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Abstract 

The exposure of humans to ionizing radiation through the natural enviroment and 

anthropogenic activities constitute significant sources of radiation dose estimated annually. 

In this work, activity concentrations of Ra-226, Ra-228, Th-232, K-40, Po-210 and Cs-137 

were determined in different enviromnetal media. The mean radioactivity levels measured in 

some coastal sediments were above worldwide averages. Consequently, the radiological 

hazards determined for such areas were high. Indoor radon levels were measured in dwellings 

within the Greater Accra region, with the annual mean concentration of 50.8 ± 3.4 Bq/m3. 

Po-210 activity concentrations determined in commonly smoked cigarettes in Ghana were 

relatively low. The research evaluated that indoor radon and Po-210 concentrations in 

cigarettes contribute to the annually lung cancer cases recorded in Ghana. 

Activity concentrations of natural radionuclides were measured in soils and sediments from 

artisanal mining areas. Th-232 activity concentrations were higher than Ra-226 

concentrations for the investigated locations. Farms and undisturbed lands close to mining 

sites recorded high activity concentrations. Rn-222 activity concentrations determined in 

soils from mining areas were between 390.6 ± 38 and 907.5 ± 93 Bq/m3, with an average of 

560.0 ± 54 Bq/m3. High Rn-222 exhalation rates were observed in some farming and 

undisturbed areas. The activity concentrations of Ra-226 and Ra-228 in surface and 

groundwater resources were observed to be above world average concentrations of 1.0 Bq/L 

and 0.1 Bq/L, respectively. Activity concentrations of Ra-228 were consistent with Th-232 

concentrations measured in soils from the study area.  

The research helped to identify the distribution pattern of radionuclides in some parts of the 

country. Thus, geological formations significantly affect the radionuclide’s distribution 

observed in the study areas. The measured activity concentrations were used to evaluate the 

associated radiological risks. Spatial distribution maps helped to visualize the distribution of 

the radionuclides in different locations. The results from this work can serve as baseline data 

for future reference and monitoring activities.   
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Kivonat 

Az embereknek a természetes környezeten és az antropogén tevékenységeken keresztül 

történő ionizáló sugárzásnak való kitettsége az évente becsült sugárzási dózis jelentős 

forrását jelenti. Ebben a munkában a Ra-226, Ra-228, Th-232, K-40, Po-210 és Cs-137 

aktivitáskoncentrációja került meghatározásra különböző környezeti közegekben Ghánában. 

Az egyes part menti üledékekben mért átlagos radioaktivitási szintek meghaladták a 

világátlagokat. Következésképpen az ilyen területeken megállapított radiológiai veszélyek 

magasak voltak. A beltéri radonszinteket a Greater Accra régióban lévő lakásokban mérték, 

az éves átlagos koncentráció 50,8 ± 3,4 Bq/m3 volt. A Ghánában általánosan elszívott 

cigarettákban meghatározott Po-210 aktivitáskoncentrációk viszonylag alacsonyak voltak. A 

kutatás értékelése szerint a beltéri radon és a cigarettákban lévő Po-210 koncentráció 

hozzájárul a Ghánában évente regisztrált tüdőrákos esetekhez. 

A természetes radionuklidok aktivitáskoncentrációját a bányászati területekről származó 

talajban és üledékben mérték. A vizsgált helyszíneken a Th-232 aktivitáskoncentráció 

magasabb volt, mint a Ra-226 koncentrációja. A bányatelepekhez közeli gazdaságokban és 

érintetlen területeken magas aktivitáskoncentrációkat mértek. A bányászati területekről 

származó talajokban meghatározott Rn-222 aktivitáskoncentrációk 390,6 ± 38 és 907,5 ± 93 

Bq/m3 között voltak, az átlag 560,0 ± 54 Bq/m3 volt. Néhány mezőgazdasági és háborítatlan 

területen magas Rn-222 kilégzési arányt figyeltek meg. A Ra-226 és Ra-228 

aktivitáskoncentrációja a felszíni és felszín alatti vízkészletekben a világátlagot meghaladó, 

1,0 Bq/l, illetve 0,1 Bq/l koncentrációt mutatott. A Ra-228 aktivitáskoncentrációi 

összhangban voltak a vizsgált terület talajában mért Th-232 koncentrációkkal.  

A kutatás segített azonosítani a radionuklidok eloszlási mintázatát az ország egyes részein. 

Így a geológiai képződmények jelentősen befolyásolják a vizsgált területeken megfigyelt 

radionuklidok eloszlását. A mért aktivitáskoncentrációkat a kapcsolódó radiológiai 

kockázatok értékelésére használták. A térbeli eloszlási térképek segítettek a radionuklidok 

különböző helyeken való eloszlásának szemléltetésében. A munka eredményei alapadatként 

szolgálhatnak a jövőbeni referencia- és megfigyelési tevékenységekhez.   
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Résumé 

L'exposition de l'homme aux rayonnements ionisants par le biais de l'environnement naturel 

et des activités anthropogéniques constitue une source importante de dose de rayonnement 

estimée annuellement. Dans ce travail, les concentrations d'activité de Ra-226, Ra-228, Th-

232, K-40, Po-210 et Cs-137 ont été déterminées dans différents milieux environnementaux. 

Les niveaux moyens de radioactivité mesurés dans certains sédiments côtiers étaient 

supérieurs aux moyennes mondiales. Par conséquent, les risques radiologiques déterminés 

pour ces zones étaient élevés. Les niveaux de radon à l'intérieur des habitations ont été 

mesurés dans la région du Grand Accra, avec une concentration moyenne annuelle de 50,8 ± 

3,4 Bq/m3. Les concentrations d'activité du Po-210 déterminées dans les cigarettes 

couramment fumées au Ghana étaient relativement faibles. La recherche a évalué que les 

concentrations de radon intérieur et de Po-210 dans les cigarettes contribuent aux cas de 

cancer du poumon enregistrés chaque année au Ghana. 

Les concentrations d'activité des radionucléides naturels ont été mesurées dans les sols et les 

sédiments des zones d'exploitation minière artisanale. Les concentrations d'activité du Th-

232 étaient plus élevées que celles du Ra-226 pour les sites étudiés. Les fermes et les terres 

non perturbées proches des sites miniers ont enregistré des concentrations d'activité élevées. 

Les concentrations d'activité Rn-222 déterminées dans les sols des zones minières étaient 

comprises entre 390,6 ± 38 et 907,5 ± 93 Bq/m3, avec une moyenne de 560,0 ± 54 Bq/m3. 

Des taux d'exhalation élevés de Rn-222 ont été observés dans certaines zones agricoles et 

non perturbées. Les concentrations d'activité de Ra-226 et de Ra-228 dans les eaux de surface 

et les eaux souterraines étaient supérieures aux concentrations moyennes mondiales de 1,0 

Bq/L et 0,1 Bq/L, respectivement. Les concentrations d'activité de Ra-228 étaient cohérentes 

avec les concentrations de Th-232 mesurées dans les sols de la zone d'étude. 

La recherche a permis d'identifier le schéma de distribution des radionucléides dans certaines 

parties du pays. Ainsi, les formations géologiques affectent de manière significative la 

distribution des radionucléides observée dans les zones étudiées. Les concentrations 

d'activité mesurées ont été utilisées pour évaluer les risques radiologiques associés. Des 

cartes de distribution spatiale ont permis de visualiser la distribution des radionucléides en 

différents endroits. Les résultats de ce travail peuvent servir de données de base pour les 

futures activités de référence et de surveillance.    
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

Natural radioactive elements have been part of the Earth since its beginning (Sivakumar et 

al., 2014). Their long existence on the earth is due to their long half-lives and isotopic 

abundance (Oliveira de Souza et al., 2015). Three natural radioelements predominantly occur 

in the Earth’s crust; these are U-238, Th-232, and K-40 (Pintilie-Nicolov et al., 2021; 

Khandaker et al., 2016). These long-lived radionuclides have some progenies that are also 

long-lived; an example is Ra-226 from the U-238 series, which represents 98% of the total 

external gamma dose induced by U-238 (Leuangtakoun et al., 2018; Olise et al., 2010). U-

238, Ra-226, Th-232, and K-40 have long half-lives equivalent to the age of the Earth, 

making them the focus of several radioactivity measurement studies (Öge et al., 2021; 

Ramadhany et al., 2022). They can be found in environmental media such as soil, rocks, 

water, air, sediment, plants, and food, as well as in building materials and dwellings (Wang 

et al., 2015). The distribution of natural radionuclides in the lithosphere depends on the 

mineral composition, geological formation, and geographical conditions, resulting in varying 

concentrations of radionuclides in the media. Hence, environmental radionuclides are not 

evenly distributed (Suresh et al., 2020; Olise et al., 2016; 2010).  

The human environment is radioactive, exposing the human body to radiation sources from 

the environment. Natural radioactivity is associated with exposure to gamma radiation 

(Suresh et al., 2020). Radiation sources can be natural and artificial, leading to internal and 

external exposures (Giri et al., 2013). Internal exposure of the human body to ionizing 

radiation occurs through inhalation of air and ingestion of food and water. In contrast, 

external exposure is due to the emission of gamma rays by radionuclides in soil, sediment, 

and rocks (Pintilie-Nicolov et al., 2021). 

The decay of radionuclides produces ionizing radiation, which is detrimental to human health 

and causes biological damage to organs of the human body (Atibu et al., 2022). Thus, 

radioactive materials are characterized by ionizing natural radiation and exposing humans to 

natural radiation at every minute of life (Zubair & Shafiqullah, 2020). This is because 
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radionuclides are part of the chemical activity of soil, water, air, and plants, and therefore, 

inducing ionizing radiation results in radiological dose for living organisms (Galhardi et al., 

2017). Epidemiological research and empirical observations have proven that ionizing 

radiation has carcinogenic characteristics above a certain threshold (Atibu et al., 2022). The 

radiological consequence of natural radionuclides in the environment above background 

levels is the exposure of the human body to gamma rays, which irradiate the organs and 

tissues due to the inhalation and ingestion of radionuclides and their progenies (Suresh et al., 

2020; Giri et al., 2013). This suggests that natural radiation is the main contributor to the 

public's external radiation dose. Since nature is the largest source of radiation exposure, the 

measurement of natural background radiation levels has gained significant recognition 

recently (Giri et al., 2013).  

1.2 Research problem 

Investigations of natural and artificial radionuclides distribution in the environment are of 

interest to the public, governments, and international organizations due to the associated 

health risks. Research on the radioactivity levels in the environment by individuals and 

organizations has been on the rise worldwide due to the health hazards associated with their 

existence in the environment and anthropogenic activities (Joel et al., 2019).  This is because 

radiations from natural radionuclides U-238/ Ra-226, Th-232, and K-40 make significant 

contributions to the dose induced in humans, and thus evaluating the radiation levels of 

natural radionuclides is an important part of radiation monitoring (Yordanova et al., 2015). 

Natural radioactivity is present in environmental media, while artificial radioactivity, such as 

Cs-137, occurs through radioactive contamination. Natural and artificial radionuclides 

contribute to the total radiation dose estimated for the human population (Öge et al., 2021).   

Human activities in the environment result in the accumulation of radioactive elements, 

thereby modifying original concentrations. Determining the activity concentration and 

natural background levels of radionuclides is important for long-term environmental and 

human protection (Yordanova et al., 2015). Human activities in the environment, such as 

mining and oil and gas extraction, continually change the biochemical balance and 

geochemical cycles of radionuclide elements in the environment. Studies have shown that 

anthropogenic activities result in increased radioactivity concentrations from elements that 
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contain natural radionuclides; as such, it becomes significant to undertake regulatory control 

(Focus et al., 2012). Natural radioactivity is extensively distributed in the Earth’s 

environment (Abdulkarim et al., 2018). However, there is an unequal distribution of 

radionuclides in the Earth's environment (Akpanowo et al., 2019). Due to the lack of uniform 

distribution of radionuclides, information on their distribution in the rocks and soil is 

imperative for radiation protection and measurement (Innocent et al., 2013). The differences 

in geological formation in the earth's crust ascertain the need to determine radioactive 

concentrations in such formations' soil, rock, or water samples. These kinds of studies cannot 

be underestimated in assessing the likely radiological hazards to the inhabitants who live 

within that geological location (Joel et al., 2019). Knowledge of the radioactivity distribution 

pattern in a geological location is necessary for controlling radiation exposure levels and 

provides some information on variations in the background radiation levels (Zaini et al., 

2011). The presence of radionuclides in the environment in different concentrations depends 

on the parent rock type. They emit gamma radiation into the environment, changing the 

background radiation levels (Yachiso et al., 2022). Exposure to gamma rays in both indoor 

and outdoor environments is due to the radiation emitted by Ra-226, Th-232, and K-40, 

which are present in nature (Zubair & Shafiqullah, 2020).  

Human activities concentrate natural and artificial radionuclides in the environment 

(Hamideen & Sharaf, 2012; Ladan et al., 2022; Galhardi et al., 2017). The radionuclides can 

adhere to and accumulate in aerosols, contaminate soil, water, and food, and enter the human 

system. Radionuclides bioaccumulate in different body organs once they enter the body, 

causing human health risks (Focus et al., 2021). Several serious health effects have been 

identified as the cause of long-term exposure to radioactivity and ingestion and inhalation of 

radionuclides. These include lung diseases, hemorrhage, anemia, acute leucopenia, necrosis 

of the mouth, etc. (Qureshi et al., 2014; Focus et al., 2021). As a result, it is necessary to 

continuously monitor and assess the concentrations of natural and artificial radionuclides in 

the environment and to regulate human activities that lead to the elevation of radioactivity  

levels in the environment. 
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1.3 Research objectives 

General objective 

The primary objective of the study is to investigate the radioactivity concentration of natural 

and artificial radionuclides in soil, sediment, water, indoor air, and consumed products such 

as cigarettes in selected regions of Ghana and to evaluate the consequential radiological 

effects associated with the radioactivity concentrations in the environmental samples.  

Specific objectives  

The specific objectives of the research are: 

a. To determine the activity concentrations of: 

 Ra-226, Th-232, K-40, and Cs-137 in sediment along coastal areas of Ghana and in 

soils from selected mining areas. 

 Ra-226, Ra-228, and K-40 in surface water and groundwater resources in selected 

mining areas. 

 Rn-222 in soil gas and radon exhalation rates of soils from selected mining areas. 

 Indoor Rn-222 concentrations in residences within selected country regions. 

 Po-210 concentrations in commonly smoked cigarette brands in Ghana.  

b. To determine the radiological suitability of: 

 Soils and sediment as building materials in the study regions. 

 Surface water and groundwater resources as potable sources of drinking water. 

c. To evaluate the consequential radiological hazards associated with the radionuclides’ 

activity concentration in the environment. 

d. To evaluate the excess lifetime cancer risk and lung cancer cases associated with Rn-

222 in dwellings and Po-210 in cigarettes, and their subsequent contribution to lung 

cancer cases in Ghana from a radiological perspective.  

e. To determine the primary source of radiation exposure among the Ghanaian 

population. 
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1.4 Justification 

Radionuclides provide significant information regarding the exposure to ionizing radiation 

levels in anthropogenic and naturally occurring radioactive materials (NORM) samples. 

Hence, environmental samples undergo many regulations to assess their possible radiological 

risks (Barba-Lobo et al., 2022). Several studies on radioactivity levels in different 

environmental media have been conducted in Ghana. However, some areas need background 

study, while others need further investigations to understand the risks associated with 

radiation exposure.  

Natural radioactivity in building materials like sediment or beach sand, and soil is mainly 

from the uranium and thorium series and potassium, which are internal and external sources 

of radiation exposure. The inhalation of indoor or outdoor air contaminated with radioactive 

elements can expose an individual to radon gas and Po-210, leading to internal radiation 

exposure and associated health problems (Chandrasekaran et al., 2015). Research shows that 

most populations spend about 80% of their time indoors. Therefore, it is essential to resolve 

the health risks associated with indoor radon and the use of sediment and soil as construction 

materials (Zubair & Shafiqullah, 2020).  

In Ghana, coastal sediment and soils are particularly used as building materials by coastal 

dwellers and inland dwellers. This necessitates the need to evaluate the radioactivity levels 

in such materials. The coastline of Ghana is known for ecological and economic values 

(fishing, oil exploitation, energy production, tourism, imports, and exports) as well as a fast-

growing population, infrastructure expansion, and sand-winning activities, which are likely 

to cause elevated radioactivity levels (Nyarko et al., 2011). Previous studies on the 

radionuclide activity concentrations in coastal sediments did not cover the entire coastline of 

the country (Botwe et al., 2017; Nyarko et al., 2011; Amekudzie et al., 2011). Evaluating the 

radioactivity levels in the entire coastal stretch is important for protecting human health from 

the harmful effects of ionizing radiation, particularly for beachgoers and coastal dwellers 

who use beach sediment for building construction.  

Using beach sediment and soil as building materials has been known to be a potential source 

of indoor radon activity concentration (Akuo-ko et al., 2023a; 2023b). They release radon 

gas and its daughter isotopes in closed environments like residences and offices (Otoo et al., 
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2020). This is a health concern because inhalation of indoor radon (Rn-222) is a major cause 

of lung cancer (WHO, 2011). Measurement of indoor radon levels in dwellings is important 

for radiation protection, as well as the continuous use of soil and sediment for building 

constructions, and the radiological safety of indoor environments. Previous indoor radon 

studies in the country did not focus on specific health risks associated with indoor radon 

levels, and no indoor radon map was created (Nsiah-Akoto et al., 2011; Otoo et al., 2018; 

Kpodzro, 2018). Therefore, there is a need for such investigations.  

Another cause of lung cancer is the smoking of cigarettes. Smoking is the leading cause of 

lung cancer, which leads to the death of smokers (Zagà et al., 2011; Kovács et al., 2007). In 

Ghana, the prevalence of smoking is below 10% of the total population (Nketiah-Amponsah 

et al., 2018); however, each year, more than 5000 people die as a result of smoking-related 

illnesses, including lung cancer (Singh et al., 2020). As the country seeks to introduce 

preventive measures to control the number of smoking-related illnesses and deaths since the 

number of smokers increases year by year (Doku et al., 2012), it is very important to also 

determine the radioactive constituents and concentrations of cigarette products available on 

the Ghanaian market and their induced radiation doses. This will help educate the public on 

their health effects.  

Human activities give rise to radioactive materials being released into the environment, and 

an example of such activity is mining (Ladan et al., 2022). Mining activities lead to the 

dispersion of naturally occurring radioactive materials, polluting the environment and 

causing radiation exposure to mine workers and the public (UNSCEAR, 2000). Studies 

indicate that artisanal and small-scale mining causes more environmental harm than good, 

particularly in developing countries like Ghana. The situation of mines, unregulated 

extraction procedures, and the lack of enforcement of mining regulations make mining an 

environmental catastrophe (Souffit et al., 2022). This makes it crucial to investigate and 

develop comprehensive scientific proof to evaluate the exposure levels of radioactivity to 

populations within mining locations. Although some studies on radioactivity levels in mining 

areas have been conducted across the country (Anyimah-Ackah et al., 2021; Adukpo et al., 

2015; Faanu et al., 2016, 2014; 2013; 2011; Doyi et al., 2013), the mining industry in Ghana 

has not been subjected to radiological regulatory control. As a result, there is little 
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information and cognizance of the detrimental effects of radioactivity concentration exposure 

in mining areas (Faanu et al., 2011). Mining activities and their waste increase the 

background radioactivity levels in soil, water (surface and groundwater), air, and vegetation 

in mining regions (Galhardi et al., 2017). It also increases the soil exhalation rates in those 

areas (Liza et al., 2023). Hence, determining radioactivity levels in mining areas is significant 

for radiological impact assessment and as excellent geochemical and biochemical tracers in 

the environment (Chandrasekaran et al., 2015). 

1.5 Scope of research 

The research investigated the radioactivity levels of environmental media that act as sources 

of ionizing radiation to the human body and organs. The radioactive materials studied in this 

research include soil, sediment, tobacco leaves in cigarettes, indoor air, surface water, and 

groundwater samples. These were examined because of their availability and frequency of 

use among the Ghanaian population. They have a common characteristic of being 

carcinogenic if activity concentrations exceed world average values. In addition, the general 

population, stakeholders, and policymakers have very little information and, to a large extent, 

are unaware of their radiological hazards. Therefore, the study sought to determine activity 

concentrations of natural and artificial radionuclides in soil, sediment, indoor air, cigarettes, 

surface water, and groundwater resources in selected areas in Ghana. The radiological risks 

associated with the concentrations were estimated and reported, and finally, 

recommendations were made. 

1.6 Limitation of research 

The research focused on the activity concentrations of radionuclides and the health risks 

associated with their concentrations. The research was based on natural radionuclide levels 

in the environmental media; however, in the case of sediment, the concentrations of the 

anthropogenic radionuclide Cs-137 were also determined. Sampling activities were carried 

out in different locations and regions of the country, and they were expensive and time-

consuming. Consequently, limited samples were collected in each investigation, affecting the 

sample size. The sampling periods were also restricted. Thus, increasing sampling sites and 

locations could increase the samples collected to obtain more representative data on the 

distribution of radionuclides in the country. Again, the research received partial funding, 
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limiting sampling days, collection volumes, and quantity, and the laboratory analyses 

performed on the samples. Another limiting factor was instrumentation analyses. Apart from 

the spectrometric techniques used in the investigations, other measurement techniques could 

have been employed to determine the concentration of other radionuclides in samples. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

This chapter reviews literature on environmental radioactivity and its effects on 

environmental resources and human health. It reviews some of the studies done so far on 

radioactivity concentrations in soils, sediment, water, etc., in different geographical locations 

and the impact of human activities on radioactivity levels in the environment.  

2.2 Sources of radiations 

The component of the Earth’s crust is the main source of natural background radiation. This 

is the level of ionizing natural radiation present in a geographical location without 

contribution from human activities (Jha et al., 2024; Najam & Younis, 2015; Akpanowo et 

al., 2019).  However, the human population is vulnerable to environmental radiation from 

natural sources and artificial sources. Natural radioactivity in the environment results from 

elemental radionuclides such as uranium, thorium, and potassium, which occur in different 

concentrations due to their isotopic abundances (Hamideen & Sharaf, 2012; Taqi et al., 2018; 

Khandaker et al., 2016). Natural radioactivity emanates from emitted rays from the 

decomposition of natural radionuclides in environmental media (Öge et al., 2021). Natural 

radiation sources are the most significant contributor to the world population’s external dose 

(UNSCEAR, 2000).  

Artificial radionuclides, such as Cs-137, Sr-90, and I-131, are also present in the environment 

in significant amounts due to nuclear weapon testing in the atmosphere, nuclear power plant 

accidents, the continuous discharge of radionuclides from nuclear installations and medical 

applications (Abate, 2022; Shahrokhi et al., 2021; Zhao et al., 2018; Ademola et al., 2014; 

Agbalagba et al., 2012). After the 1950s nuclear weapon tests in the Northern and Southern 

hemispheres and the 1986 Chernobyl nuclear power plant accident, which led to the 

dispersion of Cs-137 into the atmosphere in huge quantities, there were concerns about 

studying the behavior of artificial radionuclides in the atmosphere and the environment 

(Shahrokhi et al., 2021; Nyarko et al., 2011; Dizman et al., 2019). Again, the Fukushima 

nuclear power plant accident in 2011 also led to the dispersion of Cs-137 in the atmosphere 
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(Zhao et al., 2018; Mouri et al., 2014; Kitamura et al., 2014). The radionuclides can be 

accumulated and concentrated in certain parts of the environment due to natural and artificial 

processes. The existence of natural and artificial radionuclides in the environment finds its 

way into the human body via the food chain and the uptake by plants and animals as 

illustrated in Figure 1. Similarly, due to radionuclides' physical and chemical properties, 

radioactive pollution can be long-standing with minimal changes over time (Agbalagba et 

al., 2012). 

