’s surface, and the transport of naturally occurring materials from deep within 

the ground to the surface as a result of activity such as drilling for oil or gas. 

Two other situations also fall within the general category of existing exposure 

situations. 

These are sites that may have contamination from past activities, perhaps from long 

ago, which may not, in light of today’s understanding and measurements, be 

considered acceptable. Likewise, contamination from a nuclear accident or radiation 

emergency eventually falls within this category; as it now exists in the environment, 

little can be done to modify the source, and actions have to be considered over the 

long term. The transition from an emergency exposure situation to an existing 

exposure situation continues to be an issue of considerable discussion, and is 

currently being examined by ICRP Committee 4 during updates to Publications 109 

and 111 (ICRP, 2009a,b) in light of the experience from Fukushima Daiichi. 

Existing exposure situations have a number of unique features, some of which have 

already been hinted at in the above discussion. First, and perhaps obvious, existing 
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exposure situations are ubiquitous, and there can be wide differences between 

different types of situation. As such, each situation needs to be characterised and 

considered carefully before starting to take actions for control. The time frame or 

taking protective actions is not urgent, and characterisation is important to the 

process of justifying and optimising the recommended actions. 

Control of the exposure to individuals is mainly through the pathways, as the source 

itself will not, in many cases, be amenable to direct control and modification. This 

does not mean that actions on the source are excluded, and consideration can be 

given to such actions when it is reasonable. Likewise, because of the wide 

variability, there may be a large distribution in individual exposures. This has been 

seen many times, such as in the contaminated zones in Chernobyl where individual 

habitats and locations, even within a single village, resulted in widely variable 

individual exposures. 

The ubiquity of existing exposure situations means that workers may be receiving 

exposures that are adventitious, and not part of the specific work that is being done. 

Further, the sources may not be under the control of the operating management or 

employer because the source exists within the environment. In many situations with 

NORM, there may be a lack of experience with radiation protection, or even a lack of 

awareness that exposures are occurring. 

The lack of existing radiation protection culture can make the introduction of control 

measures more difficult to accept by the individuals who are being exposed. 

However, it is these individuals, be they workers or simply members of the public, 

who are living in the existing exposure situation who can have the greatest influence 

on their own exposure. Informed personal behaviours, based on information, support, 
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and knowledge, can be one of the most significant mechanisms to reducing the risk 

to these individuals. This individualised action has been referred to as ‘self-help’ 

protective actions. Finally, existing exposure situations are unique because they 

require a long term perspective. The sources exist, are characterised, and actions are 

taken. 

This does not mean that the situation goes away. Instead, this is an ongoing process, 

and it is important to continue to consider the source, the protective actions, and what 

might be reasonable and possible to improve the situation further over time. 

The introduction of the three exposure situations in Publication 103 (ICRP, 2007) 

was designed to emphasise the commonality of the approach to radiation protection, 

irrespective of the circumstances. Most are familiar with the classic approach when 

the introduction of the source is planned. A dose limit controls the sum of all the 

exposures of an individual. Further, a restriction of the exposure from a particular 

source to a particular individual serves as a boundary of what is considered as 

acceptable in planning the exposure and optimising the protection. 

 

2.5 Review of Multivariate Statistical Analysis of Environmental Data 

Multivariate exploratory analysis of data has been used in various studies to derive 

useful information from large data sets and variables supplied by analytical 

techniques. Voncina et al. (2007) applied multivariate analysis ( HCA, PCA and 

LDA) to radionuclide levels in relation to pH, temperature, time, and nine (9) other 

physical chemical parameters of ground waters from 214 wells around Slovenia in 

order to monitor their general pollution, identify pollution sources and to plan 

pollution prevention measures. The study enabled the opportunity to follow the 

quality of ground waters from different wells at different times of the year. Farmaki 
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et al. (2012) have proposed a new optimization procedure for sampling and 

monitoring the quality of water for domestic and industrial supply to the city of 

Athens, Greece based on multivariate exploratory analysis. They achieved this by 

applying supervised and unsupervised multivariate pattern recognition techniques to 

physicochemical data sets of water reservoir sources. 

Chemical compositional information of Instrumental Neutron Activation Analysis 

(INAA) has been combined with multivariate techniques to create a geographical 

classification of pottery sherds from the South East of USA by Pizarro et al. (2008). 

The application of multivariate exploratory analysis combined with variables 

selection and data pre-treatments is therefore useful in recognizing compositionally 

homogeneous groups of samples that may be associated with different geographical 

sites. 

A study of major and trace elements, 18O, 2H, 3H, 13C, 14C and strontium isotopes 

combined with multivariate analysis and remote sensing data have been used to 

better understand the complex groundwater flow pattern and water-rock interactions 

in the tectonically active Ethiopian Rift Valley (Osenbrueck et al., 2013). The study 

indicates that groundwater flows from the escarpments into the rift valley, complying 

with the general hydro -chemical evolution towards NaHCO3 type ground water. 

Additional information on contributing groundwater components and processes were 

obtained from a PCA of the hydro-chemical and isotopic data. 

The applicability of multivariate data analysis to extract latent relationships in 

EDXRF spectral data, and the feasibility of forming a chemical compound 

classification based on characteristic fluorescence and scattered X-ray radiation has 

been demonstrated (Kesller et al., 2002). PCA was exploited to distinguish between 
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spectra from different chemical compounds and also played an important role in the 

estimation of influences of different physical and technical parameters on spectra of 

different chemical compounds without packing. Goraieb et al. (2006) used X-ray 

fluorescence (XRF) spectroscopy and multivariate data analysis to distinguish types 

of Portland cements as well as quantify some of their constituent elements.  The 

cement samples were classified by their distinct calcium concentrations and their 

origins defined by means of PLS. 

Direct differentiation of ionic species in different matrices has been achieved through 

application of multivariate data analysis on spectral data (Oliveira et al., 2010). The 

study achieved direct speciation  of  chromium  (Cr-III  and  Cr-VI)  using  

conventional  X-ray  spectrometry  with calculated limits of detection and 

quantification being lower than 17 and 50 ppm for the two ionic species respectively. 

It can be seen from these studies that the range and complexity of problems that can 

be solved by analytical spectroscopy may be increased by application of multivariate 

data analysis e.g. chemometrics. Chemometrics is a chemical discipline that uses 

mathematical and statistical procedures to provide maximum information by 

analyzing data obtained from analytical techniques (Kurt and Peter, 2008). 

Chemometrics is most popular in the application of multivariate data analysis of 

complex sample matrices. Chemometrics enables extraction of relevant physical and 

chemical information from extensive and complex multivariate data such as 

spectroscopic measurements.  In this study, multivariate chemometrics has been used 

to analyze gamma-ray spectrometric data of beach sands from the coastline of Ghana 

for purposes of classification and pattern recognition. 
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2.6 Multivariate Statistical Analysis 

Multivariate statistical analysis is a promising tool to investigate the 

interrelationship between different parameters. It becomes necessary to analyse 

comprehensive data sets of sand samples in simultaneous manner to figure out 

relations between the parameters in question. Some authors have well developed 

and presented the methods of classical multivariate statistics such as Swan and 

Sandilands (1995), Reyment and Savazzi (1999), Davis (2002), Wackernagel 

(2003). The requirement for a fresh approach to multivariate statistics is caused by 

three recent development: (i) many classical methods exhibit poor results when 

dealing with large and complex data sets; (ii)  the questions on a large data set is 

different from those of a small data set in previous time; and (iii) numerous recent 

improvements in computational power and equipment. 

The aim of this section is to present the state of the art methods that have been 

developed in an attempt to discover any hidden patterns or structures of the data set. 

The goal of experimental science is the understanding and exploration of unknown 

relations including natural laws. To explore these laws, the methods of 

classification, comparison and prediction are used. In classification, relevant 

parameters have to be measured. Methods of hypothesis tests and statistical models 

have been used for comparison and conjecture. A display of scatterplot of two 

variables is well known. 

However, when dealing with more than two variables, it becomes more difficult to 

visualize the multivariate data distributions.  
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2.6.1 Data Structure 

A starting point for all multivariate statistical algorithms is a matrix in which rows 

represent the objects and columns the variables. In this study, an object represents an 

investigated sand sample. As a matter of convention, the rows of a data matrix 

represent sand samples and the columns represent the properties of these samples. In 

multivariate statistics the number of samples n should be larger than the number of 

properties p. The data matrix is of rectangular shape n × p. The various properties of 

a sample are normally distributed in the range of magnitude. The manipulation of 

centering or normalizing of the data matrix should be done prior to the multivariate 

statistical analysis.  

 

2.6.2 Measurement of proximity 

Measures of proximity are of two types:  similarity and dissimilarity (distance). 

These measures indicate how similar or dissimilar objects are to each other. Upon the 

type of data, several authors have discussed various similarity and dissimilarity 

definitions together with associated problems (Gower, 1985, Baulieu, 1989, Jackson 

et al., 1989 and Gordon, 1999). The choice of a proximity measure depends upon the 

problem at hand. Suppose a data set of n objects has dissimilarities δrs measured 

between all pairs of objects, a configuration of n points representing the objects is 

sought in a p dimensional space. Each point represents one object, with the rth point 

representing object r. Let the distances between pairs of points be drs. The aim of 

visualization is to find a configuration such that the distances drs match as well as 

possible the dissimilarities δrs. The different notions of “matching” give rise to 

different techniques of multidimensional scaling (MDS). 
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2.6.3 Euclidean metrics 

These metrices correspond to the straight line distances in Euclidean space. In a 

univariate example, the Euclidean distance between two values is the arithmetic 

difference. In a bivariate case, the minimum distance between two points is the 

hypotenuse of the right-angled triangle in the two-dimensional space. For three 

variables the hypotenuse extends through three-dimensional space. Although it is 

difficult to visualize, an extension of Pythagoras theorem gives the Euclidean 

distance between two points in n-dimensional space:  

𝛿𝑟𝑟 = ��(𝑥𝑟𝑟 − 𝑥𝑠𝑠)2
𝑃

𝑖−1

�

1/2

                                                                   (Eq. 2.1) 

A weighted Euclidean distance considers varying weights for different properties: 

𝛿𝑟𝑟 = ��𝑤𝑖(𝑥𝑟𝑟 − 𝑥𝑠𝑠)2
𝑃

𝑖−1

�

1/2

                                                                   (Eq. 2.2) 

 

 

2.6.4 Mahalanobis distance  

The Mahalanobis distance is a generalised form of an Euclidean distance which 

weighs variables using the sample variance-covariance matrix R. Because the 

covariance matrix is used, the correlations between variables are taken into account. 

The Mahalanobis distance is normally used to measure the difference between the 

means of two multivariate groups.  It can be defined as a similarity measure between 

two vectors xr and xs  of the data matrix with the covariance matrix R: 

𝛿𝑟𝑟 = {[𝑥𝑟 − 𝑥𝑠]𝑇𝑅−1[𝑥𝑟 − 𝑥𝑠]}1/2                                           (Eq. 2.3)    
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2.6.5 Cosine coefficient 

The cosine coefficient expresses the dissimilarity between object a, and object b by 

regarding each as a vector defined in a p dimensional space. This is a non-Euclidean, 

pattern similarity metric. The cosine of the angle between two vectors is identical to 

their correlation coefficient. However, unlike a normal correlation calculation the 

pairs of values are drawn from different variables for two cases rather than two 

variables from different cases. The Cosine of two objects, a and b, is defined as 

cos𝜃𝑎𝑎 =
∑ 𝑥𝑎𝑎𝑥𝑏𝑏
𝑝
𝑘=1

��∑ 𝑥𝑎𝑎2
𝑝
𝑘=1 ��∑ 𝑥𝑏𝑏2

𝑝
𝑘=1 ��

1/2                                       (Eq. 2.4) 

 

2.6.6  Cluster Analysis 

Cluster analysis and classification are both techniques of placing objects into groups 

or classes. The difference is that in a cluster analysis the classes are not predefined as 

in classification. Cluster analysis, which is the most well-known example of 

unsupervised learning, is a very popular tool for analyzing unstructured multivariate 

data. The methodology consists of various algorithms each of which seeks to 

organize a given data set into homogeneous subgroups, or “clusters”.  A cluster is 

simply a collection of samples that are more “similar” to each other than they are to 

samples in other clusters. There is no guarantee that more than one such group can be 

found. In any practical application, however, the underlying hypothesis is that the 

data form a heterogeneous set should be separated into natural groups. 

