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ABSTRACT 

This study is aimed at the evaluation of natural radioactivity (natural decay chains of 

238U and 232Th, and non-series long-lived natural radionuclide 40K) and heavy metal (Pb, 

Cd, As, Hg, Cr, Cu, Sr, Al, Mg, Sb, Ba, Bi, Zn, Rb, Mn and Ni) exposures resulting 

from the consumption of staple foodstuffs such as rice, vegetables and marine animals. 

In addition, heavy metal levels in human teeth have been assessed as a bio-indicator of 

exposure to environmental pollution. The studied samples were collected from different 

locations across the Peninsular Malaysia. The radioactivity concentrations have been 

measured by -ray spectrometry using high resolution high purity germanium (HPGe) 

and scintillation NaI(Tl) detector and the heavy metals were determined by inductively 

coupled plasma-mass spectrometry (ICP-MS). The results showed that the radioactivity 

in different varieties of vegetable samples varied from 0.5127Bq kg1 for 226Ra, 

0.2143 Bq kg1 for 228Ra (232Th) and 562483 Bq kg1 for 40K. The radioactivity in 

rice in different areas varied from 1.5±0.42.8±0.7 Bq kg1 for 226Ra, 3.6±1.47.5±2.7 

Bq kg1 for 232Th and 59.9±6.092.2±5.4 Bq kg1 for 40K. On the other hand, the 

activity concentrations of 226Ra, 228Ra and 40K in marine animals varied from 

0.6±0.197.83±0.78 Bq kg1, 0.19±0.176.21±0.53 Bq kg1 and 34±13398.6±20.2 Bq 

kg1, respectively. The estimated soil-to-tapioca, -sweet potato and -rice transfer factors 

for 226Ra and 232Th were found much higher than the International Atomic Energy 

Agency (IAEA) reported values. The annual effective dose obtained due to ingestion of 

radionuclides via the consumption of the studied foodstuffs were found below the world 

average value (290 µSv y1) and the associated life-time cancer risk were also below the 

acceptable limit of 103 for radiological risk, thus discarding any significant radiological 

risks to the population of Peninsular Malaysia. The concentrations of heavy metals (mg 

kg‒1) in vegetables were found as: Pb (0.0010.006), Hg (0.00190.005), Ni 
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(0.00040.008), Cr (0.00030.006), Al (0.0658.1), Sr (0.010.72), Bi (0.050.80), Sb 

(0.11.2), Ba (0.0010.034), Rb (0.020.13), Mn (0.0122.1), Zn (0.010.59), Fe 

(0.051.6), Cu (0.0010.06) and Mg (1.847.0), while in marine fishes were found as: 

As (0.32490.7485), Pb (0.02), Hg (0.0247), Al (3.1154.489), Cr (0.01080.0516), Sr 

(19.5627.68), Co (0.00070.0038), Cu (0.07120.1972), Mn (0.43721.841), Zn 

(5.60715.35), Fe (3.5464.857), Rb (0.09780.2312), Ba (0.28450.6597), Bi 

(1.5984.143) and Mg (80.43115.0). The concentrations of all the studied heavy metal 

in vegetables and fishes were below the daily limit on intake recommended by the 

international organizations, indicating yet pose no threat to public health. Conversely, 

trace amount of heavy metals were found in almost all teeth samples. Increased 

accumulation of Pb, Hg, As, Cr, Mn, Sr, Ba, Sb, Cu, Zn, Mg and Sn in teeth dentin was 

observed with respect to the teeth age. Some elevated levels of concentrations of heavy 

metals in the teeth dentin reflect the relation to pollution from industrial emissions and 

urbanization. Human teeth dentin, therefore, can be used as reliable bio-indicator of 

environmental pollution by heavy metals. Since higher concentration of radioactive- and 

heavy metal substances in the environment is undesirable, continuous monitoring 

should be undertaken to detect the concentration of radioactive and heavy metals in 

foodstuffs in order to take necessary radiological and dosimetric measures with the aim 

of minimizing the potential harmful effects of ionizing radiation.  
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ABSTRAK 

Kajian ini bertujuan untuk menilai radioaktif semulajadi (rantaian pereputan 

semulajadi 238U dan 232Th), dan 40K radionuklid pendedahan pada logam berat (Pb, Cd, 

As, Hg, Cr, Cu, Sr, Al, mg, Sb, Ba, Bi, Zn, Rb, Mn dan Ni) yang disebabkan oleh 

pengambilan makanan utama seperti beras, sayur-sayuran dan haiwan marin juga dikaji. 