 

Figure 1. Exposure of humans to natural and artificial radioactivity (Cuculovic et al., 

2024). 

It has been estimated that natural radionuclides in the environment contribute 80% of the 

total radiation dose received by the world’s population, while artificial sources contribute the 

remaining 20% of the dose (Ademola et al., 2014; Isinkaye & Emelue, 2015; UNSCEAR, 

2000). Estimating radiation dose due to natural and artificial radionuclides is important in 

assessing human health risks and documenting environmental changes due to human 

activities (Jwanbot et al., 2013). In recent years, research into the evaluation of radioactivity 

concentrations in environmental media have been carried out all over the world as a result of 

the human health risks associated with radionuclides (Yachiso et al., 2022; Botwe et al., 2017; 



26 
 

Shahrokhi et al., 2021; Imani et al., 2021; Gezera et al., 2019; Coletti et al., 2020; Erőss et 

al., 2018; Csordás et al., 2021; Baltrenas et al., 2020; Nyhan et al., 2018; Öge et al., 2021; 

Mathuthu et al., 2021). 

2.3 Exposure pathways 

The decay of radionuclides produces ionizing radiation, which causes biological damage to 

human organs and tissues (Liu et al., 2021). Forms of ionizing radiation include gamma rays, 

X-rays, and alpha and beta particles. When present at sufficient levels, these can harm human 

and animal health (Souffit et al., 2022; Ladan et al., 2022). The radiation exposure can be 

internal or external, emanating from different environmental sources. Internal exposure to 

radiation originates from the inhalation of Rn-222, Rn-220, Po-210, Pb-210, and other short-

lived radionuclides emitted from building materials, smoking cigarettes, or the radionuclides 

attached to aerosols in the atmosphere. Internal exposure can also be due to ingesting 

radionuclides in water, plants, and animals. Ingestion of radionuclides via consumption of 

water or food has been recognized as the most significant pathway of internal exposure to 

radiation as compared to the level of internal exposure to soils and sediment by inhalation 

and ingestion (Giri et al., 2013; Suresh et al., 2020; Kaur et al., 2017). External exposure to 

radiation is caused by the emission of gamma rays by radionuclides in environmental 

materials. They contain gamma-emitting radionuclides such as Ra-226, Th-232, and K-40, 

among which Ra-226 is the most radiologically important due to its abundance and 

radiological effects (Chandrasekaran et al., 2015). 

2.3.1 Radioactivity of sediment  

Beach sediments are significant sources of ionizing radiation and are essential for evaluating 

human health hazards related to gamma radiation exposure (Zakaly et al., 2021; Huang et al., 

2015; Shuaibu et al., 2017). Sediments contain radionuclides such as U-238, Th-232, Ra-

226, Ra-228, Th-228, Po-210, and K-40, and thus, a means of evaluating radioactivity levels 

and the impact of radiation in the environment since they are widely distributed in the earth 

(Isinkaye & Emelue, 2015; Botwe et al., 2017; Imani et al., 2021; Shahrokhi et al., 2021). 

Consequently, it is considered a medium for obtaining valuable geochemical and 

environmental information regarding the contamination of radionuclides (Zakaly et al., 

2021). Sediments are used as ecological indicators and tracers for contamination of 
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radionuclides and monitoring (Amekudzie et al., 2011). Through measured activity 

concentrations of sediment, necessary information concerning the radiological hazards due 

to exposure to gamma radiation is derived. This helps develop a reference database to monitor 

potential radiological change over time (Shuaibu et al., 2017). They act as reservoirs of 

materials derived from natural and artificial weathering processes (Chaparro et al., 2017; 

Nyarko et al., 2011) and a medium of migration of radionuclide transfer in the aquatic 

environment (Isinkaye & Emelue, 2015).  

Beach sediments contain natural radionuclides and, more importantly, artificial 

radionuclides. (Nyarko et al., 2011). Studies show that the marine environment aids in the 

transfer of radionuclides from one location to another through ocean and atmospheric 

distribution (Botwe et al., 2017; Zhao et al., 2018; Kubo et al., 2018), and as such, it is 

imperative to study the possible level of Cs-137 contamination along the shores of Ghana, 

although there is not yet a nuclear power plant at the Ghanaian coastline (Botwe et al., 2017). 

The coastline of Ghana is known for several ecological and economic activities, including 

tourism, fishing, sand winning, import and export activities, etc. (Nyarko et al., 2011). These 

activities attract indigenes and foreigners to the beaches year-round for various purposes. 

Hence, investigating the radioactivity concentrations in sediment along the Ghanaian coast 

is important for human and environmental assessments. In addition, coastal dwellers use 

beach sediment as a building material. Thus, it is important to measure their radioactivity 

levels and estimate the resulting radiological effects due to their usage. Studies have been 

conducted in previous years to evaluate the radioactivity levels in sediment in some coastal 

zones in Ghana (Botwe et al., 2017; Amekudzie et al., 2011; Nyarko et al., 2011). These 

studies determined activity concentrations to be generally within world average values.  
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Figure 2. Images of various activities along the coast of Ghana (OHG, 2025; Daily Guide 

News, 2021; West Africa, 2024). 

2.3.2 Radon measurements 

Radon (Rn-222) is a radioactive gas produced from the natural radioactive decay of uranium 

in soil and rocks. Radon is a decay product of the U-238 series from the alpha decay of Ra-

226, with the progenies Po-218, Pb-214, Bi-214, Po-214, Pb-210, Bi-210, Po-210 and Pb-

206. Due to the free movement of radon in the air, its progenies adhere to dust particles and 

are inhaled into the human respiratory system (Akuo-ko et al., 2023). Radon gas emanates 

from soils and rocks, with building materials being sources of indoor radon pollution (Gezera 

et al., 2019; Coletti et al., 2020; Martins da Silva et al., 2022). Radon emanation is the escape 

of radon atom from a radium bearing grain into pore spaces (Sakoda et al., 2011). Radon can 

be exhaled into the air or soil surface after emanation from grain pores. Thus, radon 

exhalation describes the escape of radon from soil and rock surfaces into the air as illustrated 

in Figure 3. Radon exhalation is the emission of Rn-222 per unit area per unit of time (Mazur 

& Kozak, 2014; Bala et al., 2017; Saad et al., 2013; Sakoda et al., 2011).  With a half-life of 

3.8 days, it can accumulate in the air after exhalation and later be inhaled, leading to 

radiological effects. The radiological effects result from inhaling radon daughter isotopes Po-

214, Po-218, Pb-214, and Bi-214 (Martins da Silva et al., 2022; Munoz et al., 2017).  
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The exhalation of radon is dependent on some factors, including physical and chemical 

characteristics of soil, Ra-226 concentration, soil structure, emanation coefficient, and 

variations in meteorological factors (Mazur & Kozak, 2014; Mullerova et al., 2017; Vaupotic 

et al., 2010). Soil is the ultimate source of Ra-226 and Rn-222 (Kumar & Narang, 2014). Rn-

222 is produced from the disintegration of Ra-226 in soil; hence, the concentration of Ra-

226 in soil affects the concentration of Rn-222 in the atmosphere (Abate & Amtatie, 2020). 

Radon exhalation in soils is an essential parameter for evaluating the Rn-222 and related 

radiological impacts in a geographical area (Bala et al., 2017; Singh et al., 2010).  

 

Figure 3. Diagram of Rn-222 escaping from soil pores (Joseph, 2023). 

Radon exhaled from soil can accumulate in high concentrations in closed environments. The 

level of radon concentrations in homes and workplaces depends on several factors, including 

soil composition, ventilation, the age of the building, and the type of building materials used 

in construction. Radon gas can also accumulate in buildings by its seepage through fractures 

in connecting parts of buildings, drainage pipes, concrete floors and walls, ventilation, and 

heating and air conditioning ducts as shown in Figure 4 (IAEA, 2019; Csordás et al., 2021; 
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Mihci et al., 2010; Baltrenas et al., 2020; Nyhan et al., 2018; Kocsis et al., 2021; Shahrokhi 

et al., 2021; 2020; Adelikhah et al., 2022; 2021). 

 

Figure 4. Diagram depicting radon entry routes into buildings (Radon Solutions, 2022). 

Rn-222 is known to cause significant health problems, as studies have shown evidence of a 

relationship between Rn-222 and health hazards (Sahoo et al., 2011; WHO, 2009). The World 

Health Organization (WHO) states that exposure to radon over a prolonged period increases 

lung cancer risk. The risk is estimated at a radon concentration of 100 Bq/m3 and increases 

by 16% for every 100 Bq/m3 radon concentration (Ramadhany et al., 2022; Modibo et al., 

2021; Soniya et al., 2021). Radon accounts for 3-14% of the lung cancer cases recorded in 

the world (WHO, 2009). It also leads to toxicity in the bone marrow and blood and changes 

in respiratory functions (Abo-Elmagd, 2014; Mann et al., 2014; El-Mageed et al., 2014). The 

radiological effect of radon and its daughter isotopes is estimated to account for 1.15 mSv 

(50%) of the total 2.4 mSv radiation dose received by humans per year from natural and 

artificial sources (Lee et al., 2021; Martins da Silva et al., 2022; Pantelić et al., 2018; IAEA, 

2019; Misdaq et al., 2015; Mazur & Kozak, 2014). Consequently, the European Union Basic 

Safety Standards recommends the protection against exposure to radon in residences and 

workplaces and the associated health implications (EU-BSS, 2013). International bodies have 
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recommended reference levels for indoor radon concentrations to control exposure levels in 

dwellings and work environments and decrease lung cancer risk. The European Union’s 

Basic Safety Standards Directive sets the reference level for indoor radon concentration at 

300 Bq/m3 (EU-BSS Directive, 2013), the Basic Safety Standards of the International Atomic 

Energy Agency has it at 200 Bq/m3 for homes and 1000 Bq/m3 for workplaces (IAEA, 1996), 

the International Commission on Radiological Protection has it at 300 Bq/m3 (ICRP, 2010) 

and the World Health Organization has set it at 100 Bq/m3 (WHO, 2009).  

To assess the risk of lung cancer by radon concentrations in dwellings and workplaces, 

several indoor radon measurements have been carried out in several parts of Ghana, 

especially in the Greater Accra Region. These include indoor radon levels in Dome using 

Solid State Nuclear Track Detectors (SSNTD) with LR-115 type II detectors by Nsiah-Akoto 

et al. (2011). Kpozdro (2018) investigated factors influencing indoor radon concentrations in 

residences of Dome and surrounding areas and soil gas radon levels using LR-115 type II 

detectors. Otoo et al. (2018) measured seasonal indoor radon levels in homes and offices in 

the Accra metropolis using the CR-39 SSNTD. Loffredo et al. (2022) assessed indoor radon 

concentrations in Kpong using the Kodak-Pathe LR-115 type II detectors (Loffredo et al., 

2022; Otoo et al., 2018; Kpodzro, 2018; Nsiah-Akoto et al., 2011). However, with these and 

other studies conducted, no radon map has been developed for the country or any part of the 

country. Indoor radon measurements and a radon map for a geographical location offer 

important information to experts and authorities for construction works and policies to reduce 

the public's exposure to radon gas. This will enhance the area's general well-being and quality 

of life. Therefore, measuring indoor radon levels in homes across the Greater Accra region 

and creating a radon map for this area is crucial, as it is one of Ghana's most developed 

regions with many infrastructural advancements.  

Again, investigations to determine the radon exhalation rate in soils in an area help to 

evaluate correctly the potential radiological hazards of radon in air to individuals within the 

area. Generally, radon exhalation rate has been studied extensively in soils, rocks, and 

building materials, and the results are communicated in publications. Nevertheless, in Ghana, 

only a few of such studies have been conducted, and these studies have been limited to 

specific geographical areas (Otoo et al., 2022; 2020; 2018; Nsiah-Akoto et al., 2019). 
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Insufficient data is available on radon exhalation rate in soils and building materials in the 

country and thus, the need to perform such investigations. 

2.3.3 Radioactivity in tobacco leaves and cigarettes 

Radionuclides are found in plants through their uptake from soils to the various parts of the 

plants including the leaves. Hence, tobacco leaves are a natural source of radiation in the 

environment. One main radionuclide of radiological concern in tobacco leaves and cigarettes 

is Po-210 (Zagà et al., 2021; Desideri et al., 2007). The concentration of Po-210 in tobacco 

leaves is traced from its absorption from soils through the roots of the tobacco plant and the 

absorption of aerosols' polonium content via the tobacco leaves' surfaces, as illustrated in 

Figure 5a. Phosphate fertilizers are rich in uranium and a primary source of Po-210 in soils 

when used to fertilize tobacco plantations. The phosphate fertilizers contain radium (due to 

uranium decay) and its progenies Po-210 and Pb-210. The tobacco leaves accumulate Po-

210 and Pb-210 through the trichomes, and over time, the Pb-210 isotope decays to Po-210, 

increasing the Po-210 concentration in the tobacco leaves (Zagà et al., 2011; Kovács et al., 

2007; Schayer et al., 2009). 

    

Figure 5. Diagram illustrating a) how Po-210 enters tobacco leaves and b) the effect of 

smoking cigarettes (Hub Pages, 2017; Alamy, 2024). 

a 

 

b 
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The burning of tobacco leaves in cigarettes releases Po-210 which when inhaled can be 

detrimental to human health. Po-210 (T1/2 = 138 days) is one of the major carcinogenic agents 

in cigarette smoke causing lung cancer (Figure 5b). The burning of cigarettes releases about 

50% of its radioactive substances into the lungs, as well as sending almost 32% of Po-210 to 

the lungs through inhaled smoke (Zagà et al., 2021; Desideri et al., 2007). Volatile polonium 

compounds mixed with cigarette smoke are released into the human body at the burning 

temperatures of cigarettes of 500-800 °C, causing severe harm to the body in the long term 

(Iwaoko et al., 2019). Therefore, natural radionuclides contribute largely to the mean 

radiation dosage in the human body, of which alpha emitters such as Po-210 significantly 

contribute to their probable radiation exposure (Desideri et al., 2007).  

Smoking is known to be the primary cause of lung cancer disease and is responsible for 

approximately 85-90% of all lung cancer cases (Kovacs et al., 2007; Zagà et al., 2011). 

According to the World Health Organization (WHO), 8 million people will lose their lives 

annually by 2030 due to the gradual increase in smoking, especially in developing countries 

(Doku et al., 2012). Smoke from cigarettes has cancerous constituents in significant 

quantities. These are mainly poisonous chemical compounds and several natural 

radionuclides (Kovacs et al., 2007). Recent reports state that the tobacco industry is 

expanding in middle and low-income countries in Eastern Europe, Asia, and Africa, including 

Ghana, due to a decrease in patronage of tobacco and cigarette products in high-income 

countries (Singh et al., 2020). Though the smoking rate in Ghana is low compared to other 

countries, there is public concern about the increase in cigarette smoking among the youth 

(Doku et al., 2012). One of the concerns is the rise in smoking-related diseases and deaths, 

with over 5000 deaths recorded annually (Singh et al., 2020). For this reason, there is a need 

to initiate pragmatic measures to curb the surge in smoking-related diseases and deaths.  

Determining the activity concentration of radioactive substances in cigarettes specifically, 

Po-210 and estimating the radiological risks is significant as it provides information on the 

level of risks associated with the health of the public due to smoking cigarettes. Studies on 

the radiological risks associated with cigarette smoking have not yet been conducted in 

Ghana. The only available data found during this investigation was a study on the elemental 

profile of local tobacco products using Instrumental Neutron Activation Analysis (INAA) 
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(Addo et al., 2008). Due to the lack of data in this area of study, this investigation aimed to 

evaluate Po-210 activity concentrations in Ghanaian cigarettes and assess the related health 

hazards due to the inhalation of Po-210 during smoking. 

2.3.4 Radioactivity of soil 

Most natural and anthropogenic radionuclides in the environment remain generally in soils 

(Yordanova et al., 2015; Ademola & Obed, 2012). The occurrence of natural radionuclides 

in soils in different concentrations is dependent on the nature of the parent rock during the 

beginning of formation (Yachiso et al., 2022). The radioactivity of soil and sediment depends 

on their formation, transport processes, and chemical and biochemical interactions. These 

also affect the patterns of distribution of U-238 and Th-232 and their daughter isotopes 

(Agbalagba et al., 2012). The radioactivity and related radiation exposure depend on the type 

of soil at the location and its geological formation, and these significantly impact the radiation 

dose distribution (Laith et al., 2015; Yordanova et al., 2015). Hence, the knowledge of 

radionuclides distribution in soils is important for radiation monitoring and protection 

(Innocent et al., 2013).   

Radionuclides in soil emit gamma radiation into the environment and the atmosphere, 

changing background radiation levels (Yachiso et al., 2022; Shayeb & Baloch, 2020). Thus, 

the radioactivity of soils contributes to the terrestrial constituent of the natural background 

(Inayatullah & Madihah, 2016). Humans are exposed to terrestrial radiations that are emitted 

primarily from the upper 30 cm of the surface of soils (Jwanbot et al., 2013). Soil acts as a 

means of migration for the transport of radionuclides to the environment, and as such, it is 

regarded as the primary indicator for radiological pollution in the environment (Akpanowo 

et al., 2019; Agbalagba et al., 2012; Hamideen & Sharaf, 2012). Radioactivity in soil can be 

transported to humans via plant root uptake or deposition on vegetation, and finally be 

inhaled or ingested. These radiation exposure pathways from soil are potentially important 

for radiation risk assessment (Ademola & Obed, 2012). 

Radioactivity levels in soils are generally significant in establishing baseline data for future 

assessment of radiation impact. The chemical and physical properties of radionuclides cause 

radioactive pollution to be long-lasting, with little change in concentration over time. This 

explains why radiation exposure due to human environmental activities harms human health. 
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They increase background radiation levels where the increased radioactivity concentration in 

the soils may become substantial enough to authorize regulatory control (Hamideen & 

Sharaf, 2012; Focus et al., 2012; Inayatullah & Madihah, 2016). Recently, studies on 

radionuclide concentrations in soils have been on a global rise due to the health hazards they 

pose to the population within a geographical location (Joel et al., 2019). The estimated 

worldwide average concentrations of Ra-226, Th-232, and K-40 in soils and sediment are 35 

Bq/kg, 30 Bq/kg, and 400 Bq/kg, respectively. Nonetheless, in some countries like China, 

Iran, and Brazil, these values can be higher due to the high concentrations of uranium, 

radium, and thorium in their soils (UNSCEAR, 2000; 2008; Akuo-ko et al., 2023a). 

2.4 Mining and natural radiation levels  

Mining is a human activity that has the potential to redistribute and enhance the radionuclides 

activity concentration in the environment by altering levels of natural concentrations 

(Ramadhany et al., 2022; Ladan et al., 2022; Yordanova et al., 2015). This has resulted in the 

global assessment of radionuclides in soil and water in mining regions and their surroundings 

(Yachiso et al., 2022; Souffit et al., 2022; Joel et al., 2019). Radionuclides are in equilibrium 

when undisturbed, but this becomes the opposite in mining and mineral processing (Ladan et 

al., 2022). As a result, natural radioactivity levels in mining areas are usually higher than in 

neighbouring non-mining regions. It also increases the background radiation levels 

(Leuangtakoun et al., 2020).  

During mining, the mine workers and the public are exposed to external gamma radiation 

emanating from the mineral ores, the ingestion and inhalation of water and dust containing 

daughter isotopes of uranium and thorium, and the inhalation of radon gas and its progenies. 

Mining processes like drilling, digging, leaching, storage, handling, transportation, use of 

contaminated equipment or waste media, and the discharge of tailings and seepage waters 

without control measures increase radioactivity levels in mining areas (Bansah et al., 2018; 

Ademola et al., 2014; Galhardi et al., 2017; Yachiso et al., 2022; Innocent et al., 2013; 

UNSCEAR, 2000). Continuous discharge of tailings and mine waste into the environment 

can cause the concentration of radionuclides in soil, water, and air, and then irradiation in 

humans (Aliyu et al., 2015). Inhabitants living near mining sites get exposed through the food 

chain, drinking water, and using mine waste as building materials (Bello et al., 2020; Odumo 
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et al., 2011; Idriss et al., 2016).  Since mine tailings are more concentrated with natural 

radionuclides than surrounding soils, mining activities must be appropriately monitored; 

otherwise, it could lead to significant exposure to radioactivity in workers at mining sites and 

residents in neighbouring areas (Focus et al., 2021; Ladan et al., 2022; Barba-Lobo et al., 

2022; Galhardi et al., 2017; Nguelem et al., 2016; Innocent et al., 2013).   

2.4.1 Radioactivity levels of soils and surface water resources in mining areas 

One problem facing the human environment these days is soil and water pollution with 

radionuclides, because they serve as a route for ingestion and inhalation of radiation in 

humans. Consequently, investigations of soil and water to evaluate the level of pollution are 

necessary, as well as continuous monitoring of the human environment (Akpanowo et al., 

2019; Taqi et al., 2018; Chandrasekaran et al., 2015; Öge et al., 2021; Yordanova et al., 2015). 

The transfer of radionuclides into the environment occurs through various pathways, 

including the atmosphere, water resources, and soil sub-compartments (Liu et al., 2021; 

Asaduzzaman et al., 2014). The public is also exposed to natural radionuclides via secondary 

transmission modes like ingesting polluted water resources and food cultivated on 

contaminated lands and animals (Mathuthu et al., 2021). The ingestion of radionuclides 

through food and water is extensively regarded as the most significant route of internal 

radiation exposure (Giri et al., 2013). Again, natural radionuclides are transferred from soil 

to water or from soil to plants. This is essential in evaluating the internal radiation from plant 

or water consumption since these environmental components have a linear relationship 

(Asaduzzaman et al., 2014).  

Water is undeniably essential for life on Earth. Water resources can contain different amounts 

of radioactive substances, which can cause radiological hazards. Radionuclides are released 

from rocks and minerals through erosion and dissolution, which transport the radionuclides 

from the rocks into water. Drinking water may contain radionuclides from parent and 

daughter isotopes of uranium, thorium, radium, and radon (Suresh et al., 2020; Giri et al., 

2013; Nuccetelli et al., 2012). The concentration of radionuclides in water depends on the 

type of rock, variation of minerals occurring in the rock, presence of cracks, porosity-

permeability, physicochemical characteristics, and characteristics of geological aquifers 

(Suresh et al., 2020). U-238, Ra-226, Ra-228, and Rn-222 are considered the most critical 
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contaminants due to their relatively high radiotoxicity and solubility in water (Nuccetelli et 

al., 2012; Avwiri et al., 2013). These can cause severe health threats. Their ingestion or 

respiration may produce high radiation doses to delicate cells in digestive organs, respiratory 

tracts, and other human body organs (Suresh et al., 2020; UNSCEAR, 2000). Since water is 

vital for human existence, it is also a medium of exposure to cancerous diseases, as it has 

been recognized that cancers caused by chemical carcinogens are primarily found in drinking 

water (Orosun et al., 2020).  