All clustering algorithms begin by measuring the similarity or dissimilarity between 

the samples to be clustered.  Similar samples will be placed into the same cluster. It 

is also possible to view similarity by its inverse, the distance between cases, with 

distance declining as similarity increases.  This leads to a general conclusion that 
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objects in the same cluster will be closer to each other or more similar than they are 

to objects in other clusters. It also means that there must be some means of 

measuring distance. The most obvious distances are Euclidean, which are straight 

lines that can be measured with a “ruler” while others, often based on similarity, are 

non-Euclidean. 

 

2.6.6.1   Partitioning Methods 

Partitioning techniques encounter the problem of dividing n samples, described by p 

variables, into a small number k of discrete classes. The k-means is one of the 

simplest unsupervised learning algorithms that solve the known clustering problem. 

The most intuitive and frequently used criterion function in partitioned clustering 

techniques is the squared error criterion or objective function. This algorithm aims at 

minimizing an objective function 

𝐽 = ���𝑥𝑖
(𝑗) − 𝑐𝑗�

2
                                                                         (Eq. 2.5) 

𝑛

𝑖=1

𝑘

𝑗=1

 

Where �𝑥𝑖
(𝑗) − 𝑐𝑗�

2
is a chosen distance measure between a data point 𝑥𝑖

(𝑗) and the 

cluster center cj. The objective function J is an indicator of the distance of the n data 

points from their respective cluster centers. The algorithm is composed of the 

following steps that are iterated until a solution is found: 

1. Choose k cluster centers that coincide with k randomly defined points. The 

initial clusters could be random or based on some “seed” values. 

2. Repartition by assigning each samples to the closest cluster center. 

3. Re-compute the cluster centers as centroids. 

4. Repeat steps two and three until convergence is achieved. The endpoint will 

be the minimum of the objective function J. 
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The k-means algorithm does not necessarily find the optimal configuration, 

corresponding to the global objective function minimum. The algorithm is also 

significantly sensitive to the initial randomly selected cluster centers. The k-means 

algorithm can be run multiple times to reduce this effect. 

 

2.6.6.2    Hierarchical method 

Hierarchical techniques are the most widely applied clustering techniques in the earth 

sciences. Gordon (1987) reported an excellent review on hierarchical classification. 

This method joins the most similar observations, then successively connects the next 

most similar ones to these. The graphic display of the complete clustering process is 

a dendrogram. The nodes of the dendrogram represent clusters, and the lengths of the 

stems (heights) represent the distances at which clusters are joined. 

Given a set of n items to be clustered, and an n × n distance matrix, the basic process 

of hierarchical clustering runs as follows: 

1. Assign each item to a cluster, each cluster contains just one item.  Let the 

distances between the clusters be the same as the distances between the items 

they contain. 

2. Find the closest or most similar pair of clusters and merge them into a single 

cluster, so that now we have one cluster less. 

3. Calculate the distances between the new cluster and each of the old clusters 

4. Iterate steps 2 and 3 until all items are clustered into a single cluster of size n 

Step 3 can be done in different ways, which is what distinguishes single-linkage from 

complete-linkage and average-linkage clustering. In single-linkage clustering one 

considers the distance between one cluster and another cluster to be equal to the 

shortest distance from any member of one cluster to any member of the other cluster. 



45 
 

 
 

If the data consists of similarities, we consider the similarity between one cluster and 

another cluster to be equal to the greatest similarity from any member of one cluster 

to any member of the other cluster. In complete-linkage clustering, we consider the 

distance between one cluster and another cluster to be equal to the greatest distance 

from any member of one cluster to any member of the other cluster. In average-

linkage clustering, we consider the distance between one cluster and another cluster 

to be equal to the average distance from any member of one cluster to any member of 

the other cluster. 

This type of hierarchical clustering is called agglomerative because it merges clusters 

iteratively.  There is also a divisive hierarchical clustering which does the reverse by 

starting with all objects in one cluster and subdividing them into smaller pieces. 

Divisive methods are not generally available, and have been rarely applied in earth 

sciences. 

 

2.6.7        Principal Component Analysis (PCA) 

Principal Component Analysis (PCA) is the most widely used method of multivariate 

data analysis due to its simple algorithm and straightforward interpretation. The 

major goal of PCA is to reveal hidden structures in a data set. In geosciences, PCA 

can be used for (i) Reducing the dimensionality of the data, (ii) Multivariate outliers 

detection, (iii) Decoding a correlation matrix, (iv) Identifying underlying factors, (v) 

Detecting intrinsic correlation, and (vi) Preparing the data for further analysis using 

other techniques (Jolliffe, 2002, Wackernagel,  2003). 

Consider a data matrix Xn×p of n sand samples and p variables. If the variances are 

significantly different in the data or variables measured in different dimensions, the 

data matrix should be standardized by subtracting the means of each row and scaling 
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each row by dividing by its standard deviation. The variance-covariance matrix can 

be calculated as: 

𝑅 = 𝑋𝑇𝑋                                                                           (𝐸𝐸. 2.6) 

The interrelationships  between a data matrix and the eigenvalues and eigenvectors 

of its two cross product matrices are expressed in the singular value decomposition 

(SVD), well known as Eckart-Young theorem: 

𝑋 = 𝑈𝑈𝑉𝑇                                                                          (𝐸𝐸. 2.7)  

with 𝑈𝑛∗𝑛 𝑎𝑎𝑎 𝑉𝑝∗𝑝𝑇 , the transpose of V, being unitary matrices. 𝚺𝒏∗𝒑 is a diagonal 

matrix with non-negative numbers on the diagonal containing the singular values of 

X.  The columns of V are termed the principal components or the principal 

component loadings in PCA literature. The fundamental characteristic of PCA is to 

approximate X by a lower rank matrix 𝐗� which minimizes the residual distance 

�𝐗 − 𝐗�� on the basis of an approximation of the least squares criterion. The r 

dimensional Eckart Young approximation becomes more informative as: 

X� = UΣrVrT = 𝑋VrVrT                                                                 (𝐸𝐸. 2.8) 

where r, is the lower rank. The rows of UΣr give the r dimensional coordinates for 

the n samples, while the columns of VT, the rows of V, give the directions of the 

biplots axes which will be elaborated in the next sections. 

To approximate a data matrix X, the analysis is based on the singular value decom- 

position (SVD), while an approximation of the variance-covariance matrix XT X is 

based on the spectral eigenvalues decomposition which happens to coincide with its 

singular value decomposition. The variance-covariance matrix can be written as: 

𝑅 = 𝑋𝑇𝑋 = VΣ2𝑉𝑇                                                                          (𝐸𝐸. 2.9) 

and the approximation to the variance-covariance matrix is given as: 

X�TX� = VrΣr2VrT                                                                               (𝐸𝐸. 2.10) 
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The PCA method is actually a statistical interpretation of the eigenvalues. 

Multiplying the data matrix X with the eigenvector matrix V results in a score matrix 

Y that contains the principal components: 

Y = XV = UΣ                                                                               (𝐸𝐸. 2.11) 

 

2.6.7.1    PCA Visualization in Multidimensional Space 

For the graphical representation, a PCA approximation is presented in a r-

dimensional subspace L of the p space which results from a best fitting in the least 

squares sense. With the r-dimensional subspace L, n points can be orthogonally 

projected on it. 

This subspace is characterized by the minimum sum of squares residuals between the 

original points and their projections. When representing the samples relative to 

orthogonal axes in L, the coordinates of the projected points are given by 

Y = XrVr                                                                                       (𝐸𝐸. 2.12) 

If the dimension r = 2, the best fitting subspace L will be a plane of best fit.  The 

projection of original axes on the r-dimensional best fitting subspace defines the bi-

plot axes. 

 

2.6.7.2    Measures of fit in PCA Method 

The overall quality of approximation of the sample matrix X is usually measured as 

the ratio of the variance on the corresponding approximation to the total variance or 

in terms of fitted to total sums of squares: 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜 𝑡ℎ𝑒 𝑓𝑓𝑓𝑓𝑓𝑓
𝑇𝑇𝑇𝑇𝑇 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

=
∑ 𝜎𝑖2𝑟
𝑖=1

∑ 𝜎𝑖2
𝑝
𝑖=1

                                (𝐸𝐸. 2.13) 
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To measure the approximating variable, a quantity termed adequacy is used to assess 

the approximations of the sample matrix X.  In an r-dimensional approximation, the 

adequacy of a specific variable is defined as 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = Σ𝑖=1𝑇 𝑣𝑖                                                 (𝐸𝐸. 2.14) 

where vi  are the ith diagonal values of VrVrT.Axis adequacy is a measure of sums of 

squares of the rows of the eigenvectors matrix. 

Axes predictivity is another important parameter to measure the fitting quality. It is 

defined as the ratio of the diagonal of the variance-covariance approximation matrix 

to the corresponding elements of variance-covariance matrix: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑑𝑑𝑑𝑑�𝑋�𝑇𝑋��{𝑑𝑑𝑑𝑑(𝑋𝑇𝑋)}−1                          (𝐸𝐸. 2.15) 

where the terms XTX and X�TX� were described in equations 2.8 and 2.10, respectively.  
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CHAPTER 3 

THE STUDY AREA  

 

The aim of this chapter is to describe the study area in terms of its locality, land use, 

topography, drainage, climate, geology and habitats. 

 

3.1 Description of the Study Area  

The coastline of Ghana comprises the sandy east coast; the central coast, which is 

dominantly rocky beaches interspersed with short sections of sandy beaches; and the 

sandy west coast (Armah and Amlalo, 1998). Two main types of coastal lagoons can 

be found in Ghana. These are “open” and “closed” lagoons (Armah, 1991). The open 

lagoons have a permanent opening to the sea and are normally fed by rivers that flow 

all year round. They can be found mostly on the central and western parts of the 

coastline where higher rainfall results in a more continuous flow of rivers and 

streams into the sea (Plate 3.1).  

  

Plate 3.1: Rubbish from the main land deposited at the Nungua Beach after a heavy 
rain 
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3.1.1 Geology 

It is believed that the coastal geological formations of Ghana were likely determined 

by continental drift during the Cretaceous period (about 135 million years ago), when 

Africa broke away from South America (Allersma and Tilmans, 1993). The 

geological composition consists of hard granites, granodiorites, metamorphosed lava, 

and pyroclastic rock. Some coastal areas are covered by Ordovician, Silurian, and 

Devonian sandstone and shales (Allersma and Tilmans, 1993).   

The coastal zone is composed of extremely old marine sediments, which occur along 

the coast between Takoradi and Cape Coast and around Accra. Fresh water 

sediments occur in the Saltpond area, whilst much younger marine series of shale, 

sand stones and limestones are found in the extreme southwest and southeast of the 

country (Agyepong et al. 1990).  The area of most rapid erosion occurs in the weaker 

geological formations (Figure 3.1).  The area is underlain by very ancient rocks 

belonging to the Precambrian and Palaeozoic eras. The general topography is 

characterised by moderate relief. The occurrence of rock outcrops along the 

Ghanaian shoreline appears to be largely due to relief and change of climate (Dei, 

1972).  