Artisanal and small-scale predominantly cause severe environmental damage than good in 

developing countries, even though they are a means of income and wealth creation (Souffit 

et al., 2022). Mine locations, unusual extraction procedures, and the lack of implementation 

of mining regulations have made mining in Ghana a disaster (Figure 6). Therefore, 

investigations to provide comprehensive scientific evidence will help assess human exposure 

to radioactivity in mining areas. Although various studies on radioactivity levels within 

mining areas in Ghana have been carried out (Faanu et al., 2011; 2013; 2014; 2016; Doyi et 

al., 2013; Adukpo et al., 2015; Anyimah-Ackah et al., 2021), the country is yet to subject 

mining activities to radiological regulatory control. Because of the lack of such regulation, 

there is little or no knowledge and cognisance of the radiological risks associated with 

radioactivity exposures in mining locations.  
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Figure 6. Damage caused by artisanal mining in the selected study areas (by author). 

2.4.2 Groundwater quality in mining areas 

The global population growth has led to a significant rise in demand for water as it is a vital 

resource in sustaining life and community (Sherif & Sturchio, 2018; Fang, 2019; Baeza et 

al., 2017). As a geological agent, groundwater interacts with its environment as illustrated in 

Figure 7, by mobilising, transporting, and accumulating matter, including radioactive 

substances (Alomari et al., 2020; Csondor et al., 2020; Erőss et al., 2018). A continuous 

water-rock interaction underneath the earth results in appreciable radionuclides dissolving in 

groundwater resources. Due to this phenomenon, groundwater may contain levels of 

radionuclides which cause radiation dose to users and consequently a risk to human health 

(Shabana & Kinsara, 2014; Turhan et al., 2013). Thus, natural radioactivity concentration is 

a limiting factor to groundwater quality. This has called for examining radioactivity levels in 

groundwater as an important parameter for assessing the quality of groundwater resources in 

many countries (Sherif & Sturchio, 2018; Alomari et al., 2020).  
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Figure 7. Interaction of groundwater with bedrock and soil (Fresh Water Systems, 2021). 

Natural radionuclides of the decay series of U-238 and Th-232 and K-40 in bedrocks and soil 

cause radioactivity levels in groundwater. They are primary sources of external gamma 

radiation, and their presence in rocks and water influences background radiation levels, 

leading to human exposure to radiation. Radionuclides in drinking water such as groundwater 

can accumulate in different organs of the body when ingested (Baeza et al., 2017; Turhan et 

al., 2013; O¨rgu¨n et al., 2005; Mathuthu et al., 2021; Akweetelela et al., 2020; UNSCEAR, 

2000). The relatively high radiotoxicity of some natural radionuclides necessitates the 

radiological characterisation of groundwater as a monitoring activity for drinking water and 

to study the cumulative radiation hazards on the health of humans (Zhong et al., 2020). 

Groundwater has widely been recognized as an indispensable resource for consumption and 

irrigation (Gordon et al., 2013). In Ghana, groundwater serves both domestic and irrigation 

uses, especially in rural areas with limited access to potable water (Gampson et al., 2017). 

People rely on groundwater and surface water resources for their water supplies. However, 

the use of these sources of water has not been evaluated for their radionuclide contents, 

especially in areas where there are several illegal mining activities taking place, which have 
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polluted many water resources that inhabitants depend on (Gordon et al., 2013; Yidana et al., 

2012; Bansah et al., 2018; Snapir et al., 2017). 

Mining activities have led to the contamination of drinking water resources with mine wastes 

due to the increasing mining activities, particularly in the Atiwa West district of Ghana. 

Mining in the area is primarily done with artisanal techniques, and they are mostly 

unregulated (Bansah et al., 2018; Snapir et al., 2017; Yankson & Gough, 2019; Patel et al., 

2016; Klubi et al., 2020). The pollution of surface water resources in the area has led to the 

population relying on groundwater as an alternate water source for drinking, domestic, and 

irrigation purposes.  Studies have indicated that groundwater resources can contain 

significant levels of radionuclides. This is caused by the leaching of radionuclides from soils 

into groundwater during mining, resulting in further contamination of groundwater resources 

with radionuclides as several cracks are created in bedrocks due to mining activities (Baeza 

et al., 2017; Csondor et al., 2020; Shabana & Kinsara, 2014; O¨rgu¨n et al., 2005; Giri et al., 

2011). However, groundwater in mining areas has not been investigated for radionuclide 

contamination and thus, a lack of information on likely radiological hazards among the 

population. Since groundwater can contain appreciable levels of radionuclides, the study 

sought to determine the concentrations of natural radionuclides in groundwater resources in 

mining areas and evaluate their potability for drinking and domestic purposes. 

2.5 Radiological effects of ionizing radiation on humans  

Naturally occurring radionuclides in some environmental media can induce hazardous 

radiological amounts, as the concentrations of such radioactive materials in the environment 

differ according to geological formation. This is attributed to the Earth's irregular distribution 

pattern of radionuclides (Akpanowo et al., 2019). The annual effective dose estimated for 

natural background radiation is 2.4 mSv/y, which forms almost 80% of the total radiation 

dose for an individual. Radon gas contributes approximately 50% of the total radiation dose 

from natural exposures (Oliveira de Souza et al., 2015; Ademola et al., 2014; Ademola & 

Obed, 2012; UNSCEAR 2000).  
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Figure 8. Estimation of annual effective dose from various radiation sources (Taroni, 

2017). 

The exposure of the human population to radionuclides via ingestion and inhalation results 

in internal and external exposures (Ladan et al., 2022). Such exposures in the long term cause 

detrimental health implications, including lung disease, chronic haemorrhage, cardiovascular 

complications, anaemia, premature ageing, necrosis of the mouth, and acute leucopenia. 

Concerning specific radionuclide health problems, radium accumulation in the human body 

can lead to tooth fractures, cataracts, and several types of cancers. Thorium exposure can 

cause leukaemia, lung, bone, kidney, and pancreas cancers (Zubair & Shafiqullah, 2020; 

Focus et al., 2021; Qureshi et al., 2014). Radioactive contaminants can reach the human body 

by ingesting polluted food, water, and soil, inhaling particulate pollutants, and exposure to 

external radiation, causing illnesses including lung and bone cancers and cell damage 

(Ramadhany et al., 2022). Hence, determining the radioactivity levels and radiation doses 

from sources and assessing the correlated health effects is important in every environmental 

radiation measurement study (Öge et al., 2021). 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Introduction 

This chapter details the various methods and instruments used to conduct the investigations. 

The outline used in this chapter describes study areas, sampling methods and procedures, 

sample preparations, instruments of analysis and their minimum detection limit, description 

of radiological parameters assessed, and the statistical tools employed to analyze the acquired 

data.  

3.2 Study areas 

The study areas were described according to the geographical areas within which samples 

were collected for radionuclide measurement and assessments. Figure 9 illustrates a map of 

the study areas. The sampling process states detailed information on sampling points, types 

of samples, and the number of samples collected from each geographic study area.  

3.2.1 Coastline of Ghana 

The coastline of Ghana covered in the study lies between the latitudes 5°0'44.64''N 

2°42'44.38''W and 6°6'21.88''N 1°11'4.02''E. The entire Ghanaian coastline covers a distance 

of 550 km from Aflao to Axim. The coastline is endowed with fishery resources, and about 

25% of the Ghanaian population lives in that part of the country.  The livelihoods of the 

population living along the coast are fishing and sand winning (Quansah, 2014; Alabi-Doku 

et al., 2018). The shores of Ghana are popular locations for tourists and holidaymakers all 

year round. For this reason, it is crucial to evaluate the radionuclide concentrations and the 

extent of any irregularity in radioactivity along the shores of Ghana.  

3.2.2 Greater Accra region 

The Greater Accra region of Ghana is bounded by the Central, Volta, and Eastern regions on 

the west, east, and north. The region is positioned between longitudes 0° 20' 0'' W and 0° 5' 

0'' W and latitudes 5° 40' 0'' N and 5° 45' 0'' N. It is the country’s capital, and the second most 

populated region. It is also the most developed region, with about 87.4% of the population 

dwelling in city centres. The region has the smallest land area, occupying a size of 3.245 km2, 
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representing 1.4% of the country's total land area. The topography of the region is made up 

of several categories of soils and rocks. The soil categories include residual clays and gravels, 

laterite sandy clay soils, and the alluvial and marine motted clay soils. The main 

categorization of rocks in the region consists of gneiss, quartzites, granites, the Precambrian 

Togo series, and the Dahomeyan schists (Otoo et al., 2018). 

3.2.3 Atiwa West 

The Atiwa West of the Eastern region of Ghana is between latitude 6°18'50.4''N and longitude 

0°35'34''W. The Atiwa West district has a population of approximately 62,000 people. The 

populace is predominantly involved in mining, agriculture, and agro-based industrial 

activities. The area has an elevation of 240-750 m above sea level. The area is located within 

a semi-deciduous forest with 12- 20% of the land covered by commercial trees such as 

Triplochiton scleroxylon, Milicia regia, Mahogany, Terminalia, bamboo, etc. The landscape 

is gentle and undulating, with diverse rock formations resulting in the area’s diverse relief 

features, extending from flat-bottom basins to steep-sided highlands. The soils are mainly 

reddish-brown with uplands categorised by well-drained, deep, gravel-free silty loams and 

silty clay loams, whereas poorly drained alluvial silty clays characterise the plains. The area 

is known for mineral deposits, especially gold, hence the reason for numerous artisanal and 

small-scale gold mining activities in the area. The mining activities are mainly located near 

water resources, farmlands, and inhabited areas. Atiwa West district is adjoining to one of the 

largest national forest reserves in the country, the Atiwa Forest (Gordon et al., 2013; MOFEP, 

2019; Amponsah et al., 2022; NDPC, 2019; IUCN, 2020). 
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Figure 9. Map of areas in Ghana investigated in the study (by author). 

3.3 Sampling methods 

3.3.1 Sediment  

Sampling at coastal areas was selected based on the ongoing activities in the area which are 

likely to expose the public to radiological hazards. Sediment samples were collected with a 

plastic core tube (diameter: 7 cm). At each coastal sampling location, two sites were marked 

100-200 m apart as subsampling points. Four samples were collected from a 1 m2 marked 

depth of 25-50 cm. Samples were collected 100- 150 m away from the seawater. A total of 

152 samples were collected from 19 sampling locations along the coast of Ghana as shown 

in Figure 10. Sediment samples were stored in Ziploc bags, well-labelled, and transported to 

the laboratory for analysis. 
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Figure 10. Map of sediments sampling locations along the coast of Ghana (by author). 

3.3.2 Indoor radon 

This investigation surveyed the ground floors of residences such as houses, villas, and 

apartments. The participating homes were constructed with concrete, clay bricks, gravel, 

cement, sandstone, and tiles. Residences involved in this investigation were selected 

randomly and also based on the willingness of occupants to keep the detectors in their homes 

for the entire duration of exposure. A total of 95 residences were surveyed in the study (Figure 

11). Detectors were positioned at a 1.0- 1.5 m height above the ground in the dwellings. They 

were placed at a distance greater than 0.5 m from walls and 15 cm away from objects. The 

detection of indoor radon gas in residences was conducted using NRPB dosimeters with CR-

39 detectors (Figure 12). The detectors were placed in the living rooms and bedrooms, 

depending on where residents spent most of their time. The majority of residences surveyed 

were between 7 and 80 years old. They were constructed with cement and sand bricks along 

with tiled floors. The detectors were exposed to indoor radon for 3 months, and afterwards, 

they were covered with aluminium foil and transported to the laboratory for analysis. 
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Figure 11. Map of indoor radon measurement locations (by author). 

 

 

Figure 12. NRPB dosimeter with a CR-39 detector (by author). 

3.3.3 Cigarettes 

Determining the activity concentration of Po-210 in cigarettes was performed by sampling 

commonly smoked cigarette brands on the Ghanaian market. Both foreign and local cigarette 

brands were sampled for analysis. In all, 15 different cigarette brands were sampled. These 

were Pall Mall red, Pall Mall green, Oris red, Oris green, Rothmans white, Rothmans black, 

State Express, London king size, Gold seal, Fisher virginia blend, Malboro, Camel blue, 
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Benson and Hedges, Kent, and Esse change. For each cigarette brand, three samples were 

purchased from retail outlets, including shops, supermarkets, and pubs.  

3.3.4 Soil 

Soil samples were collected from a surface area of 2 m × 2 m at each sampling location from 

a depth of 10-30 cm below the surface. Four sampling points were marked and sampled at 

each location. Forty-six locations within the mining areas of Atiwa West were selected and 

sampled. Soils and sediment from mining sites, farms, and undisturbed lands were collected 

in the study area. Samples were stored in Ziploc bags, well-labelled, and transported to the 

laboratory for analysis. 

 

Figure 13. Map of soil and water sampling locations within Atiwa West mining areas (by 

author). 

3.3.5 Surface water and groundwater  

Surface water samples were collected from 15 locations (Figure 13) identified within mining 

sites and communities of Atiwa West. The surface water samples were collected from streams 

and rivers within the mining communities. Groundwater samples were collected based on the 

proximity of the groundwater resource to mining sites and within mining communities. They 
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were sampled from 16 locations within Atiwa West (Figure 14). Surface and groundwater 

samples for each area were composite samples of triplicate samples. Samples were collected 

directly from the source into pre-conditioned polyethylene bottles by immersing an entire 

bottle into water and closing it up tightly before bringing it out. Afterwards, water samples 

were acidified with hydrochloric acid to prevent radionuclide precipitation and adherence on 

the walls of the bottles, thereby preserving the integrity of radionuclide composition within 

the water matrix. Samples were then labelled and transported to the laboratory.  

 

Figure 14. Map of groundwater sampling locations (by author). 
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Figure 15. Soil and water sampling activities (by author). 

3.4 Sample preparations 

3.4.1 Sediment and soil 

In the laboratory, samples were air-dried for 7 days, oven dried at 105 °C for 24 hours, 

pulverized, and sieved with a 2 mm mesh sieve. Samples were homogenized for each 

location, transferred into Marinelli beakers, sealed, and labelled accordingly. The prepared 

samples were kept for 28 days to allow for secular equilibrium between parent and daughter 

nuclides (i.e. where the activity of the daughter isotopes equals the activity of the parent 

radiouclide). After the waiting period, the samples were analyzed by gamma spectrometry to 

determine the major gamma-emitting radionuclides (Ra-226, Th-232, K-40, and Cs-137).   

           

Figure 16. Preparation of soil and sediment samples for gamma measurement (by author). 
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3.4.2 Radon measurements 

(i) Indoor radon 

The exposed CR-39 detectors were washed with deionized water and then air-dried. Next, 

they were chemically etched in an etching device. The chemical conditions employed in the 

etching process were a 6.25 M NaOH solution, a temperature of 90 °C, and an etching 

duration of 8 hours. After etching, the detectors were kept in deionized water for 24 hours 

and rinsed again with deionized water. Finally, they were air-dried, and later the track 

densities were counted. 

(ii) Radon exhalation 

Soil samples were air-dried for 7 days and later dried in the oven at 60 ℃ for 24 hours. The 

radon exhalation rate in soil samples was measured using a CR-39 Solid State Nuclear Track 

Detector (SSNTD). The CR-39 detectors were obtained from Radosys, Hungary, which is 

traceable to the Radon calibration laboratory of the Federal Office for Radiation Protection, 

Germany. Soil samples were measured (300 g) and placed at the bottom of the vessel, which 

has a 25 cm height and a 10 cm diameter. A CR-39 detector was placed at the top of a 

cylindrical vessel from the surface of the soil sample to detect only radon and prevent thoron 

from evading the soil surface, as shown in Figure 17. The measurement of radon exhalation 

was done for 90 days (Otoo et al., 2018; Faheem & Matiullah, 2008). After 90 days, the 

detectors were etched in a 6.25 N NaOH solution at 90 °C for 5 hours and neutralized for 15 

minutes in 36 ml of 96% diluted acetic acid. They were then rinsed in deionized water for 15 

minutes to remove excess chemicals and dried for 4 days.  

          

Figure 17. Radon exhalation setup (by author). 
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3.4.3 Cigarette 

The tobacco leaves in the cigarettes were air-dried for a day. A known activity of 43.8 mBq/g 

of Po-209 was added as a tracer to 2g of tobacco samples in a beaker for the dissolution 

process. The addition of Po-209 was to help trace the radiochemical yield of Po-210 and to 

act as a reference for the alpha spectrometry measurement. 3 portions of 25 ml HNO3 were 

added to dissolve the samples. It was dissolved on a hot plate at 80 °C to evaporate to near 

dryness. Few drops of H2O2 were added cautiously to digest the organic matter. Three 

portions of concentrated 25 ml HCl were added and evaporated to dryness. The samples were 

then dissolved in 10 ml 6M HCl to make a 100 ml stock solution and filtered. A nickel-

content stainless steel disc (KO 33 MSZ 9-11%) acid-resistant was used for the spontaneous 

deposition of polonium. A Dlab MS-H380-Pro device and 50 ml stock solution were used for 

the deposition. The deposition was done at 85 °C for 3 hours in the presence of C6H8O6 to 

minimize the F3+ ions in the solution. Afterwards, the discs were left before counting with 

the alpha spectrometer (Kovács et al., 2007).  

                    

Figure 18. Dissolution and deposition process of Po-210 in cigarette samples (by author). 

3.4.4 Surface and groundwater 

In the laboratory, water samples were transferred into pre-cleaned Marinelli beakers without 

pre-treatment. The beakers were sealed and kept for 28 days to establish secular equilibrium 

between parent and daughter radionuclides prior to counting with a gamma ray spectrometer.  
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Figure 19. Sample preparation activities (by author). 

3.5 Instrumentation and measurement 

Different analytical techniques were employed to measure radionuclide activity in samples 

collected for the research. Gamma ray spectrometry was used to measure radionuclide 

activities in soil, sediment, and water samples. Alpha spectrometry was used to determine the 

activities of Po-210 in cigarette samples. The CR-39 detectors, radon exhalation chamber, 

and the etching device were used to determine radon concentrations. The analytical methods 

employed and the description of the analytical process have been given below.  

3.5.1 Gamma ray spectrometry 

The measurement of radionuclide activities in samples was performed with a semiconductor 

High Purity Germanium (HPGe) detector (ORTEC GMX40-76). The detector has 40% 

relative efficiency. The detector is coupled with a Multi-Channel Analyzer software (MCA) 

from APTEC to analyze the generated gamma spectra. The detector was calibrated with three 

closed sources: Am-241 at a peak energy of 59 keV, Cs-137 at 662 keV, and Co-60 at two 

peak energies of 1173 and 1332 keV. The detector was cooled, and the temperature was 

maintained at -196 °C using liquid nitrogen. The detection efficiency of each peak was 

calculated using the known activity of radionuclides of the IAEA-375 reference material with 

a similar sample geometry. The background measurement was done with an empty Marinelli 

beaker with the same geometry as the standard and samples at a count time of 200,000 s. The 
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background measurements were performed to establish the detector’s environmental 

background distribution. To minimize counting errors and to achieve better statistics in the 

gamma spectra, sample measurements were done at 80,000 s (Akuo-ko et al., 2023a; Faanu 

et al., 2024).  

  

Figure 20. Gamma ray spectrometer and the spectra generated after measurement (by 

author). 

The Minimum Detectable Limit (MDL) and uncertainty of the measurements were 

determined using the data provided by the APTEC analyzer software. The MDL calculation 

was done by the equation: 

                                                 MDL = 
(𝜎2 + 2𝜎(√2𝐵))

𝑡
                                                          (1) 

Where MDL is the minimum detectable for photo-peak, σ is the uncertainty, B is the 

background rate under the photo-peak region of interest in cps, and t is the live counting time 

in s. 

The corresponding uncertainties were evaluated using the statistical uncertainties of the peak 

areas given by the APTEC analyzer software. The following equation was used: 

                                                         σ = 
2√(𝐶 + 𝐵)

𝐶
                                                                (2) 

Where σ is the uncertainty, C is the net sample count rate under the photo-peak region of 

interest in cps, and B is the net background rate under photo-peak region of interest in cps. 



54 
 

The MDL determined for the measured radionuclides are presented in the table below. 

Table 1. Minimum detectable limits of the radionuclides. 

Soil/ sediment Water 

Radionuclide MDL (Bq/kg) Radionuclide MDL (Bq/L) 

Ra-226 0.5 Ra-226 0.4, 0.12* 

Th-232 0.7 Ra-228 0.6, 0.26* 

K-40 23 K-40 10.5, 1.03* 

Cs-137 0.3   

* MDL for groundwater measurements 

3.5.2 Alpha spectrometry 

The deposition discs were measured for Po-209 (T1/2 = 102.5 years) and Po-210 (T1/2 = 138.4 

days) at alpha energies of 4883 keV and 5304 keV, respectively. The measurement was 

performed with an ORTEC Alpha Duo two-chamber spectrometer of a semiconductor base 

detector (Passive Implanted Planar Silicon- PIPS). The PIPS detector in the alpha 

spectrometer has an energy resolution of less than 20 keV. The spectrometer system was 

calibrated with three sources: Am-241 at 5486 keV, Cm-244 at 5805 keV, and Pu-239 at 5156 

keV. Prior to measurements, the background counts of the spectrometer system were 

determined. The background measurement was counted for 200,000 s while the sample 

measurements were counted for 80,000 s.  

The minimum detectable limits (MDL) determined for the two chambers were calculated 

using the equation: 

                                                  MDL = 
2.71 + 4.65 𝑥 √𝐼

𝜀 𝑥 𝑡 𝑥 𝑚
                                                           (3) 

Where MDL is the minimum detectable limit in mBq/g, I is the background in the energy 

range to be investigated (impulse), Ꜫ is the detector efficiency, t is the measurement time in 

s, and m is the mass of the sample in g.  

The MDL of Po-210 estimated for the two chambers were 0.196 mBq/g and 0.382 mBq/g. 
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3.5.3 Etching and scanning devices for CR-39 detectors 

(i) Indoor radon 

The exposure to indoor radon was measured with the NRPB radon dosimeter with a CR-39 

detector of the Baryotrak type. The detector is 1 cm × 1 cm × 0.1 cm and has a background 

of 0.5 tracks/mm2. It has a lower limit of detection value of 44.5 kBqh/m3 and a minimum 

measurable radon activity concentration of 20.6 Bq/m3 for a 90-day exposure. The detector 

also has a sensitivity between 1.5 and 1.7 (track/cm2) (Bqd/m3), depending on the storage 

duration before measurement. The calibration factor of the detectors is 0.00003346 

track/mm2/(Bqh/m3). The etching system used has a bulk etch rate of 7 µm/h at 90 °C 

(Csordás et al., 2021; 2020). The radon track densities on the CR-39 detectors were counted 

with a high-resolution image scanner and analysis software. 

   

Figure 21. Etching device and high-resolution image scanner for indoor radon (by author). 

(ii) Radon exhalation 

CR-39 detectors were etched in a Radobath (etching system) with a solution volume of 5 L 

and dimensions 400 mm × 400 mm × 600 mm. An optical microscope with a 40x 

magnification objective lens was used to scan (with a RadoMeter) the latent tracks generated 

on the detectors and tallied in 144 fields. The track density on the track films was used to 

calculate the radon concentrations (Otoo et al., 2018).  
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Figure 22. Radobath and Radometer devices for radon exhalation measurements (by 

author). 

3.6 Radionuclide activity concentrations  

3.6.1 Ra-226, Ra-228, Th-232, K-40 and Cs-137 in soil and water samples 

The activity concentration of radionuclides was evaluated with specific gamma peaks in 

some cases using the decay products of the parent radionuclide. For Ra-226, using the 

maximum energies of Bi-214 (609.3 keV), Pb-214 (351.9 keV), Th-232 and Ra-228 from the 

maximum energies of Tl-208 (583.2 keV and 2614.5 keV) and Ac-228 (911.2 keV), K-40 at 

1460.8 keV and Cs-137 at 661.6 keV. The activity concentrations were calculated with the 

equation: 

                                                         A = 
𝑁

𝜀 𝑥 𝑃 𝑥 𝑚 𝑥 𝑡
                                                              (4) 

Where A is the activity concentration in Bq/kg for soil and sediment and in Bq/L for water, 

N is the net area beneath the related full energy peak, Ꜫ is the gamma detection efficiency at 

energy E, P is the gamma yield in a radionuclide, m is the mass in kg or volume in l of a 

sample and t is counting time in s. 

3.6.2 Indoor radon concentrations 

The concentration of indoor radon measured in residences was evaluated by the expression: 

                                                 CRn = (Nt-Nb) × E/(T×A)                                                    (5) 

Where CRn is the average indoor radon level in Bq/m3, Nt is the total number of tracks, Nb is 

the number of background tracks, E is the calibration factor in Bq/m3h/tracks mm2, T is the 
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time of exposure in hours and A is the reading area of the tracks in mm2 (Adelikhah et al., 

2022; 2021). 

3.6.4 Radon exhalation 

To determine the exhalation rates, the radon concentrations detected in the soil samples were 

initially calculated by the expression:  

                                                         CRn = 
𝜚

𝜀 𝑥 𝑡
                                                                     (6) 

Where CRn is the activity concentration of radon in Bq/m3, 𝞎 is the measured track surface 

density in track/cm2, 𝞮 is the calibration factor of the detector in track/cm2d/(Bq/m3), and t is 

the time of exposure in s. 

The radon exhalation rates in terms of mass (EM) and area or surface (EA) were determined 

by the following expressions:  

                                              EM = 
𝐶𝑉𝜆

𝑀[(𝑇+1/𝜆(ℯ⌃(−𝜆𝑇)−1)]
                                                        (7) 

                                              EA = 
𝐶𝑉𝜆

𝐴[(𝑇+1/𝜆(ℯ⌃(−𝜆𝑇)−1)]
                                                         (8) 

Where EM is the mass radon exhalation rate in mBq/kg/h, EA is the area radon exhalation rate 

in mBq/m2/h, C is the radon activity at equilibrium in Bq/m3, V is the volume of the exhalation 

vessel in m3, A is the area of the exhalation vessel in m2, M is the mass of soil sample in kg, 

T is the time of exposure in hours and 𝞴 is the decay constant in hours (Saad et al., 2014; 

Zubair et al., 2012; Gusian et al., 2009; Akuo-ko et al., 2024b).  

3.6.3 Po-210 activity concentration 

The activity concentration of Po-210 in cigarette samples was calculated with the expression: 

 

                                                                 (9) 

Where CA is the activity concentration of Po-210 in cigarette samples in Bq/cig, rg is the 

counts per second in the Po-210 range, ro is the background counts per second in the Po-210 

range, rgT is the counts per second in the Po-209 range, roT is the background counts per 
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second in the Po-209 range, AT is the Po-209 activity in the sample in Bq/g and m is the 

sample mass in kg.  

3.7 Determination of radiation dose and radiological hazards 

3.7.1 Annual effective dose and other radiological indices due to radionuclides in soil and 

sediment 

(i) Absorbed gamma dose rate (D) 

It is the amount of gamma radiation energy released by radionuclides per unit of time and 

mass of the material exposed. The gamma dose rate at 1 m above the ground, assuming the 

radionuclides are homogenously distributed in soil or sediment, is evaluated by the equation: 

                                  D = 0.462ARa + 0.604ATh + 0.0417AK + 0.03ACs                                         (10) 

Where D is the gamma dose rate in nGy/h, ARa, ATh, AK, and ACs are the activity concentrations 

of Ra-226, Th-232, K-40, and Cs in Bq/kg, respectively. The world mean absorbed gamma 

dose rate level is 60.0 nGy/h (UNSCEAR, 2000; Beogo et al., 2022; Atibu et al., 2022).  

(ii) Annual effective dose (AED) 

It is the effect of gamma radiation emitted by radionuclides on various human body organs. 

To evaluate the effective dose to the human body, the total hours in a year of 8760, an outdoor 

occupancy factor of 0.2, and a dose conversion factor of 0.7 Sv/Gy were used for the 

evaluation in the expression: 

                        AED = D (Gy/h) x 8760 (h/y) x 0.2 x 0.7 (SvGy-1)                                   (11) 

Where AED is the annual effective dose in mSv/y and D is the gamma dose rate in nGy/h. 

The world mean annual effective dose is 0.07 mSv/y (UNSCEAR, 2000; Akuo-ko et al., 

2023a; Atibu et al., 2022). 
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(iii) Annual gonadal dose equivalent (AGDE) 

The AGDE is the effect of radiation on living cells, which can cause mutation of cells of 

organisms or death. Radiation can also affect the active bone marrow and bone surface cells. 

The AGDE was evaluated with the equation: 

                                 AGDE = 3.09ARa + 4.18ATh + 0.314AK                                             (12) 

Where AGDE is the annual gonadal dose equivalent in µSv/y, ARa, ATh, and AK are the activity 

concentrations of Ra-226, Th-232, and K-40, respectively, in Bq/kg. The world average 

AGDE value is 300 µSv/y (UNSCEAR, 2000). 

(iv) Radium equivalent activity (Raeq) 

Since radionuclides are not uniformly distributed, radium equivalent activity assesses the 

specific activity of materials containing varying levels of radionuclides and characterizes 

radiation exposure. Radium equivalent activity assumes that 370 Bq/kg of Ra-226, 259 Bq/kg 

of Th-232, and 4810 Bq/kg of K-40 will produce the same gamma dose rates (Orosun et al., 

2019; Akuo-ko et al., 2023a). This is determined by the expression: 

                                                    Raeq = ARa + 1.43ATh + 0.077AK                                                 (13) 

Where Raeq is the radium equivalent activity in Bq/kg, ARa, ATh, and AK represent the activity 

concentrations of Ra-226, Th-232, and K-40, respectively, in Bq/kg. The maximum 

allowable Raeq activity is 370 Bq/kg, corresponding to an effective dose of 1 mSv/y 

(UNSCEAR, 2000).  

(v) Internal and external hazard indices 

Radionuclides in sediment and soil generate external gamma radiation, which exposes a 

population to radiation hazards. For the radiation hazard to be negligible, the internal (Hin) 

and external (Hex) must be less than 1. The internal hazard index (Hin) assesses the risk of 

exposure of the respiratory organs to radon and its daughter isotopes. External hazard index 

(Hex) equal to 1 translates to the upper limit of radium equivalent dose of 370 Bq/kg, which 

agrees with the ICRP suggested value of 1 mSv/y (ICRP, 1990; Orosun et al., 2019). The Hin 

and Hex were evaluated using the equations: 
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                                 Hin = (ARa/ 185) + (ATh/ 259) + (AK/ 4810)                                       (14) 

                                 Hex = (ARa/ 370) + (ATh/ 259) + (AK/ 4810)                                      (15) 

Where ARa, ATh, and AK are the activity concentrations of Ra-226, Th-232, and K-40, 

respectively, in Bq/kg. 

3.7.2 Estimation of annual effective dose, ELCR, and LLC due to indoor radon 

The annual effective dose due to indoor radon concentrations was evaluated by the 

expression: 

                                          ERn = CRn × FRn × t × KRn                                                 (16) 

Where ERn is the radon annual effective dose in mSv/y, CRn is the annual average radon 

concentration in residences in Bq/m3, FRn is the indoor equilibrium factor for radon and its 

progenies (0.40), t is the number of hours spent indoors per year (7,000 hours), and KRn is the 

dose conversion factor in Bqh/m3 (9 nSv per unit of integrated radon concentrations) (WHO, 

2009; UNSCEAR, 2000). 

Excess Lifetime Cancer Risk (ELCR), which represents the excess risk of cancer for radon 

exposure per 100,000 population and the Lung Cancer Cases (LLC) per 1,000,000 

population, were estimated by the expression: 

                                           ELCR = ERn × DL × RF                                                         (17) 

                                             LCC = ERn × 18 × 10−6                                                          (18) 

Where ELCR is the excess lifetime cancer risk, LCC is the lung cancer cases, ERn is the annual 

effective dose, DL is the mean lifetime duration (70 years), RF is terminal cancer risk (0.055 

per Sv), and the lung cancer induction value of 18 × 10-6 /mSv (Akuo-ko et al., 2023b).  
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3.7.3 Radiation dose due to Po-210 

The annual effective dose due to the inhalation of Po-210 in cigarette smoke was determined 

by: 

                                            E = F1 × F2 × K × G × C × t                                                (19) 

Where E is the annual committed effective of Po-210 in cigarettes in Sv/y, F1 is the average 

transfer factor from cigarette to smoke (0.7), F2 is the inhaled smoke per total smoke ratio 

(0.5), K is the Po-210 inhalation dose conversion factor (3.3) in µSv/Bq, G is the quantity of 

cigarettes smoked a day (6 cigarettes), C is the activity concentration of Po-210 in Bq/cig 

and t is the smoking duration of 365 days (Nketiah-Amponsah et al., 2018; Kovács et al., 

2007; UNSCEAR, 2000). 

The ELCR per 100,000 people was determined: 

                                           ELCR = E × DL × RF                                                            (20) 

Where E is the annual effective dose Sv/y, DL is the mean life expectancy projected to be 70 

years, and RF is the fatal cancer risk factor per Sv, it is stochastically given as 0.055 for the 

public (Boumala et al., 2019; Stabile et al., 2017; ICRP, 1990). 

3.7.4 Annual effective dose due to radionuclides in water 

The annual effective dose associated with the ingestion of surface water and groundwater 

was evaluated by the expression: 
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

                                       (21) 

Where Eing(W) is the effective dose due to ingestion of water in mSv/y, Iw is the water intake 

per year (adults: 730 L, children: 350 L, infants: 250 L), DCF is the ingestion dose coefficient 

in Sv/Bq (Ra-226: 2.3 x 10-4 mSv/Bq, Ra-228: 6.9 x 10-4 mSv/Bq and K-40: 6.2 x 10-6 

mSv/Bq), Asp(W) is the activity concentration of radionuclides in water samples in Bq/L 

(UNSCEAR, 2000).  
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3.7.5 ELCR due to radionuclides in water, soil, and sediment 

The cancer-causing consequences of gamma radiation through ingestion, inhalation, and 

external exposure to radioactivity are defined by an estimation of the probability of cancer 

occurring during a specific lifetime (Beogo et al., 2022; Atibu et al., 2022). The assessment 

of ELCR determines this likelihood in a human population, and it is calculated by the 

expression: 

                                             ELCR = AED × DL× RF                                                      (22) 

Where AED is the annual effective dose in mSv/y, DL is the average period of life of 70 

years, and RF is the risk factor (i.e., fatal cancer risk) in per Sv. The ICRP 60 recommends 

an RF value of 0.055 for members of the public when dealing with stochastic impacts. The 

world recommended value for ELCR is 0.00029 (UNSCEAR, 2000; ICRP, 1990). 

3.8 Statistical analysis of data 

The statistical analysis of the data obtained was mainly performed with IBM SPSS Statistics 

version 26 and Microsoft Excel. Tests for normal distribution of data were done using log-

normal distribution, Kolmogorov-Smirnov, and Shapiro-Wilk tests. The mean, median, 

standard deviation, geometric mean, and geometric standard deviation were evaluated from 

the obtained data. Regression analysis, Pearson correlation, principal component analysis, 

and cluster analysis were also performed to understand the relationship between 

radionuclides and radiological parameters.  

3.9 Spatial distributions 

Interpolation maps were created to visualize the appropriate spatial distribution of a variable 

at its position. The maps were created with ArcGIS software version 10.4.1. To clearly 

understand the distribution pattern of radionuclides in an area. Different interpolation 

techniques were employed to develop the maps. These included the Inverse Distance 

Weighting (IDW), Ordinary Kriging (OK), and Empirical Bayesian Kriging (EBK).     
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Introduction 

This chapter presents data from measuring radioactivity concentrations in the investigated 

environmental media. The data were analyzed, interpreted, and compared with world 

reference levels. Radiological hazards due to radioactivity levels were determined, and the 

impact on the human population was examined. Relationships between radionuclide 

concentrations and radiological hazards were evaluated to understand the strength of the 

relationship between the variables in an environment. 

4.2 Radioactivity in sediment along the coastline of Ghana 

4.2.1 Radionuclide activity concentrations in sediment 

Table 2 presents Ra-226, Th-232, K-40, and Cs-137 radioactivity concentrations in sediment 

along Ghana’s coast. 

Table 2. Mean activity concentration of radionuclides in Bq/kg in sediment along the shores 

of Ghana. 

Locations Ra-226 Th-232 K-40 Cs-137 

1. Axim 18 ± 5 12 ± 2 285 ± 77 1.6 ± 0.5 

2. Dixcove 17 ± 4 12 ± 1 282 ± 75 109.8 ± 0.3 

3. Takoradi 23 ± 5 9 ± 1 322 ± 74 1.7 ± 0.7 

4. Sekondi 30 ± 6 12 ± 1 1270 ± 69 2.3 ± 0.3 

5. Komenda 48 ± 6 10 ± 1 337 ± 73 2.3 ± 0.7 

6. Cape Coast 38 ± 5 17 ± 1 253 ± 74 3.6 ± 0.4 

7. Anomabo 75 ± 6 25 ± 1 380 ± 73 4.2 ± 0.5 

8. Saltpond 22 ± 6 13 ± 1 378 ± 73 1.2 ± 0.6 

9. Winneba 35 ± 6 13 ± 1 277 ± 75 3.0 ± 0.7 

10. Bortianor 130 ± 5 59 ± 1 307 ± 74 2.6 ± 0.2 

11. Labadi 27 ± 6 15 ± 1 546 ± 72 2.2 ± 0.6 

12. Tema 66 ± 5 34 ± 1 211 ± 75 2.2 ± 0.5 
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13. Ada Foah 23 ± 7 9 ± 1 313 ± 75 2.8 ± 0.7 

14. Keta 133 ± 7 76 ± 1 355 ± 73 2.8 ± 0.5 

15. Half Assin 22 ± 6 25 ± 2 428 ± 77 2.3 ± 0.5 

16. Jomoro 31 ± 7 27 ± 2 298 ± 77 2.4 ± 0.6 

17. Cape 3 Points 16 ± 4 13 ± 1 564 ± 76 7.5 ± 0.6 

18. Prampram 47 ± 6 31 ± 2 357 ± 76 3.9 ± 0.5 

19. Aflao 15 ± 4 9 ± 2 304 ± 76 1.8 ± 0.6 

Study mean 43 ± 6 22 ± 1 393 ± 74 8.4 ± 0.5 

World mean* 35 30 400 18.2 

Geometric mean 34 18 358 3.1 

Median 30 13 322 2.4 

Minimum 15 9 211 1.2 

Maximum 133 76 1270 109.8 

Standard deviation 35 18 230 24.6 

Skewness 2 2 3 4.3 

Kurtosis 3 4 13 18.9 

*World mean average values by UNSCEAR, 2000. 

From Table 2, activity concentrations of Ra-226 ranged from 15 ± 4 to 133 ± 7 Bq/kg, 9 ± 1 

to 76 ± 1 Bq/kg for Th-232, 211 ± 75 to 1270 ± 69 Bq/kg for K-40 and 1.2 ± 0.6 to 109.8 ± 

0.3 Bq/kg for Cs-137. The average activity concentrations were 43 ± 6 Bq/kg, 22 ± 1 Bq/kg, 

393 ± 74 Bq/kg, and 8.4 ± 0.5 Bq/kg for Ra-226, Th-232, K-40, and Cs-137, respectively. 

The determined geometric means were less than the arithmetic means of the measured 

radionuclides except for Ra-226. The Ra-226 concentrations in the sediment samples 

exceeded all Th-232 concentrations measured at the different coastal locations. Ra-226 

activity concentrations for Cape Coast, Tema, Komenda, Anomabo, Keta, Bortianor, and 

Prampram were notably higher than the world mean of 35 Bq/kg, whereas Th-232 mean 

concentrations were below the world mean of 30 Bq/kg except for Bortianor, Tema, 

Prampram, and Keta (UNSCEAR, 2000). In the case of K-40, Sekondi, Cape 3 Points, Half 

Assin, and Labadi recorded activity levels above the world mean of 400 Bq/kg. Beach 

sediments are mineral deposits from the weathering and erosion of igneous and metamorphic 

rocks. Such rocks are enriched with uranium and thorium, hence primary sources of Ra-226 
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and Th-232 in sediment. Also, the decay of uranium and thorium in oceans contaminates 

sediment with Ra-226 and Th-232, which are then deposited at the shores by tides and wave 

actions (Nyarko et al., 2011). High K-40 in soils and sediments is attributed to potassium in 

fertilizers applied to crop plantations, which leach into soils and sediments, raising the K-40 

activity concentrations (Huang et al., 2015).   

The anthropogenic radionuclide Cs-137 recorded the highest activity concentration of 109.8 

± 0.3 Bq/kg at Dixcove. This affected the overall mean of Cs-137 for the study to be 8.4 ± 

0.5 Bq/kg, though it was below the world mean of 18.2 Bq/kg (UNSCEAR, 2008). If the Cs-

137 concentration for Dixcove is considered an outlier, then the mean value for the entire 

coastline would have been 2.7 ± 0.5 Bq/kg. The activity levels of Cs-137 in the environment 

are mainly due to nuclear power plant accidents, bombs, and nuclear weapon tests (Shahrokhi 

et al., 2021; Nyarko et al., 2011; Dizman et al., 2019). The Chernobyl and Fukushima 

accidents released huge quantities of Cs-137, 85 PBq, and 12 PBq, respectively, into the 

global atmosphere. This led to a significant fraction of the released radionuclide being 

deposited into oceans and sediments (Kubo et al., 2018; Zhao et al., 2018). Nuclear bomb 

tests also released large amounts of Cs-137 into the stratosphere and later fell to the Earth's 

surface mainly by rainfall (FAO/IAEA, 2017; Zhao et al., 2018). Research shows that Cs-

137 has a high retention ability on the surface of soils and sediments because of the existence 

of clay minerals and organic matter in the soils and sediments. The retention property of Cs-

137 causes the radionuclide to be trapped in sediments, restricting its movement (Yasumiishi 

et al., 2017; Nguyen et al., 2020; Yamada et al., 2015). Again, fine-grain particles of sediment 

increase Cs-137 concentrations with decreasing particle sizes (Kubo et al., 2018; Mouri et 

al., 2014; Kitamura et al., 2014).  

4.2.2 Normality of radionuclides distribution  

The skewness and kurtosis values were used to test the normality of the data. The skewness 

and kurtosis coefficients in Table 2 indicated an asymmetric distribution of the determined 

radionuclides. The absence of a normal distribution can be attributed to the different sources 

and types of rocks and sediment found at the various sampling locations and the mineral 

complexity in the sediment samples (Shahrokhi et al., 2021; Nyarko et al., 2011). However, 

the Kolmogorov-Smirnov normality test showed that Ra-226 and Th-232 had a normal 

distribution, having p-values of 0.06 and 0.05, respectively, while K-40 and Cs-137 did not 
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show normal distributions (p-values ˂ 0.05). The radionuclide data were normalized for a 

lognormal distribution. The lognormal distribution of the radionuclide concentration of Ra-

226, Th-232, K-40, and Cs-137 is presented in Figure 23.  

 

 

Figure 23. Lognormal distribution of Ra-226, Th-232, K-40 and Cs-137 (by author). 
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4.2.3 Radiological risk assessment 

The radiological effects of gamma radiations from sediments are presented in Table 3. 

Table 3. Radiological risk indices evaluated in sediment samples. 

Locations 
Raeq 

(Bq/kg) 

Hex 

 

Hin 

 

Iɣ 

 

D 

(nGy/h) 

AED 

(µSv/y) 

AGDE 

(µSv/y) 

1. Axim 57.1 0.2 0.2 0.2 27.7 34.0 195.2 

2. Dixcove 54.7 0.1 0.2 0.2 29.8 36.6 187.7 

3. Takoradi 59.7 0.2 0.2 0.2 29.3 35.9 207.0 

4. Sekondi 145.3 0.4 0.5 0.6 74.5 91.4 542.7 

5. Komenda 88.3 0.2 0.4 0.3 42.5 52.2 296.1 

6. Cape Coast 81.1 0.2 0.3 0.3 38.5 47.2 265.8 

7. Anomabo 140.4 0.4 0.6 0.5 66.3 81.3 456.7 

8. Saltpond 69.2 0.2 0.2 0.3 33.8 41.5 239.5 

9. Winneba 74.6 0.2 0.3 0.3 35.8 43.8 248.6 

10. Bortianor 238.2 0.6 1.0 0.8 109.6 134.5 745.1 

11. Labadi 89.6 0.2 0.3 0.3 44.2 54.2 315.0 

12. Tema 129.8 0.4 0.5 0.5 60.0 73.6 409.1 

13. Ada Foah 59.8 0.2 0.2 0.2 29.3 35.9 206.5 

14. Keta 268.9 0.7 1.1 0.9 123.5 151.5 839.9 

15. Half Assin 90.7 0.2 0.3 0.3 43.6 53.4 306.6 

16. Jomoro 93.1 0.3 0.3 0.3 43.8 53.8 303.9 

17. Cape 3 Points 78.1 0.2 0.3 0.3 39.2 48.1 281.1 

18. Prampram 118.6 0.3 0.4 0.4 55.9 68.5 386.2 

19. Aflao 52.0 0.1 0.2 0.2 25.6 31.4 181.6 

Study average 104.7 0.3 0.4 0.4 50.1 61.5 348.1 

World average 370a ≤1 a ≤1b ≤1 b 60 a 70 a 300b 

a= UNSCEAR, 2008; b= UNSCEAR, 2000 

The Raeq values were from 52.0- 268.9 Bq/kg, less than the world average of 370 Bq/kg. 

Since coastal dwellers use sediment as building materials, the Raeq is recommended not to 

exceed 370 Bq/kg to reduce the effect of radon and its progenies (Amekuzie et al., 2011; 

UNSCEAR,2000; Otoo et al., 2021;2018). Hex and Hin indices assess the hazard of radiation 

to the respiratory organs, specifically the lungs. The mean Hex and Hin estimated in the 
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sediment samples were less than unity (0.4). This demonstrates the suitability of sediment 

for building construction purposes, and less radiation dose is conveyed to occupants of such 

houses (UNSCEAR, 2000). The gamma index (Iɣ) assesses the collective radiation effect of 

natural radionuclides.  In this study, the Iɣ values observed between 0.2 and 0.9, with an 

average of 0.4, were less than the world average of 1. Hence, there is a minimal collective 

effect from the radionuclides (Botwe et al., 2017). The gamma dose rate (D) ranged from 

25.6 to 123.5 nGy/h. Though the mean D value of 50.1 nGy/h was below the world mean 

value of 60.0 nGy/h, the high values recorded at Keta, Bortianor, Sekondi, and Anomabo 

indicate a radiation hazard associated with the use of such sediments. The high D values 

result from high Ra-226 levels measured in the sediments of those coastal areas. The AED to 

the population corresponding to the natural and anthropogenic radioactivity in the sediments 

ranged between 31.4 µSv/y and 151.5 µSv/y. The average AED (61.5 µSv/y) was less than 

the reference level of 70 µSv/y (UNSCEAR, 2008). Apart from locations with high AED, 

Ghanaian beaches can be considered safe, having normal background radiation, making the 

induced radiation to the public low. The AGDE, which assesses the effect of radiation on 

living cells (UNSCEAR, 2008), was estimated to vary between 181.6 µSv/y and 839.9 µSv/y 

with a mean of 348.1 µSv/y. Coastal locations with AGDE values higher than the reference 

mean of 300 µSv/y indicate that their sediment can induce radiation dose rates that pose a 

health risk to humans.  