 

3.1.2 Climate 

Climate in the coastal zone is varied. Total annual rainfall varies from less than 875 

mm in the eastern to more than 2000 mm in the western part.  Minimum 

temperatures of about 25 degrees Celsius occur in July and August, whereas 

maximum temperature occurs during February to March, preceding the main rainfall 

season (Agyepong et al. 1990).   
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Figure 3.1: Geological Map of Ghana showing the Coastal Zone. (Modified from 
World Bank 1997) 
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3.1.3 Vegetation  

The vegetation types of the coastal zone from east to west reflect the rainfall pattern 

(Agyepong et al. 1990). They range from coastal shrub and savannah to marginal 

forest to dry semi-deciduous and moist semi-deciduous forest and finally to wet 

evergreen forest in the extreme southwest of the country. The immediate coastal zone 

comprises the strand vegetation, the lagoons and marshes (Agyepong et al. 1990).  

The western part from the frontier with Côte d’Ivoire to Cape Coast is dominated by 

semi-deciduous and evergreen secondary tropical forest. The area from Cape Coast 

to the eastern border with Togo comprises a relatively dry zone with low-lying 

thickets, shrubs and savannah grassland (Armah and Amlalo, 1998). Important 

factors that affect the survival of vegetation in this area are wind, excessive 

evaporation, salt spray, saline conditions and looseness of substratum. Examples of 

terrestrial plants in the coastal zone are Ipomoea spp, Canavalia rosea, and Thespesia 

populnea (Agyepong et al. 1990).  

 

3.1.4  Habitats  

Six coastal ecosystem types occur in Ghana, namely: sandy shore, rocky shore, 

coastal lagoons, mangrove/tidal forests, estuarine wetlands and depression wetlands. 

Ecosystems found along the coast include mangroves, estuaries, lagoons beaches, 

mudflats, sand flats, and sea grass systems.  These habitats have very important 

ecological and social functions. There are five coastal wetlands of international 

importance - Anlo-Keta, Songor, Sakumo, Densu Salt Pans and Muni. Four others 

may also be similarly protected: the Keta, Korle, and Amazuri wetlands and the 

Elmina saltpans. The coastal wetlands are traditionally exploited for agriculture, 

fishing, sand and salt winning, and natural products such as reeds (Gordon, 1998). 



53 
 

 
 

3.1.5 Animal Life 

Turtles and manatees: Many parts of the coastal zone such as Ada and Shama are 

important nesting sites for marine turtles. Occurring species include the Leatherback 

(Dermochelys coriacea), the Olive Ridley (Lepidochelys olivacea) and the Green 

turtles (Chelonia mydas). The West Africa manatee (Trichechus senegalensis) has 

also been sighted in some coastal areas such as those around the lower Volta.    

Birds: Sandy beaches, estuaries, lagoons and flood plains along the coast of Ghana 

provide feeding and roosting sites for many birds, including migratory birds.  Over 

80% of the total number of shoreline bird species recorded in Ghana is reportedly 

Palaearctic migrants (Ntiamoa-Baidu and Hepburn, 1988).  

Fish: Fish is not only an important source of protein but also a source of livelihood 

and employment along the coast of Ghana. Marine landings are made in the Western, 

Central, Greater Accra and Volta Regions (Directorate of Fisheries, 2003). The 

marine fisheries fleets are classified as artisanal, inshore or semi-industrial and 

industrial (Mensah et.al, 2001). Artisanal fishery contributes most of the domestic 

marine fish supply such as small pelagics, especially the round sardinella, flat 

sardinella, anchovy and club mackerel (Directorate of Fisheries, 2003). It is 

responsible for over 80% of the total annual catch of small pelagic fish species 

(Bannerman et al. 2001). According to the 2001 census there were 9,981 artisanal 

wooden dugout canoes operating, most of which use 40 horse power outboard 

motors. The introduction of outboard engines to the canoes started in the 1950s and 

enabled the fishermen to move further out to sea from the coast to make bigger 

catches (Mensah et al. 2001). The Ghana Canoe Frame Survey estimates that there 

are about 124,000 fishermen operating from 334 landing sites in 195 fishing villages 

along the marine coast (Bannerman et al. 2001). Commonly used fishing gears are 
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purse seines, beach seines, set nets, drift gill nets and hook and line. Different gears 

are used at different times of the year to exploit different species of fish (Mensah et 

al. 2001). Fishing in the coastal zone by canoe fleet is directly related to seasonal 

upwelling that occurs in the coastal waters of Ghana. The major fishing season which 

stretches from June to October coincides with the major upwelling whilst the minor 

fishing season which is from December to February coincides with the minor up-

welling. For the rest of the year fishing is poor.   

The semi-industrial/inshore fleet consists of locally built wooden vessels of 8 to 37m 

in length with inboard engines of between 90 and 400 horse power. Most vessels can 

either use trawl or purse seine nets. In 2000 there were 169 inshore vessels (MOFI, 

2006 and Mensah et al. 2001).   

The industrial vessels are generally large, steel-hulled foreign built vessels that fish 

for shrimp, tuna and other species, mainly sea bream, cuttle fish and cassava fish. 

They include freezer trawlers and purse seiners (Directorate of Fisheries, 2003). 

Industrial vessels operate from Tema and also from Takoradi. About 30% of tuna 

landed by the tuna vessels is intended for the domestic market and 70% is exported. 

In 1996 there were 35 tuna vessels operating in Ghanaian waters (Mensah et al. 

2001) and 9 shrimp vessels in 1998. Due to the high level of investment required, 

many vessels operate on a joint venture basis between Ghanaians and outside 

investors from Korea, France and other countries (Directorate of Fisheries, 2003). 

Fishing also takes place in all the coastal wetlands, especially in lagoons, and also in 

the brackish-water marshes in depressions (Directorate of Fisheries, 2003).  The 

species caught in the coastal lagoons and estuaries are tilapia (Cichloidae) mostly the 

black chinned tilapia (Saratherodon melanotheron), horse mackerel and the mullets. 

Oyster and crabs (Callinectes) are also caught here (Agyepong et al. 1990).  The 
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most important lagoon fish, tilapia, accounts for about 98% of the catch (Directorate 

of Fisheries, 2003).  

 

3.1.6 Salt Production  

Salt production is an important activity along the coast of Ghana (Agyepong et al. 

1990). It is carried out in the flat areas along the coast, especially in the Keta and 

Songor lagoons, Ada, Ningo, Weija-Accra, Prampram, Apam, Cape Coast, Iture and 

Elmina areas.  In most cases the salt is collected from the lagoon floors during the 

dry season when high evaporation leads to the precipitation of salt (Directorate of 

Fisheries, 2003). The salt is marketed locally and in neighbouring countries. 

Commercial exploitation is being encouraged especially under the government’s 

economic drive of Presidential Special Initiative on Salt.   

 

3.1.7 Mineral Resources 

Deposits of limestone, silica, feldspar, kaolin and other minerals have been identified 

within the coastal belt (Laing, 1991). Sand from these beaches are used by the local 

people for making concrete bricks and sand-cement mixture needed for plastering 

walls (Plate 3.2). However these minerals do not occur in commercial quantities. On 

the other hand, crude oil has been discovered in commercial quantities.   
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Plate 3.2: Sand, from the Teshie beach, used by the local people for making sand-
cretes. 

 
 

 
Plate 3.3: Holiday makers and Tourists at the Labadi Pleasure Beach. 
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3.1.8 Tourism 

Since the late 1980s, tourism has received significant consideration in the economic 

development strategy of Ghana. The coastal zone has played a crucial role in 

attracting both local and international tourists (Kuma, 2004) (Plate 3.3). Tourist 

attractions include the animal life, beaches, physical infrastructure such as hotels, 

beach resorts and forts and castles, cultural events and festivals (Tweneboah, 2001).  
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CHAPTER 4 

MATERIALS AND METHODS 

 

This chapter deals with the sample collection and calibration of the HPGe based 

spectrometer for activity measurements as well as the determination of specific 

activities, dose rates, annual effective dose due to beach sands and the associated 

hazard indices. The multivariate statistical procedures used in the analysis of the 

spectral and measured radiological data are also explained. 

 

4.1 Sample Collection and Preparation 

Ten (10) popular resort or landing beaches in each of the four coastal regions (except 

the Central Region, where eleven beaches were selected) were considered as 

sampling sites, taking into account; accessibility to the beaches, the time frame of the 

research, equipment and logistic available. Five (5) replicate samples of beach sand 

were collected at random positions from each site at depths between 5 and 25cm. In 

the laboratory, the sand samples were spread on trays and allowed to dry at room 

temperature and to remove excess moisture, for 14 days. Samples were then oven-

dried at 105°C for 24 hours (with a slow-airflow drying cabinet), ground, 

homogenised, and screened with a size 20 mesh. They were then packed into 

Marienelli beakers, of 1000 cm3 volume each. Before measurements, the containers 

with the samples were kept sealed for 30 days, with the assumption that the long-

lived parent nuclides will establish secular equilibrium with their respective short–

lived daughters (TRACERCO, 2007). 
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Figure 4.1: Map of Coastal Zone of Ghana showing the study area and some 

sampling points. (Modified from World Bank 1997) 

 

4.2 Instrumentation  

Activity measurements were performed by gamma-ray spectrometry. The gamma 

spectrometer used for this work consist of a High Pure Germanium Detector (HPGe), 

with properties shown in Table 4.1, cooled by 25 litre liquid nitrogen in a dewar. The 

detector assembly is coupled to a desk top computer provided with Maestro 32 MCB 

configuration software for spectrum acquisition and evaluation. To reduce the 

background radiation, the detector is located inside a cylindrical lead shield of 5 cm 

thickness, internal diameter of 24cm and height of 60cm. The lead shield is lined 

with various layers of copper, cadmium and plexilglass (to absorb X- rays generated 

in the lead) each of 3mm thick. 
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Table 4.1: Properties of High purity germanium detector (HPGe) 

 

 

 

Detector specification Physical characteristics Electrical 
characteristics 

Model GR 2518-7500sl 

 

Geometry: coaxial one 
open ended 

Depletion voltage (-) 
2500 vdc 

Serial no b95529 
Diameter : 54mm Recommended bias 

voltage (-) 300 vdc 
 

Relative efficiency 25% Length : 53mm Leakage current at 
recommended bias : 
0.0nA 

Resolution 1.8 kev 
(FWHM) at 1.33 Mev 
gamma-ray of 60Co – 1.8 
keV 

Peak/Compton - 55:1 

Distance from window 
5mm long 

Pre amplifier test point at 
recommended voltage (-) 
1.0vdc 
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Plate 4.1: The High Pure Germanium Detector assembly used for analysis of the 
samples of beach sand at the Ghana Research Reactor – 1.  

 

 

4.2.1 Calibration of the γ-Spectrometer 

Prior to the analysis of the samples, energy and efficiency calibrations were 

performed to enable identification and quantification of the radionuclides. The 

detector system was calibrated using the multinuclide standard solution. The standard 

was measured in the 1.0 litre Marinelli beaker.  

The standard used for the energy and efficiency calibration consisted of a liquid 

mixed radionuclide solution with the following corresponding energies; 241Am (59.54 

keV), 109Cd (88.03 keV), 57Co (122.06 keV), 139Ce (165.86 keV), 203Hg (279.20 keV), 

113Sn (391.69 keV), 85Sr (514.01 keV), 137Cs (661.66 keV), 60Co (1173.2 keV and 
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1332.5 keV) and 88Y (898.04 keV and 1836.1 keV): and was supplied by the IAEA. 