4.2.4 Statistical analysis of data 

(i) Pearson correlation 

Pearson correlation estimates the degree of relationship and strength of association among 

variables, particularly between radionuclide distribution and radiological factors. The results 

of the Pearson correlation analysis, as presented in Table 4, showed a good correlation 

coefficient of R2 = 0.92 between Ra-226 and Th-232, signifying a strong relationship between 

the radionuclides and their progenies, whose decay occurs together in nature (Shahrokhi et 

al., 2021; Sureshghandhi et al., 2014).  
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Table 4. Pearson correlation analysis between radionuclides and radiological hazards. 

Parameters Ra Th K Cs Raeq Hex Hin Iɣ D AED AGDE 

Ra 1           

Th 0.92 1          

K -0.14 -0.15 1         

Cs -0.18 -0.14 
-

0.11 
1        

Raeq
 0.94 0.92 0.15 -0.20 1       

Hex 0.94 0.92 0.15 -0.20 1 1      

Hin 0.98 0.94 0.04 -0.19 0.99 0.99 1     

Iɣ 0.92 0.91 0.23 -0.20 0.99 0.99 0.98 1    

D 0.93 0.91 0.20 -0.18 0.99 0.99 0.98 0.99 1   

AED 0.93 0.91 0.20 -0.18 0.99 0.99 0.98 0.99 1 1  

AGDE 0.91 0.89 0.25 -0.21 0.99 0.99 0.98 0.99 0.99 0.99 1 

Again, strong associations were observed between the radiological parameters (Raeq, Hex, 

Hin, Iɣ, D, AED, and AGDE) and Ra-226 and Th-232 since the determination of the 

parameters is based on the radionuclides. Thus, the radionuclides significantly contributed to 

the radiological hazards estimated in the sediment samples. Conversely, negative correlations 

were observed between K-40, Ra-226, and Th-232 due to their different decay series. K-40 

had low correlation coefficient values with the radiological parameter, and Cs-137 negatively 

correlated with them.  Therefore, Ra-226 and Th-232 present gamma radiation hazards in the 

coastline sediments, while K-40 had a minimal contribution to the radiological risks 

associated with such sediments. Cs-137 did not influence the radiological parameters 

evaluated in the coastline sediments. 

(ii) Cluster analysis 

The cluster analysis graphically described the level of relationship between variables. The 

cluster analysis used the single linkage method with the correlation coefficient distance 

between variables. The single linkage method assumes that the likeness of 2 clusters is the 

likeness of their most members. The cluster analysis results in Figure 24 show the 
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categorization of the variables into 3 distinct clusters. Cluster 1 presented the correlation 

distance of similarity between the radiological parameters Raeq, Hex, Hin, D, Iγ, AED, AGDE, 

and Ra-226 and Th-232. These variables are combined at a lower rescaled distance because 

they are quite similar, as their estimation mainly depends on the activity concentrations of 

Ra-226 and Th-232. Thus, the radionuclides are in one cluster with the radiological 

parameters because they largely influenced them. Between the two radionuclides, Ra-226 

had a greater influence on the radiological parameters than Th-232 because it recorded higher 

activity concentrations in all the samples. Hence, Ra-226 contributed more radiation dose 

than Th-232. Cluster 2 is composed of K-40, while the last cluster represents Cs-137. K-40 

and Cs-137 are in different clusters owing to their different decay series and sources. The 

rescaled distances of K-40 and Cs-137 show that K-40 slightly influenced the radiological 

parameters compared to Cs-137, which had no influence. The outcome of the cluster analysis 

is comparable to the Pearson correlation analysis.  

 

Figure 24. Dendrogram of the cluster analysis between radionuclides and radiological 

factors (by author). 

  



71 
 

(iii) Principal Component Analysis (PCA) 

PCA describes patterns in variables and presents the data in a way that emphasizes 

similarities and differences. The PCA was performed using the Kaiser normalization method 

with varimax rotation, as shown in Figure 25. The criterion used for the analysis was 

eigenvalues greater than 1. A correlation matrix was generated, and eigenvalues and 

eigenvectors were determined, suggesting the significant factors and the explained variance 

as presented in Table 5. The outcome of the PCA revealed that two factors had eigenvalues 

greater than 1, and they explained 90.63% of the overall variance. Component 1, with a 

variance of 79.88%, loaded heavily on Ra-226, Th-232, and the radiological parameters. This 

explains that Ra-226 and Th-232 are the main sources of radioactivity and the radionuclides 

contributing to the radiation dose evaluated in the sediment samples. Component 2, with a 

variance of 10.75%, loaded heavily on K-40 and less on the radiological parameters. This is 

because the contribution of K-40 to radiation dose is minimal, though it is from a natural 

origin and present in high concentrations in the sediment samples. Cs-137 had almost no 

radiological effect on humans since its contribution to the estimated parameters was very 

low. Again, Figure 25 showed that Ra-226, Th-232, and the radiological parameters are 

grouped because they are positively correlated, while Cs-137, which is negatively correlated, 

is positioned at the opposite side of the origin with less impact on the varimax rotation. K-40 

is positively correlated with clustered variables. However, its influence is minimal. 

Table 5. Varimax of rotated component matrix  

Variables 
Component 

1 2 
226Ra 0.982 -- 
232Th 0.964 -- 

40K -- 0.971 
137Cs -0.167 -0.346 

Raeq 0.978 0.204 

Hex 0.978 0.205 

Hin 0.993 -- 

D_air 0.965 0.252 

I_index 0.960 0.274 

AED 0.965 0.252 

AGDE 0.952 0.299 

Variance explained (%) 79.88 10.75 
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Figure 25. The rotated factor loadings of the measured radionuclides and radiological 

hazards (by author). 

4.2.5 Spatial distribution of radionuclides 

The Ordinary Kriging (OK) technique was applied for the spatial distribution. It generates 

visually interpolated maps identifying trends from unequally spaced data (Kucukomeroglu 

et al., 2016). The spatial distribution maps created with the OK method enabled the pictorial 

view of the radionuclides and radiological hazard distribution along the shores of Ghana. The 

interpolation was done with 2.5 km from the beach to the sea and 2.5 km inland to determine 

the distribution of radionuclides from the sea and the impact on sediment by dust and particles 

from natural phenomena (Kucukomeroglu et al., 2016).  
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Figure 26. The distribution of Ra-226, Th-232, K-40, Cs-137, Raeq and D along the 

coastline of Ghana (by author). 

From Figure 26, it was observed that radionuclide concentrations varied between locations. 

This explains that radioactivity concentrations depend on the geological properties of rocks, 

soils, and sediments along Ghana’s coast, which differ according to the area. The distribution 

map helped realize a high radionuclide concentration with Ra-226 and Th-232 activity at the 

eastern and central parts of the Ghanaian coast. In contrast, the western part has low activity 

concentrations, showing their level of abundance in the geographical areas. However, K-40 

and Cs-137 displayed an uneven distribution along the coastline. The distribution of Raeq and 

D were comparable to that of Ra-226 and Th-232.  
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4.2.6 Further investigation of Cs-137 concentration at Dixcove 

The transport of Cs-137 from anthropogenic sources through the ocean could pollute 

sediments along coastal regions, including Dixcove. Earlier investigations along the coast of 

Dixcove indicated Cs-137 activity concentration to be 109.8 Bq/kg. This raised concerns 

about the possible radiological hazards and the need for further investigations, as this will 

provide valuable insights into the factors influencing Cs-137 distribution in the coastal area. 

The investigation was conducted in three coastline zones, i.e., on-shore, near-shore, and off-

shore. The approach was used to understand the influence of hydrodynamic and geochemical 

processes on radionuclide distribution. Therefore, the activity concentration of Cs-137 was 

measured in sediment samples collected from the three coastline zones, and the results are 

presented in Table 6. 

Table 6. Activity concentrations of Cs-137 (in Bq/kg) distribution at the Dixcove shore. 

 Off-shore Near-shore On-shore (coastline) 

Minimum (Bq/kg) 0.3 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 

Maximum (Bq/kg) 0.6 ± 0.1 0.9 ± 0.1 1.3 ± 0.2 

Average (Bq/kg) 0.4 ± 0.1 0.2 ± 0.1 0.8 ± 0.1 

The near-shore recorded the lowest concentration of 0.2 Bq/kg while the highest 

concentration of 1.3 Bq/kg was recorded at the off-shore. The variability of Cs-137 activity 

concentration in sediment samples could be influenced by the chemical and physical 

characteristics, mineralogy, and surface areas of sediment particles. Cs-137 is known to 

firmly adhere to fine particles, including clay minerals, and thus high Cs-137 radioactivity is 

sometimes observed in such sediments. It also concentrates less on sandy sediments 

compared to muddy sediments (Łokas et al., 2017; Jagercikova et al., 2015; Takata et al., 

2017; Tabaris et al., 2012; Thorton et al., 2013; Bakar et al., 2017).  
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Figure 27. Correlation analysis between distance and Cs-137 activity along each shore (by 

author). 

Cs-137 activity concentrations were measured at every 250 m along the entire coastal area at 

distances of on-shore, near-shore, and off-shore. In Figure 27, the spatial distribution of Cs-

137 was observed to have variations across the coastline. The activity concentrations of Cs-

137 in offshore areas were relatively low (~0.3 to 0.6 Bq/kg) with slight variation. The 

activity concentrations were more variable at the on-shore and near-shore areas, ranging 

between 0.2 and 1.3 Bq/kg. The variability could be attributed to factors such as sediment 

composition, tidal and oceanic currents, and anthropogenic disturbances like fishing, sand 

winning, and tourism, which could contribute to localized fluctuations in Cs-137 

accumulation (Akuo-ko et al., 2025).  

The radionuclide was almost uniformly dispersed in the off-shore area, showing a relatively 

narrow range of concentrations between 0.4 and 0.5 Bq/kg as presented in Figure 28. The on-

shore or coastline and near-shore showed wider variations in concentration. The short-

distance fluctuations in Cs-137 concentration, particularly for the near-shore, indicate that 

Cs-137 deposition is influenced by anthropogenic and natural processes rather than being 

uniformly distributed. 
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Figure 28. Relationship between distance and Cs-137 distribution in off-shore, near-shore, 

and on-shore areas (by author). 

From the Cs-137 data, it was resolved that the high Cs-137 concentration (109.8 Bq/kg) 

measured during the initial investigation at Dixcove could be attributed to possible human 

error during sampling or calculation, or technical problems such as usage of contaminated 

sample holder, detector calibration problems, sediment characteristics, and measurement 

methods. Also, issues such as poor calibration for background noise or background 

subtraction approach, detector efficiency calibration, and minor errors in quantity evaluation 

could have significantly affected the estimation of the activity concentrations (Akuo-ko et 

al., 2025). However, the continuous change of Cs-137 levels in sediment is anticipated since 

the marine environment is the most dynamic aspect of the ecosystem. (Al-Mur & Gad, 2022). 

Therefore, the differences in Cs-137 activity concentration observed at Dixcove could be 

attributed to the abovementioned reasons. 
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4.3 Indoor radon levels in the Greater Accra region 

4.3.1 Frequency distribution and normality of data 

Indoor radon concentrations were measured in 95 residences in the Greater Accra region for 

a 90-day exposure period using the SSTND method. The frequency distribution of the 

measured indoor concentrations is presented in Figure 29. 

The indoor radon levels determined for the individual residences ranged from 36.1 ± 2.7 to 

92.0 ± 5.2 Bq/m3. The measured indoor radon concentrations were less than 100 Bq/m3. The 

average indoor radon concentration for the study area was 50.8 ± 3.4 Bq/m3. The geometric 

mean and the geometric standard deviation values of the radon concentrations were estimated 

to be 50.0 Bq/m3 and 1.2, respectively. The ages of the homes surveyed were recorded in the 

study. The ages varied from 1 to 100 years, with the mean age estimated at 19.1 years.  

 

Figure 29. Frequency distribution of the indoor radon levels in Bq/m3 for residences (by 

author). 

The normality of the indoor radon data was tested with cumulative frequency distribution, 

normalizing Q-Q plots, and the Kolmogorov-Smirnov normality test. Figure 30 shows the 

indoor radon concentrations' normal distribution and Q-Q plot. Figure 31 also shows the 

normal distribution and Q-Q plot of the age of residences surveyed.  
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Figure 30. Normal distribution of indoor radon levels (A) and (B) normalizing Q-Q plot of 

indoor radon levels in Bq/m3 (by author). 

 

 

Figure 31. Normal distribution of the age of residences (A) and (B) normalizing Q-Q plot 

of the age of residences in years (by author). 

Figures 30 and 31 indicate that the data are not normally distributed, especially as analyzed 

from the Q-Q plots. The Kolmogorov-Smirnov normality test also showed that the radon 

concentrations and the age of residences were not normally distributed. Their p- values were 
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below 0.05. The data's lack of a normal distribution could be attributed to the soil 

compositions, different types of building materials, and ventilation in the residences.  

The radon data and age of residence were then normalized using a lognormal distribution. 

The evaluated geometric mean of indoor radon (50.0 Bq/m3) and age of residences (12.4 y) 

were almost the same as their median values (48.5 Bq/m3, 12.0 y), suggesting the need for a 

lognormal distribution. The lognormal distribution of radon and age data is presented in 

Figures 32 and 33. The log-transformed data were tested for normality with the Kolmogorov-

Smirnov test. They proved to be normally transformed with p- values of 0.2 and 0.1 for the 

radon levels and age of residences, respectively. 

 

Figure 32. Lognormal distribution of indoor radon levels (A) and (B) Q-Q plot of 

lognormal indoor radon levels in Bq/m3 (by author). 
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Figure 33. Lognormal distribution of age of residences (A) and (B) Q-Q plot of lognormal 

of age of residences in years (by author). 

4.3.2 Indoor radon concentrations 

(i) Comparison of data to international guideline levels 

All the indoor radon concentrations measured in the study were below 100 Bq/m3. The 

concentrations did not exceed the recommended level of 100 Bq/m3 suggested by the World 

Health Organization (WHO) and 300 Bq/m3 given by the International Commission on 

Radiological Protection (ICRP) (WHO, 2009; ICRP, 2010). The mean indoor radon 

concentration determined for this study, 50.8 ± 3.4 Bq/m3, was above the worldwide indoor 

radon mean of 39 Bq/m3 proposed by UNSCEAR. This signifies that the population of the 

study area is susceptible to internal exposure to indoor radon and its related health risks 

(UNSCEAR, 2014). The global geometric mean (GM) and geometric standard deviation 

(GSD) specified by UNSCEAR were compared to those obtained in this survey. The GM for 

this study was 13 Bq/m3 more than the world value of 37 Bq/m3, while the GSD (1.2) was 

less than the world value of 2.2 (UNSCEAR, 2000). The primary sources of radon in 

residences in this study were from soil geology and composition, the different types of 

materials used in building construction, air ventilation within residences, the lifestyle of 

occupants, and soil gas infiltration (Adelikhah et al., 2021; Otoo et al., 2018; Imani et al., 

2021).  
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(ii) Indoor radon concentration and age of residences 

The age of dwellings was also considered a factor in evaluating indoor radon exposure. Some 

old residences were identified to have high indoor radon levels, particularly in densely 

inhabited areas. For example, a 25-year-old house recorded a radon level of 82.1 ± 2.5 Bq/m3. 

Such a concentration can be due to the cracks observed in the building walls and floors, 

aiding the infiltration of radon gas from the soil into the house. Again, some young residences 

also recorded high radon concentrations as seen in the case of a 9-year-old residence with the 

highest indoor radon level of 92.0 ± 5.2 Bq/m3 and a 1-year-old house with a 55.1 ± 5.1 

Bq/m3 concentration. Such could be due to the geology of the area. Very old houses of 100 

years recorded average concentrations of 44.8 ± 4.5 Bq/m3 and 56.0 ± 4.0 Bq/m3. These 

observations mean that there was no relationship between the indoor radon levels and the age 

of the surveyed residences.  

(iii) The influence of geology on indoor radon concentration 

The geology of an area influences the concentration of indoor radon. Previous studies have 

shown that the geology of the study area is composed of quartzite, granite, and gneiss rocks, 

which are primarily used for building construction in the region. These studies have shown a 

relationship between the radioactivity levels of the rocks and radon concentrations (Otoo et 

al., 2018; Csordás et al., 2014). The findings showed that the radioactivity of rocks and soils 

depended on the area's geology. High radioactivity levels of U-238 were determined in rocks 

and soils from places like Shai Hills, Weija, Dodowa, and James Town, especially in igneous 

and granite rocks (Yeboah et al., 2001). The results of this study corresponded to the findings 

of previous studies on radioactivity, especially since radon is a decay product of U-238. For 

example, low to medium radon levels were observed in residences in Shai Hills, 

corresponding to low activity concentrations estimated in the same area. In addition, rocks 

with significant radioactivity concentration and tectonic faults with elevated release can 

cause a significant rise in indoor radon levels in homes (Rakmetkazhy and Bulgakova, 2015), 

as observed in places like Weija and its surrounding towns.   
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(iv) The contribution of building materials to indoor radon levels 

Elevated indoor radon levels in dwellings can also be attributed to the type of building 

materials used in construction (Kocsis et al., 2021). Human exposure to ionizing radiation 

from radionuclides, including radon, can be significant, particularly when the building 

materials constitute radiation doses above normal background levels. Materials such as 

concrete bricks, cement, and tiles are made from raw materials with considerable 

concentrations of the natural radionuclides U-238, Th-232, and K-40. Hence, radon and its 

daughter isotopes can concentrate in dwellings and lead to internal radiation exposures when 

inhaled (Kocsis et al., 2021; Otoo et al., 2018). Studies on radioactivity concentrations in 

building materials in the region revealed that they had radon levels between 17.4 ± 0.7 and 

42.1 ± 2.8 Bq/m3. The studies also showed that low radioactivity in building materials 

corresponded to low radon concentrations, demonstrating that, to some degree, indoor radon 

concentrations are influenced by radioactivity levels in building materials (Otoo et al., 2018; 

Csordás et al., 2014).   

(v) Ventilation and indoor radon levels 

As humans spend most of their time indoors, they become vulnerable to inhaling radon and 

its progenies. The situation becomes more of a concern when there is little or no ventilation, 

as frequent air flow into buildings reduces the radon concentration (Adelikhah et al., 2021). 

It has already been stated that building materials increase radon levels in both new and old 

residences and are the main entry path of radon into residences (Csordás et al., 2021; 

Adelikhah et al., 2022). Since building materials from the study area contain average radon 

levels, the relatively high radon levels measured in some residences can be attributed to 

inadequate ventilation. It was observed during the survey that some dwellings had either few 

or small windows, which limited aeration in the homes, especially in populated areas. Again, 

the lifestyle of residents is such that windows are closed during the night, in rainy seasons, 

when no one is at home, and the preference for air conditioners instead of fresh air during 

high temperatures contributes to high indoor radon in residences and the associated health 

risks. Therefore, radon levels in dwellings can be reduced when there is enough ventilation. 
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4.3.3 Induced radiation dose and health risk assessment 

The inhalation of radon and its progenies is responsible for approximately half of humans' 

overall annual effective dose from natural ionizing radiation sources (Cosma et al., 2009). In 

the study, the average indoor radon concentrations were assumed to be the same as the annual 

average indoor radon concentrations. This was used to determine the radiation dose and 

health risk assessment of radon inhalation. The AED, ELCR, and LCC per year due to radon 

inhalation were evaluated. 

(i) Annual effective dose (AED) 

The estimated annual effective dose ranged between 0.9 and 2.3 mSv/y with a mean dose of 

1.3 mSv/y. The mean annual effective dose corresponded to the mean annual indoor radon 

concentration of 50.8 Bq/m3. The mean effective dose, 1.3 mSv/y, is below the ICRP’s 

recommended level of 3.0 mSv/y (ICRP, 2010). Residences in the central and south-western 

part of the Greater Accra region had high effective doses varying between 1.4 and 2.3 mSv/y. 

The highest mean indoor radon concentration of 92.0 ± 5.2 Bq/m3, corresponding to the 

highest effective dose of 2.3 mSv/y, was observed in these areas. This could be due to the 

densely populated nature of the area, the poor ventilation, and houses being constructed close 

to each other with limited spaces and windows for good aeration. In addition to this, several 

housing projects are taking place in the study area that could result in the disturbance of soils 

and rocks to release radon gas into the atmosphere, thereby increasing the risk of internal 

radiation exposure. 

(ii) ELCR and LCC due to indoor radon 

The ELCR and LCC parameters determined the assessment of the impact of indoor radon on 

lung cancer. The ELCR values were estimated to vary from 3.5 to 8.9, with an average of 4.9 

for every 100,000 population. The LCC per 1,000,000 people ranged from 16.4 to 41.7, with 

an average of 23.1. Earlier studies indicated that there is an increased risk of lung cancer even 

at a low indoor radon level of 40 Bq/m3 (Cosma et al., 2009). According to a fact sheet on 

Ghana reported by the WHO and Global Cancer Observatory, lung cancer ranked 8th among 

the top ten categories of cancers that affect the country’s population, with a percentage of 

45.1. In 2020, the country recorded a total of 535 new lung cancer cases and a death toll of 

487 (Globacon, 2021). Consequently, approximately 5% of lung cancer deaths are estimated 
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annually in this study as a result of indoor radon exposure. This percentage falls within the 

WHO’s estimate of 3-14% annually. The risk of lung cancer is proportional to radon levels 

in indoor environments, as stated by the WHO. Lung cancer cases rise by 16% for every 100 

Bq/m3 radon concentration (WHO, 2009; Adelikhah et al., 2021). Therefore, there is a 

relationship between indoor radon exposure and lung cancer risk.  

4.3.4 Spatial distribution of indoor radon concentrations 

The spatial distribution maps of indoor radon levels for the Greater Accra region were created 

using the interpolation methods Inverse Distance Weighting (IDW), Empirical Bayesian 

Kriging (EBK), and Ordinary Kriging (OK). The IDW and OK methods are based on the 

distance between two points, those of observation and those estimated in the interpolation 

(Adelikhah et al., 2021). The IDW also weighs the effect of the observed point on the 

estimated interpolation, only regarding the distance. The theory of this technique is that the 

characteristic value of an unsampled point is the weighted average of identified values in the 

zone (Chen and Liu, 2012). On the other hand, the OK technique is based on the relationship 

between the points and the creation of a preliminary function, i.e., variogram, which is 

repetitively updated. The OK computes the semivariogram identified from data points and 

utilizes the single semivariogram to make estimations at unknown points; however, in the 

case of the EBK method, it also recognizes the uncertainty. Thus, the spatial distribution 

maps of indoor radon levels for the dwellings surveyed were plotted over a 5 x 5 km2 grid 

using the ArcGIS software as shown in Figure 34 A, B, and C. The maps categorized the 

study area so that the population would be aware of areas of increased risk of radon exposure 

and related lung conditions. 

Out of the three interpolation maps, the IDW was the most accurate in describing a pictorial 

view of the measured indoor radon within the study area. The IDW also recorded the lowest 

Mean Absolute Error (MAE) and Average Standard Error (ASE) of 7.7 and 11.6, respectively. 