The measurement geometry used for samples were the same as that of the standard.  

In order to determine the background radiation in the environment around the 

detector, an empty sealed Marinelli beaker was counted in the same manner and in 

the same geometry as the samples. The measurement time used for the background 

was 43 200 s. The background spectra were used to obtain the net peak area of 

gamma rays of measured isotopes. A dedicated software program, Maestro 32 MCB, 

was used to carry out the online analysis of each measured gamma-ray spectrum. 

 

4.2.2 Energy Calibration 

One of the essential requirements in nuclear spectroscopy measurement is the ability 

to identify the photo peaks present in a spectrum produced by the detector system 

(IAEA, 1989). This is achieved by carrying out energy calibration of the detection 

system.  

Energy calibration was performed by matching the energies of the principal gamma-

rays in the spectrum of the standard reference material to the channel number of the 

spectrometer. This was done both manually and with the computer. The equation 

relating the energy and the channel number is given by the expression (Cember and 

Johnson, 2009). 

𝐸𝛾 = 𝐴0 + 𝐴1𝐶𝐶      (Eq. 4.1) 

  

where Eγ is the energy, CN is the channel number for a given radionuclide, and Ao 

and A1 are calibration constants for a given geometry. A graph of energy against 

channel was plotted as shown in Figure 3.3. 
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Figure 4.2: Energy calibration Curve. 

 

Once energy calibration is performed, the next step in the sequence of spectrum 

analysis would be the determination of the resolution. The resolution is defined by 

the parameter FWHM (full width at half height of the photopeak), and assuming that 

photopeak fits a Gaussian, the value will take this parameter FWHM = 2.35σ being 

assigned the standard deviation σ from software to the Gaussian distribution.The 

resolution of Ge detectors usually comes (originally) specified because it provides 

information about the spacing capability of the photopeaks presenting a particular 

system. Generally nominal resolutions often used are: 55Fe (5.9 keV), 57Co (122 keV) 

and 60Co (1333 keV)   to cover various energy intervals. 

 

4.2.3 Efficiency Calibration 

The photopeak efficiency of the detector refers to the ratio of the actual events 

registered by the detector in each photopeak to the total number of events with a 
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R² = 0.9987 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 200 400 600 800 1000 1200 1400 1600

E
ne

rg
gy

/k
eV

 

Channel Number 



64 
 

 
 

defined energy emitted by the source of radiation. An accurate photopeak efficiency 

calibration of the system is necessary to quantify radionuclides present in the sample. 

It is essential that all settings and adjustment of the detector system be carried out 

prior to determining the efficiencies and this should be maintained until a new 

calibration is undertaken (IAEA, 1989) 

In general, the efficiency of detection decreases logarithmically as a function of 

energy and it is geometric dependent. Appropriate radionuclides must be selected for 

use as standards in efficiency calibration. It is recommended to have a number of 

calibration points approximately between 60 keV and 2000 keV (IAEA, 1989).  

The efficiency calibration curve was made using different energy peaks covering the 

range up to 2000 keV. Measurements were performed with the calibration standard. 

The efficiency calibration was performed by acquiring a spectrum of the calibration 

standard until the count rate at the peak of total absorption can be calculated with 

statistical uncertainty of less than 1% at a confidence level of 95%. 

The net count rate was determined at the photopeaks for all the energies to be used 

for the determination of the efficiency of the calibration standard at the time of 

measurement. The efficiency at each energy was plotted as a function of the peak 

energy and extrapolated to determine the efficiencies at other peak energies for each 

of the measurement geometrics. 

To calculate the absolute efficiency, the following equation (Cember and Johnson, 

2009) was used  

𝜀(𝐸𝛾) = 𝑁
𝐴∗𝑃∗𝑡

      (Eq. 4.2)  
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where N is the full energy peak net count corresponding to the gamma photons with 

energy Eγ and gamma emission probability P, A is the activity of the source and t is 

the counting time.  

The absolute efficiency of the detector was calculated at the specific energy of the 

standard sources for the same geometry of the samples. The absolute efficiency was 

calculated at any gamma energy of interest in the energy range below 2000 keV, 

using  

the following equation: 

    
2

2
1

1 )(ln)(ln)(ln γγγε EaEaaE o ++=                            (Eq. 4.3) 

where 21 ,, aaao are calibration constants for a given geometry and the other symbols 

have the usual meaning given earlier in the passage. The efficiency calibration curve 

is shown in Figure 4.3.  

 

Figure 4.3: Efficiency calibration Curve  

 

From the efficiency calibration curve, the following expression was obtained: 
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  γε Eln6616.04853.0ln −=   for γE > 100 keV        (Eq.4.4)      

  

4.2.4 Determination of Minimum Detectable Activity  

Minimum detectable activity (MDA) is defined as the smallest quantity of 

radioactivity that could be measured under specified conditions. The MDA is an 

important concept in low level counting particularly in environmental level systems 

where the count rate of a sample is almost the same as the count rate of the 

background. Under these conditions, the background is counted with a blank, such as 

sample holder, and everything else that may be counted with an actual sample. The 

minimum detectable activities (MDA) were calculated from the background 

spectrum for gamma measurements according to equation (4.5) (Hartwell, 1975) 

          MDA= 
�2.71+4.65�𝑁𝑇𝑇�

𝑡𝑇
𝑡𝐵
�+𝑁𝐶�

𝑡𝑇.𝐼.𝜀
                                            (Eq.4.5) 

Where; 

NTB is the background count for the region of interest of each radionuclide 

tT is the sample measurement time 

tB is the background counting time, 

NC is the integral 

I is the gamma emission probability (gamma yield) of each radionuclide, 

ɛ is the photopeak efficiency for the measured gamma ray energy. 

 

4.3 Calculation of Specific Activity 

Calculations of count rates for each detected photopeak and concentrations (activity 

per unit mass or specific activity) of detected radionuclides depend on the 

establishment of secular equilibrium in the samples. The 232Th concentration was 
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determined from the average concentrations of 212Pb (238.6 keV) and 228Ac (911.1 

keV) in the samples and that of 226Ra was determined from the average 

concentrations of the 214Pb (351.9 keV) and 214Bi (609.3 and 1764.5 keV) decay 

products. 

The activity concentration in Bq kg–1 (A) in the beach sand samples were calculated 

as follows:  

    
mP

N
A p

**ε
=         (Eq. 4.6) 

 where Np = the (cps) sample – (cps) BG, P is the abundance of the gamma line in a 

radionuclide, ε is the measured efficiency for each gamma line observed for the same 

number of channels either for the sample or for the calibration source and m the mass 

of the sample in kilograms. 

 

4.4 Estimation of Doses  

4.4.1 Estimation of Absorbed Dose Rate  

The outdoor air-absorbed dose rates due to terrestrial gamma rays at 1m above the 

ground level was calculated from 226Ra, 232Th and 40K concentration values in sand 

assuming that the other radionuclides, such as 137Cs, 90Sr and the 235U decay series 

can be ignored as their contributions are expected to be negligible to the total dose 

from environmental background. 

The absorbed dose rate at 1 m above the ground (in nGy h–1) due to Ra, Th and K 

was calculated respectively, using the following equation. 

 𝐷(𝑛𝑛𝑛ℎ−1) = 0.0417 𝐴𝐾 + 0.462 𝐴𝑅𝑅 +  0.604𝐴𝑇ℎ    (Eq. 4.7) 
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where AK,  ARa and ATh (Bq/kg) are the mean activity of 40K, 226Ra and  232Th.  The 

corresponding dose conversion coefficients transform the specific activities into 

absorbed dose rate.  In the current work, the considered dose rate conversion factors 

for 238U, 232Th and 40K were used in all subsequent dose rate calculations are those 

determined by Saito et al. (1990). These conversion factors have been used 

previously for related calculations in the UNSCEAR (1993) report. The dose 

conversion factors used in the calculation for 226Ra, 232Th and 40K were 0.462, 0.604 

and 0.0417, respectively. 

In the above conversion factors, it is assumed that all the decay products of 226Ra and 

232Th are in radioactive equilibrium. The published maximal admissible (permissible) 

dose rate is 55 nGy/h. 

 

4.4.2 Estimation of Annual Effective Dose Equivalent 

The absorbed dose rate in air at 1 metre above the ground surface does not directly 

provide the radiological risk to which an individual is exposed (Jibiri et al. 2007). 

The absorbed dose can be considered in terms of the annual effective dose equivalent 

from terrestrial gamma radiation which is converted from the absorbed dose by 

taking into account three factors, namely the conversion coefficient from absorbed 

dose in air to effective dose, the indoor occupancy factor and the outdoor occupancy 

factor. The annual effective dose equivalent (AEDE) can be estimated using the 

following formula (UNSCEAR 2000):  

For indoor: 

 
  𝐴𝐴𝐴𝐴 = 𝐷 (𝑛𝑛𝑛ℎ−1) ∗ 8760ℎ ∗ 0.8 ∗ 0.7 𝑆𝑆 𝐺𝐺−1     (Eq.4.8) 
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For Outdoor: 

  𝐴𝐴𝐴𝐴 = 𝐷 (𝑛𝑛𝑛ℎ−1) ∗ 8760ℎ ∗ 0.2 ∗ 0.7 𝑆𝑆 𝐺𝐺−1  (Eq. 4.9) 

 

Where 0.8 and 0.2 are the occupancy factors for indoor and outdoor respectively and 

8760 is the total time of the year in hours. 0.7 Sv h-1 is the conversion factor for 

external gamma radiation. 

 

4.5 Calculation of Hazard Indexes 

 
4.5.1 Radium Equivalent Activity (Raeq) 

Radium equivalent activity (Raeq) is used to assess the hazards associated with 

materials that contain 238U(226Ra), 232Th and 40K in Bq/kg, which is, determined by 

assuming that 370 Bq/kg of 226Ra or 260 Bq/kg of 232Th or 4810 Bq/kg of 40K 

produce the same γ dose rate (Beck, 1972). 

 

Radium equivalent activity indices were calculated using the relation (Beck, 1972 

and Chang et al. 2008).  

𝑅𝑅𝑒𝑒 =  𝐴𝑅𝑅 +  1.43 𝐴𝑇ℎ + 0.077 𝐴𝐾                                                           (Eq. 4.10) 

Where the constants represent conversion factors (nGy h-1 per Bq kg-1) calculated by 

the Monte Carlo technique for radionuclides and ARa, ATh and AK are the specific 

activities of 226Ra, 232Th and 40K in Bq kg–1 respectively.  
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4.5.2 External Hazard Index (Hex) 

The external hazard index is an evaluation of the hazard of the natural gamma 

radiation. The prime objective of this index is to limit the radiation dose so that 

annual dose equivalent limit of 1mSvy−1 is not exceeded. In order to evaluate this 

index, a model proposed by Beretka and Mathew (1985) was used in the current 

study. 

The external hazard indices were calculated using the equation (Chang et al. 2008) 

𝐻𝑒𝑒 =  
𝐴𝑅𝑅
370

+
𝐴𝑇ℎ
295

+
𝐴𝐾

4810
                                                                 (Eq. 4.11) 

Here, it is assumed that the same dose rate is produced from 370 Bq kg-1 226Ra or 259 

Bq kg-1 232Th or 4810 Bq kg-1 40K present in the same matrix. 

This model did not take into consideration the wall thickness, and the existence of 

doors and windows. 

 

4.5.3 Internal Hazard Index (Hin) 

The internal hazard index should be less than unity for the radiation hazard to be 

considered negligible. Inhalation of alpha particles emitted from the short-lived 

radionuclides radon (222Rn, the daughter product of 226Ra) and thoron (220Rn, the 

daughter product of 224Ra) are also hazardous to the respiratory tract. This hazard can 

be quantified by the internal hazard index (Hin) 

The internal hazard indices were calculated using the equation (Chang et al. 2008) 

𝐻𝑖𝑖 =  
𝐴𝑅𝑅
159

+
𝐴𝑇ℎ
295

+
𝐴𝐾

4810
                                                                 (Eq. 4.12) 
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The maximum permissible concentration for radium is therefore reduced to half the 

normal limit (Chang et al. 2008) 

 

4.5.4 Excess Lifetime Cancer Risk (ELCR) 

Excess Lifetime Cancer Risk, gives the probability of developing cancer over a 

lifetime at a given exposure level, considering 70 years as the Life Expectancy. It 

was calculated using the following equation (Taskin, et. al., 2009):  

ELCR = AEDE x DL x RF                                      (Eq. 4.13) 

Where AEDE is the Annual Effective Dose Equivalent, DL is the average Duration 

of Life (estimated to be 70 years) and RF is the Risk Factor (10-3Sv-1) i.e. fatal 

cancer risk per Sievert. For stochastic effects, ICRP 103 uses values RF as 0.05 Sv-1 

for the public. 

 

4.6 Multivariate Statistical Analysis of the Data 

Multivariate exploratory data analysis involves the application of both supervised 

and unsupervised pattern recognition techniques to detect and explore the 

distribution of radionuclide types and activity levels in relation to the other 

radiological parameters of the samples. Unsupervised techniques were used for 

clustering with respect to radionuclide activity concentrations and radiological 

parameters as well as site classification. Mean centred data sets were used in the 

analyses. The samples were characterized by their gamma-ray spectral data or 

activity concentrations and radiological parameters. The data was arranged in the 

form of matrices with the samples as rows and variables as columns. 

Sediment data were subjected to PCA analysis. The data matrices were column 

centred by subtracting the mean value of each column from each of the 12 
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individual elements followed by column standardization of individual variables. 

This was done by subtracting the mean of column elements from individual 

elements and then dividing by individual column standard deviation. These were 

then subjected to PCA to give a visualization of the data structure in the form of 

2D plots of residual variances, variances against PCs, rotated scores for PCs, and 

rotated loadings for PCs. 

Mean, maxima, minima, standard deviation, skewness, kurtosis, correlation 

analyses, PCA and CA were done using SPSS v.20 software package. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

Field observations and measurements, gamma-ray spectrometry, data analyses and 

results of the thesis research are presented and discussed in this Chapter. The 

concentrations of natural radionuclides (238U, 232Th and 40K), determined by using 

HPGe detector, in sand from the selected beaches were calculated. The values of the 

mean specific activities of the natural radionuclides, the terrestrial absorbed dose rate, 

the mean radium equivalent, external and internal hazard index as well as the 

effective doses from external exposures were calculated, with the aim of evaluating 

the environmental natural radioactivity and radiological health hazard for the area 

under study. Radioactivity diversity within the Costal Belt of Ghana, its 

classification, and relationships between sampled beaches are presented and 

discussed with the aid of multivariate statistical data analysis. 

 

5.1 Secular Equilibrium in Beach Sand Samples 

Natural disturbance, sample collection and preparation may all cause disequilibrium 

in beach sand samples; therefore the prepared samples were sealed and stored in 

Marinelli beakers for one month to allow for secular equilibrium.  To avoid any 

wrong estimation of 238U (226Ra) and 232Th due to radon escape from the sand 

samples, this study also measured whether the radioactive equilibrium of radium 

precursors and their radon progeny and associated decay products had been 

established in the sand samples. The sands sampled from the Volta Region were used 

to investigate radioactive equilibrium. 
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With regard to radon loss, 222Rn which has a 3.8 day half-life should take 

approximately 27 days to reach equilibrium with its parent (226Ra) in the uranium 

chain while 220Rn has only a 55.6 second half-life and would rapidly grow into its 

parent (224Ra) in the thorium chain. Any radon loss would underestimate the 

interpreted 226Ra content. As such, in the present study, the samples were sealed with 

PVC tape. In-growth of the short-lived progeny 212Pb (238 keV and 300 keV), 208Tl 

(583 keV) in the thorium chain and 214Pb (295 keV and 351 keV) and 214Bi (609 keV) 

in the uranium chain, from the first to eighth day and over periods of 12, 22 and 33 

days after sample preparation. The small differences in the activity of each growth 

curve as a function of time may result from accumulation of bismuth and lead in 

natural sand samples leading to rapid approach to activity equilibrium with the 

respective parents. In addition, it might be expected  that  the  only  appreciable  

radon  loss  would  be  from  the  surfaces  of  a  sand sample, the bulk being retained 

within the body of the sample. Comparison of the activity of 212Pb and 212Bi from the 

thorium chain and 214Pb and 214Bi in the uranium chain, 33 days after sample 

preparation, indicates that the radioactive equilibrium was maintained and that there 

was no significant,  measureable  loss of any the decay products  during sample 

storage. The decay progeny that follow 226Ra and 224Ra in the decay chains would 

therefore also achieve this equilibrium. It can be noted that although it would take 

about 27 days for 222Rn to achieve equilibrium   with  its  parent,   only  222Rn  decay  

products   were  measured   and  thus radioactive equilibrium can be approached in 

about 2 hours under normal circumstances. As the longest half-life of radionuclides 

prior to 210Pb in the uranium chain is 214Pb which has a half-life of 26.8 minutes, 

radioactive equilibrium was achieved in a short period of time, of the order of a few 

hours. The presence of 210Pb (t1/2 = 22 years) resulting in the further growth is 
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relatively slow and difficult to observe. In the thorium decay chain, there are no long-

lived radionuclides after 220Rn. Therefore, reaching equilibrium of 220Rn and its 

decay products only influenced by the time required for the build-up of 212Pb (t1/2 

=10.6 hours). 

Since the activity of each radionuclide in the chain should be the same if radioactive 

equilibrium is achieved, the activity ratio of 226Ra with its decay products and 

between its daughters can be used as an indicator for the radioactive equilibrium. 

From Figure 5.1 and 5.2, it can be seen that the R-squared values, for 226Ra/214Pb and 

214Pb/214Bi activity plots are all close to unity. This means that the activity values of 

226Ra, 214Pb, and 214Bi are similar and the assumption of radioactive equilibrium 

being established in the studied sand samples is valid. 

 

 

Figure 5.1: Relation between 226Ra and 214Pb 
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Figure 5.2: Relation between 214Pb and 214Bi 

 

 

5.2 Specific Activities of Natural Radionuclides in Samples 

Determination of activity concentrations requires knowledge of specific correction 

factors including, a self-attenuation corrections, decay- and life-time corrections and 

coincidence corrections. These have been applied to the analysis where appropriate. 

With only a small difference in the density between the reference sources and sand 

samples, the self -attenuation correction factor was not taken into account in this 

study. The weighted means for the activity was also applied in order to achieve the 

best estimate of the activity concentrations for given chains.  The  use  of  

independent  measurements  of  multiple, discrete gamma-ray lines from the same 

decay chains allows a significant reduction in the statistical  uncertainty  of the 

derived  activity  concentrations  compared  to the use of a single transition. 

 

Specific Activities due to the presence of 238U, 232Th and 40K radionuclides have been 
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Activities of the radionuclides in sand from the selected beaches are shown in Table 

5.1a-e. 

 

Table 5.1a: Mean Specific Activities of 238U, 232Th and 40K in beach sand from the 
Volta Region. 

Town 
Asp(BqKg-1) 

238U 232Th 40K 
Aflao 16.26 18.99 104.90 
Denu 10.57 24.81 103.90 
Kedzi 1.87 3.84 124.30 
Keta 6.87 15.33 147.40 
Tegbi 2.26 6.01 164.00 
Woe 6.84 11.43 127.50 

Anloga 14.33 16.63 139.80 
Whuti 2.42 7.26 117.40 
Dzita 9.45 18.14 150.40 
Atiteti 17.53 20.74 105.90 

 

 

Table 5.1b:  Mean Specific Activities of 238U, 232Th and 40K in beach sand from the 
Greater Accra Region. 

Town 
Asp(BqKg-1) 

238U 232Th 40K 
Ada Foah 7.60 5.40 51.00 
Old Ningo 16.50 26.90 175.60 
New Ningo 13.50 20.50 128.90 
Prampram 2.50 2.50 51.40 

Kpone 8.10 5.80 71.40 
Tema 11.80 16.10 227.50 

Nungua 7.50 6.40 71.60 
Teshie 9.30 9.60 47.80 
Labadi 5.90 6.90 62.40 

Bortianor 6.60 5.40 67.90 
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Table 5.1c:  Mean Specific Activities of 238U, 232Th and 40K in beach sand from the 
Central Region. 

Town 
Asp(BqKg-1) 

238U 232Th 40K 
Gomoah Fetteh 2.2 5.2 92.00 

Senya Breku 4.2 8.5 97.60 
Winneba 2.2 4.0 93.80 

Apam 4.5 12.6 95.80 
Mumford 3.0 5.5 101.10 
Saltpond 5.8 11.6 97.70 
Anomabo 2.3 4.7 103.00 

Biriwa 5.5 12.5 92.60 
Moree 27.0 13.2 276.00 
Elmina 20.1 11.2 229.00 

Komenda 2.5 5.7 51.40 
 

 

 

 

Table 5.1d:  Mean Specific Activities of 238U, 232Th and 40K in beach sand from the 
Western Region. 

Town 
Asp(BqKg-1) 

238U 232Th 40K 
Shama 8.3 5.8 71.40 

Sekondi 9.4 15.9 128.00 
Takoradi 9.1 15.2 84.40 
Dixcove 7.5 6.5 67.10 

Axim 9.3 10.0 71.60 
Esiama 5.3 4.2 47.80 
Eikwe 5.6 6.9 62.40 
Atuabo 6.2 5.3 51.00 

Half Assini 5.1 7.1 49.80 
New Town 5.8 8.2 50.70 
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Table 5.1e: Statistics of Specific Activities of 238U, 232Th and 40K in beach sand from 
the Study Area. 

Statistics 
Asp(BqKg-1) 

238U 232Th 40K 
Minimum 1.87 2.50 47.80 
Maximum 27.00 26.90 276.00 
Mean 8.01 10.44 103.79 
Standard Deviation 5.48 6.14 52.76 
 

 

The content of 238U ranges from 1.87 to 27.00 Bq kg-1, 232Th content ranges from 

2.50 to 26.90 Bq kg-1and 40K content ranges from 47.80 to 276 Bq kg-1.  The mean 

specific activities for the regions are as shown in Table 5.2. 