The OK and EBK could not appropriately describe the radon concentrations within the study 

area because the OK depends on normally distributed input data. On the other hand, the EBK 

needs additional data, such as soil gas, faults, and soil types, to generate suitable interpolation 

maps for this study (Coletti et al., 2021). 
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Figure 34. Projected indoor radon maps using (A) IDW, (B) OK, and (C) EBK 

interpolation techniques (by author). 

The IDW map displayed that high indoor radon levels were recorded in populated and less 

populated areas, especially in dense areas like Madina, Adentan, Kaneshie, Ashiaman, 

Pokuase, Dome, Amasaman, Tema, James Town, Haatso, Kwabenya, and Legon Hills. 

Dawhenya, Osudoku, Dedukope, and Afienya were among the less populated towns with 

high indoor radon activity. Poor ventilation practices and old houses with smaller window 

sizes mainly characterize such areas. Thus, the spatial distribution map helped visually 

identify areas prone to high indoor radon levels and the related health implications.  
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4.4 Po-210 in cigarettes on the Ghanaian market 

4.4.1 Po-210 activity concentration 

The activity concentrations of Po-210 measured in both local and foreign cigarettes have 

been presented in Table 7.  

Table 7. Activity concentration of Po-210 in cigarette samples and the estimated effective 

doses. 

 Sample ID 

Po-210 activity 

(mBq/cig) 

 

E (mSv/y) 

 

ELCR (× 10-3) 

Local 

brands CPI 30.1 ± 4.9 0.076 0.266 

 CP2 30.7 ± 5.2 0.078 0.273 

 CP3 29.9 ± 4.3 0.076 0.266 

 CP4 27.3 ± 3.9 0.069 0.242 

 CP5 29.3 ± 4.2 0.074 0.259 

 CP6 23.1 ± 3.4 0.058 0.203 

 CP7 27.6 ± 4.3 0.070 0.245 

 CP8 24.7 ± 3.2 0.062 0.217 

 CP9 30.9 ± 4.1 0.078 0.273 

 CP10 16.4 ± 2.5 0.041 0.144 

Imported 

brands CP11 25.3 ± 4.5 0.064 0.224 

 CP12 19.4 ± 3.8 0.049 0.172 

 CP13 21.8 ± 4.6 0.055 0.193 

 CP14 28.5 ± 4.7 0.072 0.252 

 CP15 32.3 ± 5.2 0.082 0.287 

 Average 26.5 ± 4.2 0.067 0.234 

 Minimum 16.4 ± 2.5 0.041 0.144 

 Maximum 32.3 ± 5.2 0.082 0.287 

 Standard deviation 4.5 0.011 0.040 

 

The activity concentrations of Po-210 in cigarettes ranged from 16.4 ± 2.5 to 32.3 ± 5.2 

mBq/cig. The local cigarettes had activities between 16.4 ± 2.5 and 30.9 ± 4.1 mBq/cig, with 

an average of 30.9 ± 4.1 mBq/cig, while the foreign cigarette brands had activities between 
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19.4 ± 3.8 and 32.3 ± 5.2 mBq/cig, with an average of 25.5 ± 4.6 mBq/cig. The overall mean 

Po-210 activity concentration was determined as 26.5 ± 4.2 mBq/cig. Some cigarettes (CP1, 

CP2, CP9, and CP15) recorded high Po-210 activities above 30 mBq/cig. CP15 had the 

highest activity concentrations of 32.3 ± 5.2 mBq/cig, which was among the foreign 

cigarettes, and the lowest activity of 16.4 ± 2.5 mBq/cig was observed among the local 

cigarettes (CP10). The high Po-210 activities in the cigarettes could be attributed to the 

tobacco leaves used in the production of cigarettes, which may have been cultivated in soils 

with high Po-210 levels, and the type of fertilizers applied to the tobacco plants. Therefore, 

smoking local cigarettes can cause more Po-210 to be inhaled than foreign cigarettes if the 

same quantity of cigarettes is smoked in the same manner (Schayer et al., 2009).  

From the data presented in Table 7, the mean activity concentration of Po-210 is slightly 

higher in local tobacco cigarettes than in foreign tobacco cigarettes. This suggests that, on 

average, local tobacco cigarettes might have a marginally higher level of Po-210. While the 

differences are not drastic, the higher average in local tobacco cigarettes could be of concern 

due to the health implications of Po-210 exposure. Figure 35 shows that the local samples 

are more clustered around their mean value, while foreign samples show more spread, 

consistent with the calculated standard deviations. The more significant variability in foreign 

tobacco cigarettes could suggest inconsistent manufacturing or material sourcing processes. 

However, it is important to note that these findings are based on the study’s sample collection 

and may not necessarily represent all local and foreign tobacco cigarettes available on the 

Ghana market. Further analysis with a larger sample size and more brands could provide a 

more comprehensive understanding. Additionally, the health implications of these 

concentrations of Po-210 should be considered in the context of other risk factors and total 

exposure to different compounds and radiations.  
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Figure 35. Visual representation of the variability and distribution of Po-210 activity 

concentration in both local and foreign tobacco cigarette samples (by author). 

4.4.2 Estimation of induced dose due to Po-210 in cigarettes                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

The annual effective dose from inhaling Po-210 in cigarette smoke was determined from the 

activity concentrations of Po-210, which were computed and presented in Table 7. The 

determined committed annual effective doses were between 0.041 mSv/y and 0.082 mSv/y. 

The average effective dose of 0.067 mSv/y corresponded to the average activity 

concentration of 26.5 mBq/cig. The foreign cigarettes had a mean effective dose of 0.064 

mSv/y, while the local cigarettes had an average of 0.068 mSv/y. The average effective dose 

was below the ICRP and UNSCEAR reference levels of 1- 20 mSv/y and 1.26 mSv/y, 

respectively (ICRP, 2007; UNSCEAR, 2000). Thus, the average and highest doses are below 

the world reference level of 1.26 mSv/y for the inhalation radionuclides from natural 

radiation sources (Boumala et al., 2019; UNSCEAR, 2008). Again, the effective doses 

determined in the study were similar to those estimated in other countries (Kovács et al., 

2007; Schayer et al., 2009; Horvath et al., 2017; Kubalek et al., 2016). 

The estimation of the effective dose for a smoker is dependent on several factors, 

predominantly the conversion factor per unit of intake and the amount of Po-210 

concentration retained in the lungs after smoking (Kubalek et al., 2016; Boujelbane et al., 
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2020; Sakoda et al., 2012). In this investigation, 50% was used as the quantity of smoke 

retained in the lungs, and a conversion factor of 3.3 µSv was used to calculate the effective 

dose (UNSCEAR, 2000; ICRP, 2012). The number of cigarettes smoked per day, the time 

and speed of smoking are the other factors influencing the estimation of effective radiation 

dose (Kubalek et al., 2016). In Ghana, it has been projected that six cigarettes are smoked 

averagely in a day which is less than the 20 cigarettes smoked per day in Hungary (Kovács 

et al., 2007; Nketiah-Amponsah et al., 2018) and hence the low effective doses evaluated in 

this investigation assuming the time and speed of smoking are the same. 

Studies show that during smoking, large volumes of Po-210 are transferred from the cigarette 

into the cigarette smoke due to the high volatility and activity concentration of Po-210. 

Consequently, most of the Po-210 is inhaled, reaching the gastrointestinal tract (Kubalek et 

al., 2016; Boryło et al., 2013). The quantity of Po-210 inhaled is characteristic of a smoker, 

and it depends on the manner of smoking, that is, the frequency of puffs, volume, and duration 

(Ghanbar-Moghaddam & Fathiyand, 2020). Again, studies show that Po-210 activity 

concentrations have been detected in the blood of smokers, and the concentration is 

dependent on the number of cigarettes smoked in a day (Boryło et al., 2013). Thus, a smoker 

of 6 cigarettes will have less concentration of Po-210 detected in the blood than a smoker of 

a larger number of cigarettes per day. Po-210 concentration has also been detected in patients 

with lung cancer and significant concentrations in current and former smokers (Zagà et al., 

2021). Therefore, smoking cigarettes is an important route of entry of Po-210 into the blood 

and lungs of smokers, resulting in cancerous diseases.  

4.4.3 Estimation of ELCR and lung cancer deaths  

The extra risk of developing cancer due to exposure to carcinogenic elements in cigarette 

smoke over a period was assessed with the ELCR (Table 7). The lung cancer risk from the 

inhalation of cigarette smoke was determined to range between 0.144 × 10-3 and 0.287 × 10-

3. The highest risk factor of 0.287 x 10-3 corresponded to the highest effective dose and Po-

210 activity concentration of 0.082 mSv/y and 32.3 mBq/cig, respectively. The mean ELCR 

was estimated to be 0.234 × 10-3, less than the world reference mean of 1.16 × 10-3 for tobacco 

samples (Shousha and Ahmad, 2016). The ELCR factors represented 14- 29 deaths for every 

100,000 population. Cigarette smoking approximately doubles the risk of humans to diseases 
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and three times raises the risk of sudden deaths. The level of risk surges with the number of 

cigarettes smoked per day (Boryło et al., 2013). In 2020, 487 people died of lung cancer in 

Ghana (Stabile et al., 2017). This translates into 3-6% (mean ~ 5%) of lung cancer deaths per 

the ELCR factors evaluated in this study. Hence, the radioactive Po-210 in cigarettes 

contributes about 0.234% of lung cancer cases to the overall cancer cases in Ghana, 

representing a significant 1.67% of deaths due to radiation from smoking (Globacon, 2021).  

Another contributing factor to the risks of lung cancer is the fact that cigarette filters do not 

effectively decrease the number of cancerous substances in cigarette smoke (Skwarzec et al., 

2001). Only a small amount of nearly 1- 16.5% of Po-210 in cigarettes is absorbed, resulting 

in elevated concentrations of inhaled carcinogens, causing an increased risk of lung cancer. 

The importance of cigarette filters is to reduce the amount of nicotine, tar, and particles from 

cigarette smoke. Instead, they cause recurrent and stronger inhalation of the smoke and 

deeper dispersion of particles and smoke in the lungs. This makes its removal difficult, 

remaining comparatively longer (Karagueuzian et al., 2012; Persson and Holm, 2011; ICRP, 

2012; Skwarzec et al., 2001). The inability of filters to efficiently decrease the number of 

inhaled carcinogens could account for relatively high effective doses recorded in some 

cigarette brands analyzed in this study.  

The results of the radioactivity concentrations, the committed annual effective dose, and the 

cancer risks of Po-210 observed in this investigation indicate that natural radionuclides from 

natural sources, including tobacco leaves, can harm human health. The health risks associated 

with radioactive elements in cigarettes, particularly Po-210, and their cancer implications 

demand strengthened and sustainable efforts to control cigarette consumption in Ghana.  

4.5 Natural radioactivity in soils and sediment from mining areas 

4.5.1 Activity concentrations of Ra-226, Th-232 and K-40 in soils and sediment 

Different soil and sediment samples from the Atiwa West mining areas were evaluated for 

the radioactivity levels of Ra-226, Th-232, and K-40. Table 8 presents the statistical data of 

the measured radionuclides in Bq/kg in soil and sediment samples, and Figures 36- 38 show 

the distribution of the radionuclides.  
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Table 8. Statistics of measured radionuclides from the different sampling areas. 

 Ra-226 

(Bq/kg) 

Th-232 

(Bq/kg) 

K-40 

(Bq/kg) 

Mining sites Mean 24.1 ± 2.3 33.5 ± 2.5 262 ± 25 

 Minimum 12.9 ± 1.4 10.8 ± 1.2 48 ± 10 

 Maximum 29.1 ± 1.8 44.0 ± 1.8 429 ± 36 

 Standard deviation 3.5 8.8 115.1 

 Geometric mean 23.8 ± 2.2 31.9 ± 2.4 225 ± 24 

Sediment Mean 18.8 ± 2.0 17.0 ± 1.7 167 ± 20 

 Minimum 15.8 ± 1.7 14.3 ± 1.8 128 ± 20 

 Maximum 22.4 ± 2.3 20.2 ± 1.6 223 ± 25 

 Standard deviation 2.2 2.0 37.9 

 Geometric mean 18.7 ± 2.0 16.9 ± 1.7 163 ± 18 

Farms Mean 21.1 ± 2.1 21.4 ± 2.2 136 ± 18 

 Minimum 17.3 ± 1.7 15.8 ± 2.5 40 ± 10 

 Maximum 28.8 ± 3.0 26.8 ± 3.0 269 ± 21 

 Standard deviation 3.8 3.7 65.3 

 Geometric mean 20.8 ± 2.0 21.1 ± 2.1 117 ± 17 

Undisturbed lands Mean 22.4 ± 2.1 31.7 ± 2.7 184 ± 21 

 Minimum 16.2 ± 1.6 25.9 ± 2.4 41 ± 11 

 Maximum 26.8 ± 1.7 38.8 ± 4.1 310 ± 27 

 Standard deviation 3.2 3.9 87.8 

 Geometric mean 22.2 ± 2.1 31.4 ± 2.6 159 ± 20.3 

  

From Table 8, the radioactivity levels of Ra-226 ranged between 12.9 ± 1.4 to 29.1 ± 1.8 

Bq/kg with a mean of 24.1 ± 2.3 Bq/kg in soils from mining sites, 18.8 ± 2.0 Bq/kg in 

sediments, 21.1 ± 2.1 Bq/kg in soils from farmlands and 22.4 ± 2.1 Bq/kg in soils from 

undisturbed lands. For Th-232, average activity concentrations were 33.5 ± 2.5 Bq/kg, 17.0 

± 1.7 Bq/kg, 21.4 ± 2.2 Bq/kg, and 31.7 ± 2.7 Bq/kg for mining sites, sediments, farmlands, 

and undisturbed lands, respectively. The activity concentrations of K-40 recorded averages 
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of 262 ± 25 Bq/kg for mining sites, 167 ± 20 Bq/kg for sediments, 136 ± 18 Bq/kg for 

farmlands, and 184 ± 21 Bq/kg for undisturbed lands. The overall mean activity 

concentrations of Ra-226, Th-232, and K-40 measured in soil and sediment samples were 

22.1 ± 2.1 Bq/kg, 27.5 ± 2.3 Bq/kg, and 198 ± 22 Bq/kg, respectively. The average activity 

concentrations followed a descending order of K-40 > Th-232 > Ra-226. The average 

concentrations were less than the world averages of 35 Bq/kg for Ra-226, 30 Bq/kg for Th-

232 (except for mining sites), and 400 Bq/kg for K-40 (UNSCEAR, 2000).  

 

Figure 36. Distribution of Ra-226 activity concentration in soil and sediment (by author). 
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Figure 37. Distribution of Th-232 activity concentration in soil and sediment (by author). 

 

Figure 38. Distribution of K-40 activity concentration in soil and sediment (by author). 

This study observed that most soil samples from farmlands and undisturbed areas showed 

decreasing Ra-226 and Th-232 activity concentrations with increasing distance from mining 

sites, proving that mining elevates background radioactivity levels. High Th-232 activity 

concentrations were also observed in soil samples from mining sites and undisturbed lands. 

Ra-226 and Th-232 levels in soils were higher than in sediments. High K-40 also recorded 
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high activity levels in mining sites, sediments, and undisturbed lands, while some farm areas 

had low K-40 concentrations. Generally, Th-232 levels were higher than Ra-226 levels and 

above the world average value of 30 Bq/kg in most sample locations (UNSCEAR, 2000). 

High Th-232 in soil and sediment increases radiological safety concerns as the increase in 

Th-232 activity levels elevates background radiation levels, which will cause soils from the 

area to be unfit as building material and for other purposes (Orosun et al., 2019). The 

variations in the measured natural radionuclides' activity concentrations depend on the study 

area's geological rock formations (Yachiso et al., 2022). The distribution of radionuclides in 

the area could be influenced by the geological mineralization, geographical discrepancies, 

chemical composition of rock formations, or meteorological conditions of the study area 

(Idriss et al., 2018; Dina et al., 2022).  

4.5.2 Relationships among measured radionuclides in soils and sediment 

Ra-226, Th-232, and K-40 activity concentrations were correlated and presented in Figures 

39a, b, and c. The regression analysis showed a positive association between Ra-226 and Th-

232 (R2 = 0.43), Th-232 and K-40 (R2 = 0.46) and Ra-226 and K-40 (R2 = 0.26).  

    

Figure 39. Activity correlation between (a) Ra-226 and Th-232, (b) Ra-226 and K-40 and 

(c) Th-232 and K-40 (by author). 
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Pearson correlation analysis estimates the strength of association between radionuclides and 

radiological parameters. The study showed Ra-226 and Th-232 had a good correlation 

coefficient of R2 = 0.65, indicating the radionuclides decay together in nature (Sureshghandi 

et al., 2014; Akuo-ko et al., 2023a). Good correlations between radiological parameters and 

Ra-226 and Th-232 were observed since their estimation is related to the radionuclides.  

4.5.3 Radiological risk assessment 

Health hazards are associated with exposure to radiation from the radionuclides in soil and 

sediment from the different sampling locations. Figures 40 and 41 show the evaluated 

radiological parameters for the study. The Raeq activity concentrations ranged from 32.0 

Bq/kg to 120.9 Bq/kg. The minimum and maximum activities were observed in mining site 

locations. The mean Raeq value of 76.7 Bq/kg was estimated. Raeq, which evaluates the 

internal and external gamma dose due to radon and its daughter isotopes, assesses the 

suitability of soils as building materials. Raeq values were below the UNSCEAR average of 

370 Bq/kg (UNSCEAR, 2008; 2000) and thus the soils can be used for building purposes. 

The gamma dose rates were evaluated to be between 14.5 and 56.1 nGy/h, with an average 

of 35.1 nGy/h. All the investigated locations had gamma dose rates below the world average 

of 60.0 nGy/h. The AED, which estimates the radiation dose induced from radionuclides, 

recorded values from 17.8 µSv/y to 68.8 µSv/y with a mean value of 43.0 µSv/y. The 

estimated AED values were less than the guidance level of 70.0 µSv/y for public exposure 

(UNSCEAR, 2000). The AGDE values determined from the various locations were between 

100.1 µSv/y and 396.3 µSv/y, with a mean of 245.3 µSv/y. The average AGDE value was 

below the world mean of 300.0 µSv/y (UNSCEAR, 2000). However, some locations (22%) 

recorded doses higher than 300.0 µSv/y. Such locations were the mining areas and some 

undisturbed lands near the mining areas.  
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Figure 39. Raeq, D, AED, and AGDE due to radionuclides in soil and sediment (by auhor). 

Consistent with the ICRP and UNSCEAR (ICRP, 1990; UNSCEAR, 2000), the external and 

internal exposure to natural radiation must be minimal to limit the radiation dose to 1.0 

mSv/y. This means Hex and Hin must be less than or equal to unity. In the study, both indices 

were found to have averages below unity, i.e., 0.3 and 0.2 for Hin and Hex, respectively. The 

gamma index (Iɣ), which considers the collective effect of natural radionuclides in a location, 

was estimated to range from 0.1 to 0.4 with an average of 0.3, less than the world average of 

1.0 (Botwe et al., 2017). The present study similarly assessed the likelihood of cancer cases 

in the study area by computing the excess lifetime cancer risk. ELCR factors ranged from 

0.06 × 10-3 to 0.24 × 10-3. The computed average factor of 0.15 × 10-3 was less than the 

reference factor of 0.29 × 10-3 (UNSCEAR, 2000). Generally, the lowest radiological values 

were observed at a mining site that recorded the lowest activity concentrations for the 

measured radionuclides.  
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Figure 41. ELCR, Hin, Hex, and Iɣ due to radionuclides in soil and sediment (by author). 

4.6 Natural radioactivity and radon exhalation rate in soils from mining areas 

4.6.1 Distribution of radionuclides in soils 

Radionuclides and radon exhalation rates were determined in soils from 22 locations within 

the study area. The radioactivity concentrations were examined in soils collected from mining 

sites, farming areas, and undisturbed areas of both residential and non-residential areas. Table 

9 presents the statistics of the radionuclides’ distribution, while Figure 42 shows the 

frequency distribution of the radionuclides.  
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Table 9. Statistics of radionuclide concentration and exhalation rates. 

 Ra-226 

(Bq/kg) 

Th-232 

(Bq/kg) 

K-40 

(Bq/kg) 

CRn 

(Bq/m3) 

EM × 10-5 

(Bq/kg/h) 

EA × 10-3 

(Bq/m2/h) 

Average 26.9 ± 1.7 57.5 ± 3.6 237.5 ± 17.6 560.0 ± 54 4.0 ± 0.4 1.2 ± 0.11 

Minimum 18.0 ± 1.2 29.5 ± 2.8 78.8 ± 17.1 390.6 ± 38 2.8 ± 0.3 0.8 ± 0.09 

Maximum 80.9 ± 1.4 103.3 ± 5.2 429.1 ± 23.4 907.5 ± 93 6.5 ± 0.7 2.0 ± 0.21 

Geomean 25.4 54.6 209.7 548.5 3.9 1.2 

Standard 

deviation 12.6 18.9 113.1 120.6 0.8 0.3 

 

The activity concentrations of Th-232 and K-40 showed a normal distribution of data using 

the Kolmogorov-Smirnov normality test, with p-values ˃ 0.05, whereas Ra-226 lacked a 

normal distribution, which could be attributed to the outlier activity concentration of 80.9 

Bq/kg recorded in a farming area (SL08). The activity concentrations of Ra-226, Th-232 and 

K-40 were within the range of 18.0 ± 1.2- 80.9 ± 1.4 Bq/kg, 29.5 ± 2.8- 103.3 ± 5.2 Bq/kg 

and 78.8 ± 17.1- 429.1 ± 23.4 Bq/kg with mean activities of 26.9 ± 1.7 Bq/kg, 57.5 ± 3.6 

Bq/kg and 237.5 ± 17.6 Bq/kg, respectively. Except for the outlier activity concentration 

identified for Ra-226, all others were below the worldwide mean of 35 Bq/kg. K-40 also had 

concentrations below the global mean of 400 Bq/kg except for three sampling locations 

(SL08, SL15, and SL18). On the other hand, Th-232 recorded concentrations above the 

worldwide mean of 30 Bq/kg in all locations except for SL18.  

Rn-222 activity concentrations as presented in Table 9 and Figure 43 proved to be normally 

distributed using the Kolmogorov-Smirnov and Shapiro-Wilk normality tests, where p-

values ˃ 0.05. Rn-222 concentrations measured by CR-39 in the exhalation chambers ranged 

between 390.6 ± 38 and 907.5 ± 93 Bq/m3 with a mean, geometric mean, and standard 

deviation of 560.0 ± 54.3 Bq/m3, 548.5, and 120.6, respectively. Rn-222 activity 

concentration in soils from mining areas ranged from 390.6 ± 38- 589.8 ± 54 Bq/m3 (mean: 

503.5 ± 46.9 Bq/m3), for undisturbed areas the concentrations varied between 472.2 ± 45 and 
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707.3 ± 71 Bq/m3 (602.8 ± 60 Bq/m3) while farming areas had Rn-222 concentrations ranging 

from 415.8 ± 40- 907.5 ± 93 Bq/m3 (632.8 ± 63 Bq/m3). 

 

Figure 42. Distribution of radionuclides in soil samples (by author). 