 

Table 5.2:  Mean Specific Activities of 238U, 232Th and 40K in sand from the Regions 

Region 
Asp(BqKg-1) 

238U 232Th 40K 

Volta 8.842 14.317 128.550 

Great Accra 8.930 10.550 95.550 

Central 7.195 8.615 120.909 

Western 7.143 8.480 68.420 

 

 

The natural radionuclide contents in soil from UNSCEAR 2000 show the mean 

specific activity in Egypt for 238U, 232Th and 40K to be 17, 18 and 320 Bq kg-1 

respectively. The average activity concentrations determined in the sand samples are 

lower than the published worldwide average activity concentration of 33 Bqkg-1for 

238U, 32 Bq.kg-1 for 226Ra, 45 Bq.kg-1for 232Th and 412 Bq.kg-1 for 40K  (UNSCEAR 

2008). The concentrations of natural radionuclides in various types of sand from 
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different parts of the world, are also provided and compared with the data obtained in 

the present work in Table 5.3 

 
Table 5.3:  Comparison of Specific Activities of 232Th, 226Ra and 40K (Bq kg-1) in 

sand samples from Greater Accra Region and other studies in different 
beaches of the world. Modified from UNSCEAR 2000 

 
Location 

Asp(BqKg-1) 
238U 232Th 40K 

Beach Sand, Ghana 1.87-27.0 2.5-26.9 47.8-276.0 

Ganet Safaga  184 201 877 

Masab El-Ghazel  174 185 759 

Preta beach Southeastern Brazil  128-349 54-180 47-283 

Dois Rios beach, Southeastern Brazil  12-87 6-78 269-527 

Visakhapatnam, India  300-600 100-400 - 

Northeast Coast, Spain  5-44 5-19 136-1087 

Ullal, India 1842 374 158 

Kalpakkam, India  352-3872 36-258 324-405 

Red seashore sediment, Egypt  2.3-221.9 95.3-105.6 98-1011 

Costal sand, Egypt  44.3-95.6 32.2-63.7 96-102 

Beach sand, Al-Maidan, North Sinai,  146 108 77 

Seabed sand, Tuen Mun Hong Kong 29.8 27.7 1210 

Coastal Karnataka 489.6 249.2 55 

Black sand, Brazil 25-2412 190-36620 - 

Zircon, Bangladesh 1324 6439 472 

Global average soil  
 

10-50 
40 

7-50 
35 

100-700 
370 

Global average soil  8–160 
32 

4–130 
45 

100 – 700 
420 

 

 

Figure 5.3 gives the ratio of 232Th/238U for the 41 beach sand samples collected along 

the coast of Ghana. The ratio was found to lie in the range from 1.39 to 8.50 with the 

mean value of 4.31.  The  results  show  that  the  areas  under investigation  have  

uranium  and  thorium  contents  in  the  typical  rock  range  with  a 232Th/238U ratio 
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close to the continental crustal average concentration of 3.82, as reported by the 

NCRP (1987). Chiozzi et al. state that the agreement of these two values suggests that 

there is no significant fractionation during weathering or associated with the 

metasomatic activity in the monitored area. 

 

 

Figure 5.3: Ratio of 232Th/238U for the 41 beach sand samples 

 

The correlation between 238U and 232Th concentrations in beach sand samples is 

shown in Figure 5.4. The solid line in the figure represents the best-fit between the 

238U and 232Th concentrations is approximately a linear relationship with a correlation 

coefficient of 0.52. 
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Figure 5.4: Correlation between 238U and 232Th concentrations in beach sand samples 

 

 

5.3 Elemental Concentrations 

Since the activity of the samples is also associated with the number of radioactive 

atoms in   the   samples,   assuming   226Ra   in   equilibrium   with   238U therefore   

the   activity concentrations of 238U, 232Th and 40K were then converted into the mass 

concentrations. Considering the fact that the primordial radionuclides (238U, 232Th, 

and 40K) exhibit a constant atomic abundance in nature, it is possible to convert the 

specific activities of  238U, 232Th, and 40K into massic elemental concentrations of U, 

Th, and K  respectively in order to compare the different  techniques using the 

following formula (Tzortzis et al., 2003)   

y = 2.1922x + 1.0367 
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𝐶𝐸 =
𝑇1

2�
.   R .  M a  

𝑃𝑎.NA .  𝑙𝑙2
.𝐴𝑠𝑠                                                  𝐸𝐸. (5.1) 

where, CE is the elemental concentration in sample, Ma is the atomic mass (kgmol-1), 

T1/2 is the half-life (seconds), Pa is the fractional atomic abundance in nature (%), NA 

is Avogadro’s constant (6.023 x 1023 gmol-1), Asp is the measured activity 

concentration (Bqkg-1) of the radionuclide considered (238U, 232Th, or 40K), and R is a 

constant with a value of 1,000,000 for U and Th (concentration in μgg-1) or 100 for K 

(concentration in % of mass fraction). 

The elemental concentrations of 238U, 232Th and 40K were found to lie in the range of 

0.16-2.35, 0.62-6.63 ppm, and 0.15-0.89% with the mean values of 0.70, 2.57 ppm, 

and 0.33% respectively (Table 5.4 a-e).  
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Table 5.4a: Elemental concentrations of 238U, 232Th and 40K in beach sand from the 
Volta Region. 

Town Con(μg/g)% 
 

238U 238U 238U 
Aflao 1.42±0.13 4.68±0.34 0.34±0.08 
Denu 0.92±0.14 6.11±0.41 0.34±0.06 
Kedzi 0.16±0.16 0.95±0.24 0.40±0.09 
Keta 0.60±0.15 3.78±0.38 0.48±0.08 
Tegbi 0.20±0.12 1.48±0.34 0.53±0.09 
Woe 0.60±0.11 2.82±0.34 0.41±0.09 

Anloga 1.25±0.14 4.10±0.42 0.45±0.08 
Whuti 0.21±0.16 1.79±0.39 0.38±0.08 
Dzita 0.82±0.15 4.47±0.32 0.49±0.09 
Atiteti 1.53±0.11 5.11±0.35 0.34±0.10 

 

 

 

 

Table 5.4b: Elemental concentrations of 238U, 232Th and 40K in beach sand from the 
Greater Accra Region. 

Town 
Con(μg/g)% 

 

238U 232Th 40K 
Ada Foah 0.66±0.14 1.33±0.46 0.16±0.07 
Old Ningo 1.44±0.17 6.63±0.31 0.57±0.08 
New Ningo 1.18±0.10 5.05±0.23 0.42±0.10 
Prampram 0.22±0.17 0.62±0.45 0.17±0.08 

Kpone 0.71±0.17 1.43±0.34 0.23±0.04 
Tema 1.03±0.16 3.97±0.39 0.73±0.07 

Nungua 0.65±0.14 1.58±0.36 0.23±0.08 
Teshie 0.81±0.11 2.37±0.25 0.15±0.02 
Labadi 0.51±0.10 1.70±0.41 0.20±0.03 

Bortianor 0.58±0.15 1.33±0.24 0.22±0.03 
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Table 5.4c: Elemental concentrations of 238U, 232Th and 40K in beach sand from the 
Central Region. 

Town 
Con(μg/g)% 

238U 232Th 40K 
Gomoah Fetteh 0.19±0.09 1.29±0.35 0.30±0.02 

Senya Breku 0.36±0.17 2.10±0.34 0.31±0.03 
Winneba 0.19±0.17 0.98±0.32 0.30±0.03 

Apam 0.39±0.17 3.11±0.37 0.31±0.03 
Mumford 0.26±0.14 1.35±0.36 0.33±0.04 
Saltpond 0.51±0.14 2.86±0.43 0.32±0.02 
Anomabo 0.20±0.12 1.17±0.39 0.33±0.06 

Biriwa 0.48±0.15 3.08±0.35 0.30±0.06 
Moree 2.35±0.08 3.25±0.25 0.89±0.06 
Elmina 1.75±0.13 2.76±0.41 0.74±0.05 

Komenda 0.21±0.12 1.41±0.24 0.17±0.05 
 

 

 

Table 5.4d: Elemental concentrations of 238U, 232Th and 40K in beach sand from the 
Western Region. 

Town 
Con(μg/g)% 

238U 232Th 40K 
Shama 0.72±0.12 1.42±0.35 0.23±0.06 

Sekondi 0.82±0.15 3.92±0.34 0.41±0.06 
Takoradi 0.79±0.14 3.75±0.32 0.27±0.05 
Dixcove 0.65±0.11 1.59±0.37 0.22±0.06 

Axim 0.81±0.12 2.45±0.36 0.23±0.07 
Esiama 0.46±0.16 1.02±0.43 0.15±0.06 
Eikwe 0.48±0.11 1.69±0.60 0.20±0.05 
Atuabo 0.54±0.08 1.29±0.41 0.16±0.08 

Half Assini 0.44±0.16 1.75±0.39 0.16±0.05 
New Town 0.51±0.12 2.02±0.41 0.16±0.05 
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Table 5.4e: Statistics of Elemental concentrations of 238U, 232Th and 40K in beach 
sand from the Study Area. 

Statistics 
Con(μg/g)% 

238U 232Th 40K 
Minimum 0.16 0.62 0.15 
Maximum 2.35 6.63 0.89 
Mean 0.70 2.57 0.33 
 

 

5.4 Terrestrial Absorbed Dose Rates Determined at the Selected Beaches 

From the specific activity, it is possible to evaluate the dose rate (in nGy h-1) due to 

terrestrial gamma rays only, at 1 m above the ground. External exposure to gamma 

rays from natural radioactive elements occurs outdoors and indoors. For evaluation of 

the annual dose, it is important to take into account the occupancy factor, i.e. how 

long people spend at a particular location and what they do while they are there. 

UNSCEAR 2000 report has proposed that the indoor occupancy factor is 0.8, 

implying that 20% of the day is spent outdoors, on average, around the world. The 

calculated absorbed gamma dose rate in air, due to the presence of the natural 

radionuclides in the sand are given in Table 5.5 a-d.  
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Table 5.5a: Absorbed Dose rates in air from 238U, 232Th and 40K in beach sand from 
the Volta Region. 

Town Adsorbed Dose Rate(nGy/hr) 

Aflao 23.35 
Denu 24.20 
Kedzi 8.37 
Keta 18.58 
Tegbi 11.52 
Woe 15.38 

Anloga 22.49 
Whuti 10.40 
Dzita 21.59 
Atiteti 25.04 

 

 

 

 

Table 5.5b: Absorbed Dose rates in air from 238U, 232Th and 40K in beach sand from 
the Greater Accra Region. 

Town Adsorbed Dose Rate (nGy/hr) 

Ada Foah 8.90 
Old Ningo 31.19 
New Ningo 23.99 
Prampram 4.81 

Kpone 10.22 
Tema 24.66 

Nungua 10.32 
Teshie 12.09 
Labadi 9.50 

Bortianor 9.14 
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Table 5.5c: Absorbed Dose rates in air from 238U, 232Th and 40K in beach sand from 
the Central Region. 

Town Adsorbed Dose Rate (nGy/hr) 

Gomoah Fetteh 8.01 
Senya Breku 11.14 

Winneba 7.32 
Apam 13.68 

Mumford 8.90 
Saltpond 13.76 
Anomabo 8.22 

Biriwa 13.95 
Moree 31.93 
Elmina 25.60 

Komenda 6.74 
 

 

 

Table 5.5d: Absorbed Dose rates in air from 238U, 232Th and 40K in beach sand from 
the Western Region. 

Town Adsorbed Dose Rate (nGy/hr) 

Shama 10.27 
Sekondi 19.27 
Takoradi 16.90 
Dixcove 10.14 

Axim 13.29 
Esiama 6.93 
Eikwe 9.31 
Atuabo 8.16 

Half Assini 8.72 
New Town 9.75 
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5.5 Annual Effective Dose Equivalent 

In all of the beaches investigated, the mean values of annual effective doses outdoor 

(Table 5.6) were lower than the worldwide average of 0.07 mSv y-1 published in 

UNSCEAR 2000. None of the beaches studied was considered a radiological hazard, 

because of the low values of gamma dose rates found in most of the samples 

investigated from the beaches. The annual external effective dose equivalents varied 

from 0.03 to 0.20 mSv y-1, with an average value of 0.09mSv y-1. In normal 

background areas, the average annual external effective dose from terrestrial 

radionuclides is 0.46 mSv y-1. Therefore the annual external effective dose obtained 

for the beaches of Ghana is lower than the worldwide average normal background 

doses received from radionuclides of terrestrial origin. Figure 5.6 shows the average 

values of annual effective dose (mSv y-1). 

 
 
Table 5.6a: The annual external effective dose equivalent obtained for the beaches of 
the Volta Region. 

Town 
AEDE (mSv y-1) 

Indoors Outdoors Total 

Aflao 0.11 0.03 0.14 
Denu 0.12 0.03 0.15 
Kedzi 0.04 0.01 0.05 
Keta 0.09 0.02 0.11 
Tegbi 0.06 0.01 0.07 
Woe 0.08 0.02 0.09 

Anloga 0.11 0.03 0.14 
Whuti 0.05 0.01 0.06 
Dzita 0.11 0.03 0.13 
Atiteti 0.12 0.03 0.15 
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Table 5.6b: The annual external effective dose equivalent obtained for the beaches of 
the Greater: Accra Region. 

Town 
AEDE (mSv y-1) 

Indoors Outdoors Total 
Ada Foah 0.04 0.01 0.05 
Old Ningo 0.15 0.04 0.19 
New Ningo 0.12 0.03 0.15 
Prampram 0.02 0.01 0.03 

Kpone 0.05 0.01 0.06 
Tema 0.12 0.03 0.15 

Nungua 0.05 0.01 0.06 
Teshie 0.06 0.01 0.07 
Labadi 0.05 0.01 0.06 

Bortianor 0.04 0.01 0.06 

 

 
 
Table 5.6c: The annual external effective dose equivalent obtained for the beaches of 
the Central Region. 

Town 
AEDE (mSv y-1) 

Indoors Outdoors Total 
Gomoah Fetteh 0.04 0.01 0.05 

Senya Breku 0.05 0.01 0.07 
Winneba 0.04 0.01 0.04 

Apam 0.07 0.02 0.08 
Mumford 0.04 0.01 0.05 
Saltpond 0.07 0.02 0.08 
Anomabo 0.04 0.01 0.05 

Biriwa 0.07 0.02 0.09 
Moree 0.16 0.04 0.20 
Elmina 0.13 0.03 0.16 

Komenda 0.03 0.01 0.04 
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Table 5.6d: The annual external effective dose equivalent obtained for the beaches of 
the Western Region. 

Town 
AEDE (mSv y-1) 

Indoors Outdoors Total 

Shama 0.05 0.01 0.06 
Sekondi 0.09 0.02 0.12 
Takoradi 0.08 0.02 0.10 
Dixcove 0.05 0.01 0.06 

Axim 0.07 0.02 0.08 
Esiama 0.03 0.01 0.04 
Eikwe 0.05 0.01 0.06 
Atuabo 0.04 0.01 0.05 

Half Assini 0.04 0.01 0.05 
New Town 0.05 0.01 0.06 

 

 

5.6 Radium Equivalent, External and Internal Hazard Indices  

Since beach sands could be used as building materials, it is important to assess the 

gamma ray radiation hazards of sand to humans. The experimental results of Radium 

equivalent activity (Raeq) in Bq kg-1, External hazard index (Hex), and Internal hazard 

index (Hin) obtained are presented in Table 5.7 a-e. 
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Table 5.7a: Radium equivalent (Req), External hazard indices (Hex) and Internal 
hazard indices (Hin) of the studied samples from the Volta Region. 

Town Req Hex Hin 
Aflao 51.49 0.14 0.18 
Denu 54.04 0.15 0.17 
Kedzi 16.94 0.05 0.05 
Keta 40.14 0.11 0.13 
Tegbi 23.49 0.06 0.07 
Woe 33.01 0.09 0.11 

Anloga 48.87 0.13 0.17 
Whuti 21.84 0.06 0.07 
Dzita 46.97 0.13 0.15 
Atiteti 55.34 0.15 0.20 

 

 

 

Table 5.7b: Radium equivalent (Req), External hazard indices (Hex) and Internal 
hazard indices (Hin) of the studied samples from the Greater Accra Region. 

Town Req Hex Hin 
Ada Foah 19.25 0.05 0.07 
Old Ningo 68.49 0.18 0.23 
New Ningo 52.74 0.14 0.18 
Prampram 10.03 0.03 0.03 

Kpone 21.89 0.06 0.08 
Tema 52.34 0.14 0.17 

Nungua 22.17 0.06 0.08 
Teshie 26.71 0.07 0.10 
Labadi 20.57 0.06 0.07 

Bortianor 19.55 0.05 0.07 
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Table 5.7c: Radium equivalent (Req), External hazard indices (Hex) and Internal 
Hazard indices (Hin) of the studied samples from the Central Region. 

Town Req Hex Hin 
Gomoah Fetteh 16.77 0.05 0.05 

Senya Breku 23.87 0.06 0.08 
Winneba 15.09 0.04 0.05 

Apam 29.89 0.08 0.09 
Mumford 18.60 0.05 0.06 
Saltpond 29.91 0.08 0.10 
Anomabo 17.00 0.05 0.05 

Biriwa 30.51 0.08 0.10 
Moree 67.08 0.18 0.25 
Elmina 53.75 0.15 0.20 

Komenda 14.61 0.04 0.05 

 

 

 

Table 5.7d: Radium equivalent (Req), External hazard indices (Hex) and Internal 
hazard indices (Hin) of the studied samples from the Western Region. 

Town Req Hex Hin 
Shama 21.99 0.06 0.08 

Sekondi 41.96 0.11 0.14 
Takoradi 37.33 0.10 0.13 
Dixcove 21.86 0.06 0.08 

Axim 29.04 0.08 0.10 
Esiama 14.88 0.04 0.05 
Eikwe 20.17 0.05 0.07 
Atuabo 17.63 0.05 0.06 

Half Assini 19.09 0.05 0.07 
New Town 21.43 0.06 0.07 
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Table 5.7e: Statistics of Radium equivalent (Req), External hazard indices (Hex) and 
Internal hazard indices (Hin) of the studied samples.  

Statistics Req Hex Hin 
Minimum 10.03 0.03 0.03 
Maximum 68.49 0.18 0.25 
Mean 30.93 0.08 0.11 
Standard Deviation 15.76 0.04 0.06 

 

The values show that the maximum Raeq value obtained, 30.93 Bq kg-1, for the 

studied area is lower than the internationally accepted reference value of 370 Bq kg-1. 

The corresponding values for the external hazard and internal hazard indices are 

(0.18 and 0.25) respectively. All studied beaches, have, Hex and Hin lower than the 

international accepted value of one (1).  

 

5.7 Lifetime Cancer Risk 

Table 5.8 shows Statistics of Excess Lifetime Cancer Risk of the studied areas. The 

Average and maximum excess lifetime cancer risk (ELCR) for all samples are lower 

than the world average of 1.45× 10-3(Taskin, et. al., 2009).  

Table 5.8: Statistics of Excess Lifetime Cancer Risk of the studied samples.  

Statistics 
Excess Lifetime Cancer Risk x 10-3 

indoor outdoor total 
Minimum 0.08 0.02 0.10 

Maximum 0.55 0.14 0.69 

Mean 0.25 0.06 0.31 

Standard Deviation 0.12 0.03 0.15 

 

A number of studies have been carried out worldwide for the determination of ELCR 

due to Gamma Radiation. A few of them have been given in Table 5.9. In some 

studies only the outdoor annual dose (Eout) has been accounted to evaluate the ELCR. 
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These studies include the determination of ELCR in and around Warri Refining and 

Petrochemical Company in Niger Delta, Nigeria, by Emelue et al. (2014). As per 

their report the risk of developing cancer is below the standard. In another study 

by Ramasamy et al. (2013), in high background radiation area, Kerala, India the 

average ELCR value calculated is 1.7 × 10−3, which is six times higher than the world 

average for outdoors (0.29 × 10−3). Taskin et al. (2009) reported the ELCR value as 

0.50 × 10−3 in Kirklareli, Turkey. Ramasamy, et. al. (2009) carried out the evaluation 

of ELCR in river sediments of Karnataka and Tamilnadu, India. The average of 

ELCR was found to be 0.20 × 10−3 which is less than the world average. 

 

Table 5.9:  Comparison of Excess Lifetime Cancer Risk calculated during various 
studies 

Study area Medium 
ELCR × 10−3 

Reference outdoor indoor total 

Niger Delta, 
Nigeria 

Soil Negligibl
e 

NA Negligi
ble 

Emelue, Jibiri, & 
Eke, (2014) 

Kerala, India Soil 1.7 NA 1.7 Ramasamy, 
Sundarrajan, 
Paramasivam, 
Meenakshisundar
am, & Suresh, 
(2013) 

Kirklareli, Turkey Soil 0.50 NA 0.50 Aytas et al., 
(2012) 

Karnataka & 
Tamilnadu, India 

Sediment
s 

0.20 NA 0.20 Ramasamy et al., 
(2009) 

Tulkarem  
Province-Palestine 

Soil 0.17 0.78 0.95 Thabayneh & 
Jazzar, (2012) 

Azad  
Kashmir, Pakistan 

Soil 0.54 1.63 2.17 Rafique et al., 
(2014) 

World Average  0.29  1.45 Taskin, et. al., 
(2009) 

Coastal Ghana Beach 
Sand 

0.06 0.25 0.31 Present study 



96 
 

 
 

5.8 Statistical Analysis 

Statistical behaviour of the measured data is presented in Table 4.8, which includes 

the range (minimum–maximum), arithmetic mean (AM), arithmetic standard 

deviation (SD), median, mode, skewness, kurtosis and the type of frequency 

distribution for the three radionuclides for all the sediment samples. The basic 

statistics show that the AM of activity concentrations are different from each other. 

Precipitation affects the natural radioactivity of sediments, when rain water mixes 

with SO2 in the air, making the rain become acidic. Acid rain causes accelerated 

mobilization of many materials in sediments, especially 238U (Sheppard & Sheppard, 

1988). 

 

Table 5.10:  Descriptive statistics of radiological parameters 

Variables DR AEDR Req Hex Hint 

Minimum 4.810 0.030 10.030 0.030 0.030 

Maximum 31.930 0.200 68.490 0.180 0.250 

Mean (AM) 14.335 0.087 30.935 0.084 0.105 

Std. Deviation 7.214 0.045 15.763 0.042 0.056 

Variance 52.035 0.002 248.460 0.002 0.003 

Skewness 0.936 0.968 0.896 0.897 0.984 

Kurtosis -0.241 -0.161 -0.367 -0.459 0.008 

 

The standard deviations, as shown in Table 5.10, are lower than the mean activity 

concentrations for each of the three radionuclides in all the samples; indicating non-

uniformity in the distribution of the radionuclides in the samples. 

 



97 
 

 
 

5.8.1 Skewness 

In Probability theory and Statistics, Skewness is a measure of the asymmetry of the 

probability distribution of a real valued random variable. Skewness has benefits in 

many areas. Many models assume normal distribution; i.e., data are symmetric about 

the mean. The normal distribution has a Skewness of zero. However, in reality, data 

points may not be perfectly symmetric. Therefore, an understanding of the Skewness 

of the dataset indicates whether deviations from the mean will be positive or 

negative. Skewness characterizes the degree of asymmetry of a distribution around its 

mean (Groeneveld & Meeden, 1984). Positive Skewness indicates a distribution with 

an asymmetric tail extending towards values that are more positive. Negative 

Skewness indicates a distribution with an asymmetric tail extending towards values 

that are more negative. Lower Skewness values form normal distributions. All the 

radionuclides concentrations in the samples have Positive Skewness values (Table 

5.10) which indicates asymmetric distribution with the tail extending towards high 

concentrations. 