Generally, farming and undisturbed areas recorded elevated Rn-222 activity concentrations 

of ~410 Bq/m3 and above, in contrast to mining areas, which recorded maximum 

concentrations of ~580 Bq/m3 and below. This could be because soil is constantly disturbed 

at mining sites, causing the escape of Rn-222 gas from the soil. (Mazur et al., 2014; Liza et 

al., 2023; Singh et al., 2010; Mullerova et al., 2017). The exhaled Rn-222 will likely be 

inhaled by miners working without protective clothing, including nose masks. Therefore, 

miners are at risk of internal radiation exposure and consequential respiratory tract diseases. 
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Figure 43. Frequency distribution of radon concentrations (CRn) in Bq/m3 (by author). 

4.6.2 Evaluation of radon exhalation rates 

The Rn-222 area and mass exhalation rates of soil were measured using tightly closed vessels 

with CR-39 detectors, and the obtained data are presented in Table 10.  

Table 10. Mean Ra-226 activity concentration and mass and area exhalation rates. 

Location Description of 

location 

Ra-226 

(Bq/kg) 

CRn 

(Bq/m3) 

EM × 10-5 

(Bq/kg/h) 

EA × 10-3 

(Bq/m2/h) 

SL01 Mining area 22.3 ± 1.8 497.4 ± 41 3.6 ± 0.3 1.1 ± 0.09 

SL02 Mining area 18.0 ± 1.2 395.2 ± 32 2.8 ± 0.2 0.9 ± 0.07 

SL03 Mining area 24.5 ± 1.4 544.2 ± 52 3.9 ± 0.4 1.2 ± 0.11 

SL04 Mining area 24.1 ± 2.0 547.6 ± 50 3.9 ± 0.3 1.2 ± 0.08 

SL05 Mining area 25.3 ± 1.8 563.4 ± 51 4.1 ± 0.4 1.2 ± 0.12 

SL06 Farming area 26.8 ± 3.2 603.4 ± 62 4.3 ± 0.4 1.3 ± 0.13 

SL07 Farming area 19.4 ± 2.4 415.8 ± 40 3.0 ± 0.3 0.9 ± 0.08 

SL08 Farming area 80.9 ± 1.4 907.5 ± 93 6.5 ± 0.7 2.0 ± 0.21 

SL09 Farming area 23.7 ± 2.6 525.0 ± 51 3.8 ± 0.4 1.1 ± 0.08 
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SL10 Farming area 31.5 ± 1.3 712.1 ± 71 5.1 ± 0.5 1.5 ± 0.11 

SL11 Mining area 26.4 ± 1.4 589.8 ± 54 4.2 ± 0.4 
 

1.3 ± 0.09 

SL12 Mining area 26.0 ± 2.0 587.2 ± 55 4.2 ± 0.4 1.3 ± 0.11 

SL13 Mining area 20.9 ± 1.2 455.8 ± 46 3.3 ± 0.3 1.0 ± 0.11 

SL14 Mining area 23.4 ± 1.5 514.8 ± 51 3.7 ± 0.4 1.1 ± 0.10 

SL15 Mining area 18.1 ± 1.6 390.6 ± 38 2.8 ± 0.3 0.8 ± 0.09 

SL16 Mining area 20.7 ± 1.5 453.0 ± 46 3.3 ± 0.3 1.0 ± 0.09 

SL17 Undisturbed area 28.9 ± 1.8 654.8 ± 66 4.7 ± 0.5 1.4 ± 0.12 

SL18 Undisturbed area 24.7 ± 1.2 549.0 ± 58 3.9 ± 0.4 1.2 ± 0.08 

SL19 Undisturbed area 29.6 ± 1.9 674.6 ± 64 4.9 ± 0.5 1.5 ± 0.12 

SL20 Undisturbed area 21.5 ± 1.7 472.2 ± 45 3.4 ± 0.3 1.0 ± 0.08 

SL21 Undisturbed area 25.1 ± 1.4 558.6 ± 58 4.0 ± 0.4 1.2 ± 0.14 

SL22 Undisturbed area 30.8 ± 1.6 707.3 ± 71 5.1 ± 0.5 1.5 ± 0.14 

Average  26.9 ± 1.7 560.0 ± 54 4.0 ± 0.4 1.2 ± 0.11 

 

From Table 10, Rn-222 area exhalation rates were between 0.8 ± 0.09 × 10-3 and 2.0 ± 0.21 

× 10-3 Bq/m2/h, with an average of 1.2 ± 0.11 × 10-3 Bq/m2/h. Rn-222 mass exhalation rates 

were between 2.8 ± 0.3 × 10-5 and 6.5 ± 0.7 × 10-5 Bq/kg/h, with a mean of 4.0 ± 0.4 × 10-5 

Bq/kg/h. The maximum area and mass exhalation rates of 2.0 ± 0.21 × 10-3 Bq/m2/h and 6.5 

± 0.7 × 10-5 Bq/kg/h corresponded to the outlier concentrations of Ra-226 and Rn-222 

observed in a farming area (SL08). Farming areas recorded the highest mean area and mass 

exhalation rates of 1.4 × 10-3 Bq/m2/h and 4.5 × 10-5 Bq/kg/h, respectively, compared to 

mining and undisturbed areas. Mining areas recorded the lowest mean exhalations, which 

could be due to the continuous mining activities allowing Rn-222 to escape from the soils. 

The data showed that area exhalation rates for some sampling locations (36%) were above 

the recommended level of 1.25 × 10-4 Bq/m2/h by UNSCEAR. It suggests that radiological 

effects may be associated with using such soils as building materials (Otoo et al., 2022; 

UNSCEAR, 2000). The differences in area and mass exhalation rates for the sampled 

locations can be attributed to the fluctuating Ra-226 concentrations and the geological 

formations of the locations in the study area (Gulan et al., 2017; Singh et al., 2007; Abate & 

Amtatie, 2020) as well as the different soil types, soil particle sizes, soil porosity, and soil 
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surface crystallography (Otoo et al., 2022; Frutos-Puerto et al., 2020). The data presented 

showed that farming and undisturbed areas recorded higher exhalation rates than observed 

for mining areas. This could be due to the reason that human activities leading to soil 

disturbance and subsequently the escape of radon gas from soil pores are minimal in farming 

and undisturbed areas and as a result, radon gas is trapped in soils with limited means of 

escape into the environment (Liza et al., 2023; Singh et al., 2010) while the low exhalation 

rates in mining areas could be attributable to the escape of Rn-222 gas from soil pores through 

the constant mining activities. A linear relationship was reached between Ra-226, Rn-222, 

and the exhalation rates in the studied soil samples. The area and mass exhalation rates 

increased with high Ra-226 concentrations in soils, as it was realized that sampling areas 

with high Ra-226 concentrations had high radon exhalation rates. 

4.6.3 Statistical analyses of the relationship between radionuclides and exhalation rates 

(i) Regression analysis 

The relationship between Rn-222, Ra-226, and the exhalation rates determined with 

regression analysis is presented in Figures 44 and 45 (a-d). Figure 44 shows a positive 

relationship between Ra-226 and Rn-222, with a coefficient value of 1. This is significant as 

it demonstrates that the concentration of Rn-222 is dependent on the concentration of Ra-226 

occurring in the soil (Frutos-Puerto et al., 2020; Otoo et al., 2022; 2018). Ra-226 and Rn-222 

showed strong relationships with the exhalation rates (R2 = 1), indicating that the exhalation 

rates are determined from Rn-222, which also depends on Ra-226 concentrations. Thus, a 

linear relationship was observed between the radionuclides and the exhalation rates, and this 

agrees with the outcome of studies conducted in other regions of the world (Shoeib & 

Thabayneh, 2014; Otoo et al., 2018; Frutos-Puerto et al., 2020; Salahedin et al., 2022; Yousef 

et al., 2015).  
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Figure 44. Linear regression of the activity concentrations of Ra-226 and Rn-222 (by 

author). 

 

Figure 45. Linear regression between concentrations of Ra-226, Rn-222, and the exhalation 

rates (by author). 
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(ii) Pearson correlation 

Table 11. Pearson correlation analysis between radionuclides, exhalation rates, and 

radiological parameters. 

  Ra-226 Th-232 K-40 Raeq Hex Hin D CRn EM EA  

Ra-226 1          

Th-232 0.45 1         

K-40 0.34 0.13 1        

Raeq 0.74 0.90 0.44 1       

Hex 0.74 0.90 0.44 1 1      

Hin 0.85 0.83 0.44 0.98 0.98 1     

D 0.75 0.88 0.49 0.99 0.99 0.98 1    

CRn  0.84 0.16 0.19 0.44 0.44 0.57 0.46 1   

EM 0.84 0.16 0.19 0.44 0.44 0.57 0.46 1 1  

EA  0.84 0.16 0.19 0.44 0.44 0.57 0.46 1 1 1 

 

From Table 11, the Pearson correlation analysis showed positive relationships between the 

radionuclides, exhalation rates, and radiological parameters. Weak correlation coefficients 

were observed between Ra-226/ K-40 (0.34) and Ra-226/ Th-232 (0.45). In general, Ra-226 

had a strong influence on the radiological parameters estimated in the soils whereas Th-232 

had less influence on some of the parameters (CRn, EM and EA). K-40 minimally contributed 

to the radiation hazards estimated in this study. Ra-226 and CRn showed a strong positive 

correlation (0.84), indicating that Ra-226 is the primary source of Rn-222 levels in soils and 

its parent radionuclide. Thus, the emanation of Rn-222 from soils relies on the concentration 

of Ra-226 and its decay in the soil (Shahrokhi et al., 2023; Otoo et al., 2020; 2018). The same 

correlation coefficient (0.84) was observed between Ra-226 and the exhalation rates since 

their determination depends on Ra-226 and Rn-222 concentrations. Hex and Hin also 

correlated well with Rn-222 (0.44 and 0.57, respectively), suggesting that radon gas partly 

contributes to the total radiation dose and cancer diseases related to radionuclides in an 

environment (Akuo-ko et al., 2023a; 2023b). Therefore, using soils from the study region for 



105 
 

building construction, brick works, and pottery could result in long-term inhalation of Rn-

222 and its related health issues (UNSCEAR, 2000), though the exposure rates are low.    

(iii) Cluster analysis 

Cluster analysis graphically illustrated the extent of the relationship between the 

radionuclides, exhalation rates, and radiological parameters. The single linkage method with 

correlation coefficient distance between variables was used to perform the cluster analysis. 

In Figure 45, three main clusters were obtained in the dendrogram analysis. Cluster 1 is made 

up of CRn, EM, and EA. This cluster explains the relationship between CRn and the exhalation 

rates, as high CRn concentrations result in high exhalation rates in soils. Ra-226 is connected 

to Cluster 1 because radon is a decay product of Ra-226 and largely influences CRn, EM, and 

EA rates in soils (Mehta et al., 2019; Mullerova et al., 2017). Cluster 2 consisted of Th-232, 

Raeq, Hex, Hin, and D. This Cluster is also connected to Ra-226. Thus, the determination of 

Raeq, Hex, Hin, and D largely depended on the activity concentrations of Ra-226 and Th-232. 

Radiation hazards in the soils are primarily due to these radionuclides and thus correlate well 

with the radiological parameters. Cluster 3 consisted of only K-40. This is because, though 

K-40 is of a natural origin emitting gamma radiation, it did not have much influence on the 

other variables in the dendrogram, especially on the radiological parameters. The outcome of 

the cluster analysis agrees with that of the regression and Pearson correlation analyses. 
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Figure 46. Dendrogram of radionuclides, exhalation rates, and radiological parameters (by 

author). 

(iv) Principal Component Analysis (PCA) 

PCA describes the patterns in variables and displays data to highlight similarities (Akuo-ko 

et al., 2023a). Thus, it assesses the interrelation between variables and describes them with 

reference to their common factors (Dina et al., 2022). This analysis used the Kaiser 

normalization method with varimax rotation to study the association between variables, and 

eigenvalues greater than 1 were considered. In Figure 47, the resultant PCA showed two 

factors having eigenvalues greater than 1, accounting for 88.81% of the total variance of the 

rotated matrix. As presented in Table 12, component 1 had 67.26% of the variance, loading 

heavily on Ra-226 and Th-232 and the radiological parameters. This is owed to the fact that 

Ra-226 and Th-232 are the primary sources of radioactivity in the soils of the study area and 

contribute relatively high radiation doses. However, Th-232 had more influence on the 

radiological parameters than Ra-226 since it is grouped with them. Also, the activity 

concentration of Th-232 measured in the soil samples were higher than Ra-226, hence the 

resultant graph. Component 2 had 21.55% of the variance loading on CRn, exhalation rates, 

and less on Ra-266. CRn, EM and EA are grouped because they are positively correlated. Ra-
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226 was strongly correlated with Rn-222 levels and their exhalation rates in the investigated 

soils, and therefore their concentrations depended on the Ra-226 levels in the soils. K-40 had 

less influence on the variables. The outcome of the PCA is similar to the cluster, regression, 

and Pearson correlation analyses. 

Table 12. Rotated component matrix 

 Component 1 Component 2 

Ra 0.920 0.260 

Th 0.698 -0.608 

K 0.446 -0.195 

Raeq 0.916 -0.395 

Hex 0.928 -0.291 

Hin 0.952 -0.225 

D 0.925 -0.387 

CRn 0.795 0.644 

EM 0.795 0.644 

EA 0.795 0.644 

Variance explained (%) 67.257 21.551 

 

Figure 47. Rotated factor loadings of radionuclides, exhalation rates, and radiological 

hazards (by author).  
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4.6.4 Assessment of radiological hazards 

Table 13. Radiological hazards of the investigated soil samples. 

Location Raeq 

(Bq/kg) 

Hex Hin D 

(nGy/h) 

AEDEtot 

(mSv/y) 

ELCR × 

10-3 

LCC × 

10-6 

SL01 130.7 0.4 0.4 58.5 0.36 1.26 6.5 

SL02 146.3 0.4 0.4 64.6 0.40 1.39 7.1 

SL03 139.4 0.4 0.4 60.6 0.37 1.30 6.7 

SL04 82.1 0.2 0.3 37.4 0.23 0.80 4.1 

SL05 114.9 0.3 0.4 52.5 0.32 1.13 5.8 

SL06 112.9 0.3 0.4 49.8 0.31 1.07 5.5 

SL07 87.6 0.2 0.3 39.3 0.24 0.84 4.3 

SL08 261.7 0.7 0.9 117.7 0.72 2.53 13.0 

SL09 103.2 0.3 0.3 47.7 0.29 1.02 5.3 

SL10 159.5 0.4 0.5 71.1 0.44 1.53 7.9 

SL11 162.0 0.4 0.5 73.1 0.45 1.57 8.1 

SL12 124.7 0.3 0.4 54.5 0.33 1.17 6.0 

SL13 128.0 0.3 0.4 55.8 0.34 1.20 6.2 

SL14 118.0 0.3 0.4 52.8 0.32 1.13 5.8 

SL15 161.6 0.4 0.5 72.9 0.45 1.56 8.0 

SL16 126.2 0.3 0.4 55.1 0.34 1.18 6.1 

SL17 108.8 0.3 0.4 49.3 0.30 1.06 5.4 

SL18 97.9 0.3 0.3 46.1 0.28 0.99 5.1 

SL19 107.3 0.3 0.4 48.9 0.30 1.05 5.4 

SL20 121.2 0.3 0.4 54.1 0.33 1.16 6.0 

SL21 116.6 0.3 0.4 52.3 0.32 1.12 5.8 

SL22 94.6 0.3 0.3 42.2 0.26 0.91 4.7 

Average 127.5 0.3 0.4 57.1 0.35 1.23 6.3 

World  370.0 1.0 1.0 60.0 1.0 0.29 170-230 
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The Raeq concentrations ranged between 82.1 and 261.7 Bq/kg. The average Raeq was 127.5 

Bq/kg, less than the reference average of 370 Bq/kg, equivalent to an effective dose of 1 mSv. 

The low Raeq values indicate that the inhabitants of the area are likely to receive a radiation 

dose below 1 mSv (UNSCEAR, 2000; Alazemi et al., 2016). The Hex and Hin evaluate the 

hazards of natural gamma radiation on human health were found to range from 0.2 to 0.7 

with a mean of 0.3 for Hex and 0.3 to 0.9 with a mean of 0.4 for Hin. Hex and Hin values less 

than 1 mean that natural gamma radiation in soils from the study area is less likely to result 

in respiratory complications such as cancer and asthma (Arafat et al., 2017; Ozmen et al., 

2014). The absorbed gamma dose rates (D) in air were between 37.4 and 117.7 nGy/h. The 

average rate of 57.1 nGy/h was below the reference average of 60.0 nGy/h (UNSCEAR, 

2000). Nonetheless, about 27% of individual locations had D values above the reference 

average, particularly in locations with high Th-232 levels. The health implications due to 

radiation exposure were assessed with the AEDE. The total AEDE (AEDEtot) values were 

between 0.23 and 0.70 mSv/y. The mean value of 0.35 mSv/y was less than the reference 

level of 1 mSv/y (ICRP, 1990; UNSCEAR, 2000). The ELCR and LCC evaluated the 

probability of developing cancer due to radiation exposure in a lifetime. The ELCR factors 

ranged between 0.80 × 10-3 and 2.50 × 10-3 with a mean of 1.23 × 10-3, which is above the 

reference factor of 0.29 × 10-3. LCC due to exposure to indoor Rn-222 concentration was 

estimated per million population. The LCC was assessed to be between 4.1 and 13.0 with a 

mean of 6.3 per million population yearly. The LCC was lower than the world range of 170- 

230 per million populations (ICRP, 1993; Otoo et al., 2020).  

4.7 Natural radioactivity in surface water and groundwater resources in mining areas  

4.7.1 Activity concentration of radionuclides in water samples 

Table 14 presents the descriptive statistics of the Ra-226, Ra-228, and K-40 concentrations 

in Bq/L measured in the water samples.  
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Table 14. Descriptive statistics of the measured radionuclides in Bq/L. 

 Surface water Groundwater 

 Ra-226 Ra-228 K-40 Ra-226 Ra-228 K-40 

Minimum 0.52 ± 0.2 3.92 ± 1.0 10.90 ± 3.1 0.05 ± 0.03 0.29 ± 0.04 1.09 ± 0.10 

Maximum 1.31 ± 0.2 5.12 ± 0.9 16.50 ± 3.2 0.13 ± 0.04 0.41 ± 0.06 1.65 ± 0.09 

Average 1.02 ± 0.2 4.53 ± 0.9 13.97 ± 3.2 0.10 ± 0.04 0.36 ± 0.05 1.41 ± 0.10 

Median 1.14 4.56 13.98 0.12 0.36 1.41 

Geomean 0.97 4.52 13.86 0.10 0.35 1.40 

Standard 

deviation 
0.27 0.31 1.73 0.03 0.03 0.18 

 

(i) Surface water 

Table 14 and Figure 48 present the activity concentrations and descriptive statistics of 

radionuclides in surface water samples collected from the study area. The average activity 

concentration of Ra-226, Ra-228 and K-40 collected from surface water samples were 1.02 

± 0.2 Bq/L, 4.53 ± 0.9 Bq/L and 13.97 ± 3.2 Bq/L, respectively. It was realized from the 

results that the activity concentrations of Ra-228 were higher than Ra-226 in all the 

measurements. The results were consistent with the radioactivity levels measured in soil and 

sediments in the same study area, where Th-232 concentrations were higher than the Ra-226 

concentrations. The mean activity concentrations of Ra-226 and Ra-228 were above WHO 

recommended levels of 1.0 Bq/L and 0.1 Bq/L, respectively (WHO, 2008; 2011; Avwiri et 

al., 2013). Ra-226 and Ra-228 concentrations in samples differed narrowly, signifying 

similarities in their bearing rock sources and potential contamination during the mining of 

such rocks (Alvarado et al., 2014).   
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Figure 48. Activity concentrations measured in surface water samples (by author). 

High radionuclide activities were recorded in mining sites and rivers and streams close to 

them. The highest Ra-228 concentration (S02) was observed at a gold ore washing area with 

its outlets into a river, and for Ra-226, the highest concentration (S09) was observed at a 

water source at a mining site. Low concentrations were observed in tailings from mining sites 

(S14 and S15). The records of radioactivity concentrations in surface water samples, 

especially in rivers and streams, could be attributed to the continuous artisanal mining in the 

study area. Mining operations, including the washing of ores in water bodies, and the washing 

down and leaching of radionuclides from mine tailings and wastes into water bodies, 

contribute to high radioactivity levels in water (Aliyu et al., 2015; Bello et al., 2020; Bansah 

et al., 2018; Avwiri et al., 2013). The continuous contamination of water resources within or 

close to mining sites has rendered such resources unfavorable for usage, especially when 

there is obvious contamination by the brownish colour of the surface water resources.  
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(ii) Groundwater 

According to Table 14, the mean radioactivity levels determined in groundwater samples 

were 0.10 ± 0.04 Bq/L for Ra-226, 0.36 ± 0.05 Bq/L for Ra-228, and 1.41 ± 0.10 Bq/L for 

K-40. These concentrations are below the WHO and UNSCEAR guidelines for drinking 

water, except for Ra-228 (WHO, 2008; 2011; UNSCEAR, 2000). Similarly, activity 

concentrations of Ra-228 measured in the groundwater samples were higher than those of 

Ra-226. This confirms that the study area is enriched with thorium in its bedrocks and soils 

compared to uranium and radium. Therefore, high Ra-228 concentrations are due to the 

abundant Th-232 parent radionuclide in the aquifer rocks of the study area (Shabana & 

Kinsara, 2014). The differences in the activity concentrations of the Ra-226, Ra-228, and K-

40 revealed that there are different sources of the radionuclides due to the different 

groundwater sources, depths, and the diverse transport mechanisms in their geological layers 

(Yehia et al., 2017). The concentrations of the measured radionuclides in groundwater 

samples are shown in Figure 49.  

 

Figure 49.  Activity concentrations measured in groundwater samples (by author). 
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The high Ra-228 levels measured in groundwater samples indicate that aquifer rocks have 

high concentrations of the radionuclide, as its concentration in groundwater is dependent on 

the minerals from which it was derived (Baeza et al., 2017; O¨rgu¨n et al., 2005). Again, Ra-

228 levels are high because the radionuclide can diffuse out of sediments and aquifer rocks 

into the overlying waters (Hakam et al., 2001). Most sampling locations near mining sites 

recorded high Ra-226 and Ra-228 levels. This is as a result of the radionuclides leaching 

from mining sites into the bedrock while groundwater interacts with the geological 

formations of the area (Sherif & Sturchio, 2018; Alomari et al., 2020; Erőss et al., 2018; 

Zhong et al., 2020; Giri et al., 2011). The maximum and minimum Ra-226 concentrations 

were observed at GL10 and GL16, respectively, while for Ra-228, the maximum 

concentration was detected at GL02 and the lowest at GL12.  

According to research, surface water and groundwater are not isolated components of the 

hydrologic system; instead, they interact in different climatic and physiographic landscapes, 

and the contamination or development of one primarily affects the other (Giri et al., 2011). 

Hence, the surface water pollution in the study region due to mining activities can be 

transferred to groundwater resources. Thus, in this study, both the surface water and 

groundwater are shown to be contaminated with radioactive elements. The existence of 

cracks within aquifers due to mining operations can increase the radionuclides leaching into 

groundwater resources as groundwater moves through the cracks containing radionuclides 

(Yidana et al., 2012; Giri et al., 2011). 