 

5.8.2 Kurtosis 

Kurtosis is a measure of the peakedness of the probability distribution of a real-

valued random variable. It characterizes the relative peakedness or flatness of a 

distribution compared with the normal distribution. Positive Kurtosis indicates a 

relatively peaked distribution. Negative Kurtosis indicates a relatively flat 

distribution. Higher Kurtosis means more of the variance is the result of infrequent 

extreme deviations, as opposed to frequent modestly sized deviations. In the present 

case 238U, 40K and 232Th have a negative Kurtosis which indicates relatively peaked 

distribution (Table 5.10). 
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5.8.3 Pearson's correlation coefficient analysis 

Correlation analysis was carried out, as a bivariation statistics in order to determine 

the mutual relationships and strength of association between pairs of variables 

through calculation of the linear Pearson correlation coefficient. Results for Pearson 

correlation coefficients between all the studied radioactive variables for sediments are 

shown in Table 5.11. 

 

 

Table 5.11: Pearson correlation coefficients between the studied radioactive variables 
for sand samples 

 

238U 232Th 40K DR AEDR Req Hex Hint 

238U 1 
       232Th 0.652** 1 

      40K 0.624** 0.480** 1 
     DR 0.876** 0.890** 0.771** 1 

    AEDE 0.879** 0.882** 0.775** 0.998** 1 
   Req 0.871** 0.908** 0.743** 0.999** 0.997** 1 

  Hex 0.871** 0.903** 0.745** 0.997** 0.995** 0.998** 1 
 Hin 0.922** 0.868** 0.730** 0.992** 0.990** 0.992** 0.989** 1 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

 

The high good positive correlation coefficient was observed between 232Th and 238U 

because uranium and thorium decay series occur together in nature (Tanaskovic, 

Golobocanin, and Miljevic, 2012). The U content is directly related to Th and K 

contents with high positive correlation coefficients of 0.652 and 0.624, respectively. 

In contrast, K and Th contents are proportional with a low positive coefficient of 

0.480. Positive correlation coefficients were observed between 238U, 232Th and 40K, 
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and all the radiological parameters. This implies a very strong relationship between 

the radionuclides in sediments and radiological parameters. Hence this strong 

relationship shows that all three radionuclides contribute to the emission of gamma 

radiation in all the locations. 

 

5.8.4 Principal Components Analysis (PCA) Computation 

A set of forty one (41) beach sand samples described by radionuclides and 

radiological parameters, namely; 238U, 232Th, 40K,  radium equivalent activity (Req), 

absorbed dose rate (DR), annual effective dose rate (AEDR) and External hazard 

index (Hex) were analysed in simultaneous manner with principal components 

analysis (PCA) method. As an input preparation for the principal components 

analysis, the sample data set was randomly arranged in a matrix X of 41 rows and 8 

columns. The rows are the sand samples and the columns are the sand sample 

radionuclide parameters. The magnitudes of the values of radionuclide parameters 

are different in dimension. Differences in magnitude may distort the computation 

and the variables cannot obviously be analysed and compared. Standardization or 

normalization of the sample data matrix is required prior to undertaking the PCA. 

The sample data matrix X41x8 is randomly sampled and standardized by centring and 

scaling, by dividing each variable by its standard deviation, becoming 𝑋�41𝑥8.  

The variance of a variable or the covariance between two variables, belong to the 

most important parameters in statistics, particularly in PCA method. The variance- 

covariance matrix R8X8 of the standardized matrix 𝑋�41×8 compiles the variances as 

diagonal elements and the covariances as off-diagonal elements. Once the data 

matrix is standardized, the variance-covariance matrix coincides with correlation 
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matrix. An alternative approach of computing the variance-covariance or correlation 

matrix with the standardized sample matrix is to determine the product of   X�TX�. 

 

 
 
Table 5.12: Extraction Method:  Extraction Sums of Squared Loadings 

Component 
Initial Eigenvalues 

Extraction Sums of Squared 
Loadings 

Total 
% of 

Variance 
Cumulative 

% Total 
% of 

Variance 
Cumulative 

% 

1 7.134 89.176 89.176 7.134 89.176 89.176 
2 0.541 6.759 95.935    

3 0.316 3.954 99.888    

4 0.004 .054 99.943    

5 0.004 .045 99.988    

6 0.001 .012 100.000    

7 4.072E-6 5.090E-5 100.000    

8 5.585E-8 6.981E-7 100.000    

 
 

The results showed that there was only one eigen value higher than 1.000 and that 

this factor could explain over 89.176% of the total variance (Table 5.12). Normally, 

an ordination result was good if the value was 75% or better. As seen from Table 

5.13, the first component (PC1) is loaded heavily (0.890 and 0.879, respectively) on 

uranium and thorium series. Fig. 5.5 shows the Scree plot of radionuclide activities 

and radiological parameters. 
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Table 5.13: Extraction Method: Principal Component Analysis. 
Variables Component 

 1 
238U 0.890 

232Th 0.879 
40K 0.771 
DR 0.999 

AEDR 0.998 
Req 0.998 
Hex 0.997 
Hin 0.995 

 
Figure 5.5: Scree plot of radionuclide activities and radiological parameters. 
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5.8.5 Cluster Analysis 

In the PCA method, the interaction between the variables is investigated in detail. 

The columns of the sample matrix are under consideration. In cluster analysis, the 

samples are the main object of interest. Specifically, the distances between pairs of 

samples are calculated, compared and on the basis of the nearest similar distances a 

dendogram is built up.  As in PCA, the original sample matrix should be 

standardized prior to calculating the distance. 

The number of pair distances corresponding to all the combination of two samples 

out of n = 41 sand samples results in n(n-1)/2 = 820 distances.  The computation of 

the differences between all possible pairs of samples results in a square symmetrical 

matrix D41X41 where each element is the distance of the two samples indicated by the 

corresponding column and row. 

In Cluster Analysis, the average linkage method along with correlation coefficient 

distance was applied. The derived dendrogram is as shown in Figure 5.6. In this 

dendrogram, all eight (8) parameters were grouped into two statistically significant 

clusters. Cluster-I consists of 232Th, 238U and the radiological parameters, such 

as AEDE, Hex, Hin, and DR. Cluster-II consists of only 40K. From this cluster analysis, 

238U and 232Th contribute more to the radiological parameters than 40K. 
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Figure 5.6: Dendrogram of radionuclide concentrations and radiological parameters 
matrix clustered by linkage method and sand groups associated with 
PCA biplot. 
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The samples with the highest similarities are arranged and placed into a hierarchy, 

then those pairs are merged and the matrix is recomputed. The process iterates until 

the dissimilarity matrix reaches the rank of two.  The lower distance indicates that 

the sand samples are similar and a group or cluster is created. A certain group is 

more or less homogeneous in distances and distinct from the others. The constructed 

dendrogram is presented in the tree form as shown in Figure 5.7. The height of the 

tree between two samples or two groups of samples exhibit the distances between 

those samples or groups of sample. According to the dendrogram, the sand samples 

of similarity in distance are clustered into 5 groups. The sand samples, VR5, GR6 

and CR9 are out of all groups.  

The height of the dendrogram exhibits the similarities of distance between sand 

samples or groups of sand samples. At the height of 1, the sand samples are grouped 

into 8 clusters. The number of clusters is reduced to 3 when the height approaches 5 

and at the height of 25, only one cluster exists. The maximum similarities detected 

among the sampling towns and the Spatial Groups identified on the basis of the 

dendogram are presented in Table 5.14. 

From the cluster analysis, it can be concluded that the number of sampling towns can 

be reduced from the present 41 to 8 towns. The future eight monitoring towns can 

beVR-5, GR-8, CR-9 and any town from SG-1, SG-2, SG-3, SG-4, and SG-7. 
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Figure 5.7: Dendrogram of sand sample matrix clustered by linkage method and sand    

groups associated with PCA biplot. 
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Table 5.14: Clustering strategy for development of Spatial Groups. 
Sampling Towns Spatial Groups 

CR11 

SG1 

GR1 
GR4 
GR5 
GR7 
GR8 
GR9 
GR10 
WR1 
WR4 
WR5 
WR6 
WR7 
WR8 
WR9 
WR10 
CR1 

SG2 

CR2 
CR3 
CR4 
CR5 
CR6 
CR7 
CR8 
VR3 
VR8 
WR3 
VR1 

SG3 VR2 
VR10 
GR3 

SG4 

VR4 
VR6 
VR7 
VR9 
WR2 
VR5 SG5 
GR8 SG6 
GR6 SG7 CR10 
CR9 SG8 
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CHAPTER 6 

 

CONCLUSION AND RECOMMENDATIONS 

 

This chapter presents the concluding remarks from the study. Recommendations 

have also been made to stakeholder institutions on the need for cost effective 

environmental monitoring based on the result of this study. The need for further 

studies has also been emphasized. 

 

6.1 Conclusion 

Radionuclide analysis and multivariate statistical classification of the beaches in 

Ghana have been carried out using HPGe based gamma-ray spectrometry data, PCA 

and HCA.  

Specific Activities due to the presence of 238U, 232Th and 40K radionuclides were 

determined in all the collected sand samples. The specific activity of 238U ranges 

from 1.87 to 27.00 Bq kg-1, 232Th content ranges from 2.50 to 26.90 Bq kg-1and 40K 

content ranges from 47.80 to 276 Bq kg-1.  The activity values obtained in this study 

are comparable with published data of other works in Ghana indicating that the study 

areas have not been affected until now by any NORM activities that may have started 

in these environments. 

 

The elemental concentrations of 238U, 232Th and 40K were found to lie in the range of 

0.16-2.35, 0.62-6.63 ppm, and 0.15-0.89% with the mean values of 0.70, 2.57 ppm, 

and 0.33% respectively.  
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The study shows that the average Raeq value, of 30.93 Bq kg-1, for the studied area is 

lower than the internationally accepted value 370 Bq kg-1. The corresponding values 

for the External Hazard (Hex) and Internal Hazard indices (Hin) are (0.08 and 0.11) 

respectively. The values for Hex and Hin are lower than the internationally accepted 

value of one (1.00).  

The differences observed in the specific activities  from the radionuclides 232Th, 226Ra 

and 40K in relation to the sand profiles analysed, may be due to the different sand 

properties, like density, humidity and porosity, at each beach. The values of natural 

radioactivity and gamma absorbed dose rates estimated and hazard indices calculated 

show that the selected beaches have normal natural background radiation and beach 

sand from most of these beaches can be used in construction and may not pose any 

significant radiological hazard to users of these sands and beaches. 

From the cluster analysis, it could be found that 238U and 232Th contribute more to the 

radiological parameters than 40K and the number of sampling towns can be reduced 

from the present 41 to 8 towns. 

The study offers a multivariate statistical environmental data reduction strategy for 

environmental monitoring. In this work, cluster analysis was used to evaluate spatial 

and temporal variations in beach sands. From the analysis, it was possible to develop 

an optimal sampling strategy, which could reduce the number of sampling stations, 

the number of samples collected and associate costs.  
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6.2 Recommendations 

6.2.1 Regulatory and Environmental Protection Bodies 

It is recommended to the regulatory and environmental protection bodies 

• to design an optimal future sampling strategy which could reduce sampling 

frequency, number of sampling sites and associated sampling costs, Cluster 

Analysis should be considered. 

• to improve on the prediction and classification of future measurements of 

samples other physical parameters such as, the size distribution, density, 

porosity, water retention and resistance to penetration of the sand grains 

should be included.  

 

6.2.2 Research Institutions 

The following areas are recommended for future research: 

• Evaluation of natural radioactivity and radiological hazards in beach rocks 

along the shores of Ghana 

• Multivariate Chemometric Analysis of Radon Concentration along the coast 

of Ghana. 
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