4.7.2 Isotopic ratio of groundwater  

In this study, isotopic ratios were computed to determine the origins and processes of the 

transportation of radium from aquifer rocks into groundwater. Radium isotope activities and 

their ratio (Ra-228/Ra-226) are often associated with the aquifer rocks' parent radionuclide 

abundances (Th-232, U-238). The relationship depends on the equilibrium state of the 

distinct parent-daughter pairs in the rocks, the time groundwater interacts with the rock, and 

the time of sampling water (Sherif & Sturchio, 2018). The estimated isotopic ratio ranged 

from 2.37 to 6.08, with an average of 3.70. The isotopic ratios exceeded the threshold of 1, 

signifying that high Ra-228 levels in water are of natural origin (Mathuthu et al., 2021; Kiro 

et al., 2015), and consequently, Ra-228 levels in aquifers underlying the groundwater of the 
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study region are high. The Volta Basin hydrogeological formation of Atiwa West is made up 

of aquifer rocks of primarily Precambrian to Paleozoic sandstones, shales, and conglomerates 

(Gordon et al., 2013; Gampson et al., 2017; Yidana et al., 2012; Gumma and Pavelic, 2012). 

According to Shabana and Kinsara (2014), Kiro et al. (2015), and Sherif and Sturchio (2018), 

sandstone aquifers showed isotopic ratios greater than 1 in groundwater samples, which is 

similar to the results obtained from groundwater from Atiwa West mining communities (Kiro 

et al., 2015; Sherif & Sturchio, 2018; Shabana & Kinsara, 2014).  

4.7.3 Transfer factors of radionuclides in surface water 

Radionuclides move through the environment by various routes, including the atmosphere 

and water resources, soil sub-compartment, and thereby contributing to human health risk 

(Asaduzzaman et al., 2014; Liu et al., 2021). The transfer of radionuclides from soil or 

sediment to water is an essential factor in evaluating internal radiation dose due to water 

consumption since there is a linear correlation between the two elements (Asaduzzaman et 

al., 2014). Transfer factors (TFs) of the ratio of radionuclide concentrations in water to that 

of soil/ sediment (using data from section 4.5.1) were determined for locations where soil 

and water were sampled. The determined TFs of Ra-226, Th-232/ Ra-228, and K-40 ranged 

between 0.02- 0.08, 0.10- 0.31, and 0.03- 0.11, respectively. The average TFs were 0.05 for 

Ra-226, 0.19 for Th-232/Ra-228, and 0.07 for K-40. The estimated TFs were high for mining 

sites, rivers, and streams. The TFs less than 1 show that radionuclide contamination in water 

is from an anthropogenic source, in this case, mining.  

4.7.4 Estimation of committed effective dose (CED) and cancer risks 

(i) Surface water 

Radionuclides move from the respiratory tract to the gastrointestinal tract through ingestion 

and can be absorbed into the fluids of the human body from the small intestines. This 

necessitates the determination of radiation dose due to ingestion of radionuclides in water. 

The effective dose and cancer risk factors due to ingesting radionuclides in surface water 

from the study area are presented in Figure 50.  
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Figure 50. Committed Effective Dose (CED) and Excess Lifetime Cancer Risk (ELCR) (by 

author). 

The evaluated CED varied between 2.25 mSv/y and 2.88 mSv/y, with an average CED of 

2.55 mSv/y. The estimated effective doses were higher than the world reference values of 0.3 

mSv/y given by UNSCEAR, and 0.1 mSv/y given by the WHO (UNSCEAR, 2000; WHO, 

2008; ICRP, 1997). The ELCR factors were between 7.88 × 10-3 and 10.09 × 10-3, with a 

mean of 8.94 × 10-3, which is above the reference value of 0.29 × 10-3 (UNSCEAR, 2000). 

The maximum CED values (2.88 mSv/y and 2.73 mSv/y) and ELCR (10.09 × 10-3 and 9.55 

× 10-3) factors obtained for water samples from mining sites having direct washing outlets 

into a river, and thus the possibility of contaminating the river with radioactive elements from 

mining activities. Miners washing gold ores into rivers could account for the high CED and 

ELCR determined for such water resources. Also, farmers' dependence on such water 

resources and mine wastewater to irrigate their farms threatens human health. Hence, the 

likelihood of the populace developing cancer diseases in the long term is high.  

(iii) Groundwater 

Due to the obvious contamination of surface water resources by mining activities, residents 

of Atiwa West resort to groundwater as an alternative source of potable water. This is because 

surface water is the primary water source for treatment and supply to homes by the Ghana 

Water Company in the area. Inhabitants’ reliance on groundwater makes it important to assess 

its quality for consumption and domestic use, as the presence of radionuclides in groundwater 
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is a significant component in determining groundwater quality (Sherif & Sturchio, 2018; 

Zhong et al., 2020). The estimation of the CED of groundwater was assessed based on the 

activity concentrations of Ra-226, Ra-228, and K-40 and their dose conversion factors. The 

CED was calculated for different age groups, namely infants (1-2 y), children (7-12 y), and 

adults (˃17 y). Their annual consumption rates were also factored into the calculation 

(infants- 250 L, children- 350 L, adults- 730 L) (UNSCEAR, 2000).  

The CED for infants varied between 0.46 and 0.63 mSv/y, with an average of 0.55 mSv/y. 

The children group had CED between 0.44 and 0.60 mSv/y and an average of 0.52 mSv/y, 

while the adult group had a range of 0.17 to 0.24 mSv/y and a mean of 0.21 mSv/y. The 

evaluated doses exceeded the WHO and ICRP reference levels of 0.1 mSv/y (WHO, 2008; 

ICRP, 1997). The CED estimated for the adult age group was less than the UNSCEAR 

reference level of 0.3 mSv/y for ingesting food and water, as shown in Figure 51. The high 

conversion factors of radionuclides for infants and children contributed to their high CED 

values. The ELCR factors were estimated for only the adult age group, and they were found 

to be between 0.89 × 10-3 and 1.22 × 10-3 with a mean of 1.06 × 10-3. The ELCR factors were 

the upper bound reference level of 0.29 × 10-3 for the lifetime risk of stochastic effects. Since 

the CEDs were above 0.1 mSv/y, the ELCR was expected to be above its reference level. 

Therefore, the population, especially infants and children, is vulnerable to health 

implications, including cancers associated with the consumption of radionuclides in 

groundwater from the study area.  
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Figure 51. Comparison of CED for the different age groups (by author). 

The consequential CED and ELCR from the radionuclide concentrations determined in water 

samples in the study could be attributed to several factors. Isotopic ratios revealed that aquifer 

rocks and soils underlying groundwater resources are composed of high concentrations of 

the thorium parent radionuclide. The indiscriminate and inexpert mining practices witnessed 

during the investigation aggravate the release of more radionuclides into water resources, 

causing pollution. This was evident by the evaluated transfer factors. Miners, the public, and 

neighboring environments, including surface and groundwater resources, are exposed to 

elevated radioactivity levels from mining activities and their subsequent radiation dose 

(Akuo-ko et al., 2024a; Mathuthu et al., 2021; Bello et al., 2019; Olise et al., 2016). The 

dependence of inhabitants, farmers, and animals on untreated water resources is detrimental 

to health. Therefore, determining the quality of water resources in terms of radioactivity 

levels, particularly in mining areas, is necessary to safeguard the health of adults, children, 

and infants.  
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Introduction 

The radiological health risks posed by exposure to radiation were evaluated based on the 

radioactivity concentration of natural and anthropogenic radionuclides measured in the 

different environmental media. This chapter presents a general overview of the research's 

outcomes concerning the objectives outlined for this work. Thus, the chapter summarizes the 

findings, draws conclusions, and makes recommendations.  

5.2 Summary of findings 

The following is the summary of the findings realized in this research concerning the 

objectives set out for the study: 

 Radioactivity concentrations measured in beach sediment along the entire coastline 

of Ghana were between 14 ± 4 and 134 ± 7 Bq/kg for Ra-226, 8 ± 1 and 77 ± 1 Bq/kg 

for Th-232, 207 ± 75 and 1273 ± 69 Bq/kg for K-40 and 1.1 ± 0.6 and 111.4 ± 0.3 

Bq/kg for Cs-137. The average concentrations were 43 ± 6 Bq/kg, 22 ± 1 Bq/kg, 393 

± 74 Bq/kg, and 8.4 ± 0.5 Bq/kg for Ra-226, Th-232, K-40, and Cs-137, respectively. 

The assessed radiological parameters were below global averages except for AGDE. 

Spatial distribution maps revealed that the radionuclides Ra-226 and Th-232 occur in 

relative abundance along central and eastern coastlines compared to the western 

coast.  

 Indoor radon measurements within residences of the Greater Accra region were found 

to range between 36.1 ± 2.7 and 92.0 ± 5.2 Bq/m3, and the annual mean for the entire 

area was 50.8 ± 3.4 Bq/m3. This corresponded to an annual effective dose of 0.9 and 

2.3 mSv/y, with a mean of 1.3 mSv/y. The mean LCC estimated for the region was 

23.1 people per million population.  

 Po-210 activity levels measured in cigarettes on the Ghanaian market ranged between 

16.4 ± 2.5 and 32.3 ± 5.2 mBq/cig, with a mean of 26.5 ± 4.2 mBq/cig. The committed 

annual effective doses due to inhalation of Po-210 in cigarette smoke were estimated 

to be between 0.041 mSv/y and 0.082 mSv/y, with a mean annual effective dose of 
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0.067 mSv/y for an adult Ghanaian smoker, which is lower than the reference values 

set by ICRP and UNSCEAR. The average ELCR was estimated as 0.234 × 10-3, less 

than the world average of 1.16 × 10-3 for internal radiation exposure.  

 Activity concentrations of radionuclides measured in soils from mining areas for 

radon exhalation studies ranged from 18.0 ± 1.2- 80.9 ± 1.4 Bq/kg (mean: 26.9 ± 1.7 

Bq/kg) for Ra-226, 29.5 ± 2.8- 103.3 ± 5.2 Bq/kg (mean: 57.5 ± 3.6 Bq/kg) for Th-

232, and 78.8 ± 17.1- 429.1 ± 23.4 Bq/kg (mean: 237.5 ± 17.6 Bq/kg) for K-40. Rn-

222 concentrations 390.6 ± 38 to 907.5 ± 93 Bq/m3 with an average value of 560.0 ± 

54 Bq/m3. The average mass and area exhalation rates were estimated to be 4.0 ± 0.4 

× 10-5 Bq/kg/h and 1.2 ± 0.11 × 10-3 Bq/m2/h, respectively. Some farming areas and 

undisturbed lands recorded high exhalation rates above the world average. Statistical 

analysis demonstrated a linear relation between Ra-226, Rn-222, and the exhalation 

rates.  

 Radioactivity measurements determined in soils and sediment from Atiwa West 

district ranged from 12.9 ± 1.4- 29.1 ± 1.8 Bq/kg (mean: 22.1 ± 2.1 Bq/kg) for Ra-

226, 10.8 ± 1.2- 44.0 ± 1.8 Bq/kg (mean: 27.5 ± 2.3 Bq/kg) for Th-232 and 40.0 ± 

10- 429 ± 36 Bq/kg (mean: 198 ± 22 Bq/kg) for K-40. Activity concentrations of Th-

232 were high in soils from mining sites and undisturbed lands. Ra-226 and Th-232 

concentrations in soils from farms and undisturbed lands were high near mining sites. 

Sediment samples recorded lower Ra-226 and Th-232 levels than in soil samples. 

 Activity concentrations of Ra-226, Ra-228 and K-40 in surface water samples were 

found to range between 0.52 ± 0.2 to 1.31 ± 0.2 Bq/L for Ra-226, 3.92 ± 1.0 to 5.12 

± 0.9 Bq/L for Ra-228 and 10.90 ± 3.1 to 16.50 ± 3.2 Bq/L for K-40. The average 

concentrations were 1.02 ± 0.2 Bq/L, 4.53 ± 0.9 Bq/L and 13.97 ± 3.2 Bq/L for Ra-

226, Ra-228 and K-40, respectively. Activity concentration of Ra-228 in water 

samples is consistent with high Th-232 concentrations measured in soils and 

sediments from the study area. Thus, the study area is more abundant in thorium in 

soils and bedrocks than in radium. Estimated transfer factors indicated a possible 

radionuclide contamination of surface water resources from soil due to the mining 

activities in the study area.  
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  Radioactivity concentration in groundwater resources was determined to range from 

0.05 ± 0.03- 0.13 ± 0.04 Bq/L, 0.29 ± 0.04- 0.41 ± 0.06 Bq/L, and 1.09 ± 0.10- 1.65 

± 0.09 Bq/L, respectively. The mean concentrations were below the world average 

values except for Ra-228, above 0.10 Bq/L. High Ra-228 levels in groundwater 

resources were attributed to the abundance of thorium in soils and aquifer rocks of 

the area. Groundwater resources near mining sites recorded high radioactivity 

concentrations, suggesting the likelihood of radionuclides leaching into groundwater.  

5.3 Conclusions 

The following conclusions were drawn from the study:  

 Ra-226 concentrations measured in sediment samples along the Ghanaian coastline 

were higher than all the concentrations of Th-232.  

 Th-232 and Ra-228 activity concentrations in soils, sediment, and water studied in 

mining areas were generally observed to be higher than Ra-226 concentrations in 

those samples.  

 The different radionuclide distribution patterns and activity concentrations of Ra-226, 

Th-232, and K-40 in offshore and inland soils and sediment can be attributed to the 

various geological formations and characteristics in these parts of the country. 

Mineral deposits from weathering and erosion of igneous and metamorphic rocks are 

the main sources of high Ra-226 concentrations in beach sediments. Contrarily, the 

significantly high Th-232 in inland soil and water resources results from sedimentary 

rock formations. Though the low radiological values were estimated for beach 

sediment, signifying that they could be used as building materials, the relatively high 

AGDE values recorded at some locations suggest that such sediment may be used 

cautiously due to the radiation risk they pose to human health. 

 Indoor radon levels measured in the greater Accra region were concluded to be due 

to soil composition, geology of the area, building materials used in construction, and 

the lifestyle of residents. Poor ventilation contributed to relatively high indoor radon 

levels, especially in densely populated areas. Indoor radon, which contributes to 

internal radiation exposure, accounts for 5% of lung cancer deaths each year. The 

IDW interpolation method appropriately predicted the indoor radon distribution for 

the study area.  
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 The Po-210 in cigarettes studied shows that cigarette smoking is accountable for 

approximately 3-6% of the total lung cancer deaths in Ghana. This study is considered 

a preliminary investigation of the effect of internal radiation exposure of natural 

radionuclides such as Po-210 in cigarette products consumed in Ghana, and as part 

of the investigation to determine the cause of lung cancer death cases in the country.  

 The high radon exhalation rates observed in some sampling locations signify the 

possible radiological effects of using such soils as building materials. Though 

radiological risk evaluation showed parameters having values below world reference 

averages except for ELCR, there is a need to be cautious of the dangers posed by 

radioactivity in the environment. 

 The mean activity concentrations of Ra-226, Th-232, and K-40 measured in soil and 

sediment samples from mining areas were observed to be less than the world average 

values. However, some individual locations had higher Th-232 and K-40 

concentrations. All the evaluated radiological risk parameters were below world 

averages. Nevertheless, it was observed that a few sample locations recorded AGDE 

values higher than the recommended average. This suggests a possible radiological 

hazard posed by mining activities in the study area since mining is known to cause 

elevated radioactivity concentrations.  

 The recorded mean Ra-226 and Ra-228 activity concentrations in surface water 

samples were above world reference values of 1.0 Bq/L and 0.1 Bq/L, respectively. 

The corresponding annual committed effective dose and lifetime cancer risks 

determined for the water samples were well above the recommended levels of 0.3 

mSv/y and 0.29 × 10-3, respectively. These indicate that the population is vulnerable 

to radiological dangers since miners wash gold ores directly in water bodies and 

sometimes direct the liquid wastes into the water bodies of the study area.  

 Isotopic ratios evaluated in the study showed that aquifer rocks and soils beneath 

groundwater resources contained high concentrations of the thorium parent 

radionuclide. Thus, Ra-228 contributed a higher radiation dose than Ra-226 in the 

groundwater resources. The estimated annual committed effective doses compared to 

the recommended WHO and ICRP guidelines were above 0.1 mSv/y but lower than 

0.3 mSv/y ingestion value for adults given by UNSCEAR. Consequently, the 
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inhabitants of the area, especially infants and children, are prone to health 

implications such as cancers related to the ingestion of radionuclides in groundwater 

from the investigated locations.  

 In general, soils and sediments along coastal areas in Ghana are abundant in radium 

radionuclide, while soils and sediments in inland areas are abundant in the thorium 

radionuclide due to differences in the geological formations. 

5.4 Recommendations 

Based on the conclusions of this study, the following are recommended in view of the 

radionuclide distribution in the Ghanaian environment and its health implications:  

 Continuous monitoring of radioactivity levels along the shorelines of Ghana is 

recommended, especially for the coastal area with high Cs-137 activity concentration. 

Such monitoring measurements should consider increasing the number of sampling 

locations in coastal areas, and more radionuclides must be measured. Other 

spectrometric techniques such as alpha beta spectrometry and liquid scintillation 

counters could be employed to measure the natural radionuclides in sediments along 

the coast. 

 The most apparent remedy for areas with high indoor radon levels is to improve the 

ventilation of the residences, which will, in effect, allow radon gas to escape. Also, it 

is recommended that further indoor radon studies be carried out in other regions of 

Ghana, incorporating different measuring devices and procedures. Such 

investigations must also consider other aspects such as thoron levels, soil gas, soil 

permeability, soil and rock types, building materials used, faults, etc. This would aid 

in compiling a national radon map for the country and estimating concentrations and 

the number of radon-related lung cancer cases. 

 Health risks associated with the radioactive substances in cigarettes and their 

consequential cancer implications, together with the societal and economic toll, call 

for reinforcement and sustained efforts in the regulation of cigarette consumption. 

Also, there is a need for public awareness of the detrimental effects of radioactive 

substances in cigarettes. 
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 Radon exhalation rates determined in soils from mining, farming, and undisturbed 

areas indicate that soils from Atiwa West mining areas pose less radiological risk. 

However, long-term exposure could result in cancers and respiratory diseases in cases 

of elevated concentrations. Therefore, in assessing and monitoring radioactivity 

levels and radiological risks in such areas, radon exhalation rates must also be 

considered to correctly evaluate the potential radiological risks of mining to miners 

and the public. 

 Further investigations employing additional measurement techniques, such as Liquid 

Scintillation, to determine activity concentrations in soil and sediment and extending 

them to more areas would allow the appropriate regulatory agencies to implement 

measures to ensure that residents and miners are not exposed to the radionuclides 

beyond acceptable levels. 

 Surface water resources within the study area must be continuously monitored and 

assessed for radionuclide contamination and health hazards to protect the population's 

well-being. Again, regulations are needed to protect water resources from being 

polluted with radionuclides by mining activities and to enforce strict adherence to 

such rules.  

 The dependency of the populace on groundwater resources cannot be overlooked due 

to probable health problems in case of high radioactivity levels. Thus, determining 

the quality of groundwater resources in terms of radioactivity levels, especially in 

mining areas, is significant in protecting the health of inhabitants. Therefore, 

groundwater resources within the study area should be subjected to efficient treatment 

processes to remove radionuclides before consumption.  
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THESIS POINTS 

I. Thesis 

I investigated the use of natural materials as building materials as a means of exposure 

to ionizing radiation. I measured natural and artificial gamma emitting isotopes in 

soils and sediment in coastline and mining areas. Radioactivity concentrations 

measured in beach sediment along the entire coastline of Ghana were between 14 ± 

4 and 134 ± 7 Bq/kg for Ra-226, 8 ± 1 and 77 ± 1 Bq/kg for Th-232, 207 ± 75 and 

1273 ± 69 Bq/kg for K-40 and 1.1 ± 0.6 and 111.4 ± 0.3 Bq/kg for Cs-137. The average 

concentrations were 43 ± 6 Bq/kg, 22 ± 1 Bq/kg, 393 ± 74 Bq/kg, and 8.4 ± 0.5 Bq/kg 

for Ra-226, Th-232, K-40, and Cs-137, respectively.  

Radioactivity measurements determined in soils and sediment from Atiwa West 

district (mining area) ranged from 12.9 ± 1.4- 29.1 ± 1.8 Bq/kg (mean: 22.1 ± 2.1 

Bq/kg) for Ra-226, 10.8 ± 1.2- 44.0 ± 1.8 Bq/kg (mean: 27.5 ± 2.3 Bq/kg) for Th-232 

and 40.0 ± 10- 429 ± 36 Bq/kg (mean: 198 ± 22 Bq/kg) for K-40. Although the low 

radiological values were estimated for studied materials, signifying that they could 

be used as building materials, the relatively high AGDE values recorded at some 

locations suggest that such sediment may be used cautiously due to the radiation risk 

they pose to human health. 

II. Thesis 

I investigated the lung cancer risk associated with indoor radon and Po-210 in 

cigarettes. The indoor radon measurements in the study area ranged between 36.1 ± 

2.7 and 92.0 ± 5.2 Bq/m3, with an estimated annual mean of 50.8 ± 3.4 Bq/m3. All the 

measured dwellings recorded radon levels below the WHO reference level of 100 

Bq/m3. The annual effective doses were between 0.9 and 2.3 mSv/y, with a mean of 

1.3 mSv/y. The average LCC evaluated for the region was 23.1 people per million 

population.  

Po-210 activity concentrations measured in cigarettes ranged from 16.4 ± 2.5- 32.3 ± 

5.2 mBq/cig (mean: 26.5 ± 4.2 mBq/cig). The committed annual effective doses due 

to inhalation of Po-210 in cigarette smoke were between 0.041 mSv/y and 0.082 

mSv/y (mean: 0.067 mSv/y) which is below the reference values set by ICRP (0.1 



125 
 

mSv/y) and UNSCEAR (0.3 mSv/y). The average ELCR was estimated as 0.234 × 

10-3, below the world average of 1.16 × 10-3 for internal radiation exposure. This 

study is considered a preliminary investigation of the effect of internal radiation 

exposure of natural radionuclides such as Rn-222 levels in family houses and Po-210 

in cigarette products consumed in Ghana. 

III. Thesis 

I studied the influence of mining activities on activity concentrations of radionuclides 

in water resources. The recorded activity concentrations of Ra-226 (0.52- 1.31 Bq/L; 

mean: 1.02 Bq/L) and Ra-228 (3.92- 5.12 Bq/L; mean: 4.53 Bq/L) in surface water 

samples were above world reference values of 1.0 Bq/L and 0.1 Bq/L, respectively. 

The resultant annual committed effective dose (2.25- 2.88 mSv/y; mean: 2.55 mSv/y) 

and lifetime cancer risks (7.88 × 10-3- 10.09 × 10-3; mean: 8.94 × 10-3) determined for 

the water samples were above the recommended levels of 0.3 mSv/y and 0.29 × 10-3, 

respectively. This means that the population is susceptible to radiological dangers due 

to miners washing gold ores directly in water bodies and sometimes direct the liquid 

wastes into the water bodies of the study area.  

In the case of groundwater resources activity concentrations of Ra-226 (0.05- 0.13 

Bq/L; mean: 0.10 Bq/L) was below the reference level as compared to Ra-228 (0.29- 

0.41 Bq/L; mean: 0.36 Bq/L). The estimated mean effective doses for infants (0.55 

mSv/y) and children (0.52 mSv/y) were above reference levels. Similarly, the ELCR 

factors were above 0.29 × 10-3. The results showed that mining activities enhanced 

radionuclide concentrations in underground water.  
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