Di samping itu, tahap logam berat dalam gigi manusia telah dinilai sebagai penunjuk-

bio bagi dedahan kepada pencemaran alam sekitar. Sampel kajian telah dikumpulkan 

dari lokasi yang berbeza di seluruh Semenanjung Malaysia. Kepekatan bahan radioaktif 

telah diukur dengan menggunakan spektrometer sinar- Germanium huper-tulen 

(HPGe) beresolusi tinggi dan pengesan NaI(Tl) manakala logam berat dianalisis dengan 

induktif ditambah spektrometri jisim plasma (ICP-MS). Hasil kajian menunjukkan 

bahawa kepekatan radioaktif dalam pelbagai jenis sampel sayur-sayuran berbeza dari 

0.5127 Bq kg1 untuk 226Ra, 0.2143 Bq kg1 untuk 228Ra (232Th) dan 562483 Bq kg1 

untuk 40K. Radioaktif dalam beras di kawasan yang berbeza berubah dari 

1.5±0.42.8±0.7 Bq kg1 untuk 226Ra, 3.6±1.47.5±2.7 Bq kg1 untuk 232Th dan 

59.9±6.092.2±5.4 Bq kg1 untuk 40K. Sebaliknya, kepekatan aktiviti 226Ra, 228Ra dan 

40K pada haiwan marin berubah dari 0.6±0.197.83±0.78 Bq kg1, 0.19±0.176.21±0.53 

Bq kg1 dan 34±13398.6±20.2 Bq kg1, masing-masing. Faktor permindahan tanah ke 

ubi kayu, tanah ke keledak dan tanah ke beras bagi 226Ra dan 232Th dianggarkan lebih 

tinggi daripada nilai-nilai yang dilaporkan oleh Agensi Tenaga Atom Antarabangsa 

(IAEA). Dos tahunan berkesan disebabkan oleh pengambilan radionuklid dari bahan 

makanan yang dikaji didapati kurang daripada nilai purata dunia (290 µSv y1) dan 

risiko kanser seumur hidup juga di bawah had yang boleh diterima iaitu 103 untuk 

risiko radiologi, sekali gus menjadikan risiko radiologi tidak signifikan penduduk di 

Semenanjung Malaysia. Kepekatan logam berat (mg kg-1) dalam sayur-sayuran didapati 
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sebagai: Pb (0.0010.006), Hg (0.00190.005), Ni (0.00040.008), Cr (0.00030.006), 

Al (0.0658.1), Sr (0.010.72), Bi (0.050.80), Sb (0.11.2), Ba (0.0010.034), Rb 

(0.020.13), Mn (0.0122.1), Zn (0.010.59), Fe (0.051.6), Cu (0.0010.06) dan Mg 

(1.847.0), manakala dalam ikan laut didapati sebagai: As (0.32490.7485), Pb (0.02), 

Hg (0.0247), Al (3.1154.489), Cr (0.01080.0516), Sr (19.5627.68), Co 

(0.00070.0038), Cu (0.07120.1972), Mn (0.43721.841), Zn (5.60715.35), Fe 

(3.5464.857), Rb (0.09780.2312), Ba (0.28450.6597), Bi (1.5984.143) dan Mg 

(80.43115.0). Kepekatan semua logam berat yang dikaji dalam sayur-sayuran dan ikan 

adalah di bawah had pengambilan harian sebagaimanapun disyorkan oleh organisasi 

antarabangsa tidak menimbulkan ancaman kepada kesihatan orang awam. Sebaliknya, 

logam berat pada kepekatan surih ditemui pada hampir semua sampel gigi. Peningkatan 

terkumpul Pb, Hg, As, Cr, Mn, Sr, Ba, Sb, Cu, Zn, Mg dan Sn dalam dentin gigi 

didapati berkaiten dengan umur gigi. Peningkatan tahap kepekatan logam berat dalam 

dentin gigi mencerminkan hubungan kepada pencemaran dari pengeluaran perindustrian 

dan pembandaran. Dentin gigi manusia, boleh menjadi penunjuk-bio pencemaran alam 

sekitar oleh logam berat. Memandangkan kepekatan yang tinggi, bahan-bahan radioaktif 

dan logam berat dalam persekitaran tidak diingini, pemantauan berterusan perlu diambil 

untuk mengesan kepekatan radioaktif dan logam berat dalam makanan bagi memastikan 

keperluan dan dosimetri diambil bagi memastikan langkah radiologi buruk sinaran 

mengion.  
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CHAPTER 1: INTRODUCTION 

1.1 Research background 

NORMs which refers to naturally occurring radioactive materials have always been a 

part of our daily life and still remain so. Our planet, its atmosphere and practically all 

living and non-living things even the human body contains NORMs (Hunter-Smith, 

2012). Radionuclides found in nature are usually categorized into two distinct forms: 

Cosmogenic or Extra-terrestrial originated from the high-energy cosmic ray and/or 

particles (from Sun, stars and from galactic and intergalactic plasma) incident on the 

earth’s atmosphere, and Terrestrial origin  arising from the earth crusts and earth born 

materials (Al-Sulaiti, 2011; Canbazoğlu & Doğru, 2013; Faanu, 2011; UNSCEAR, 

2000). Terrestrial radioisotopes are also mentioned to as primordial radionuclides 

because of their source in the solar nebula or primordial dust cloud. 

Among the natural radionuclides, uranium, thorium and their progenies are 

ubiquitous; mostly contribute to the human radiation exposure. The three main decay 

series exist in nature headed by 238U with a half-life of 4.5 billion years, 235U with a 

half-life of 700 million years, and 232Th with a half-life of 14.1 billion years. A detailed 

information on their decay schemes and relevant numerical values are presented in 

Appendices A and B. In each of the decay chain headed by 238U, 235U and  232Th, the 

nuclides decay by way of alpha or beta particles followed by gamma radiation until to 

reach a final and most stable 206Pb, 207Pb and 208Pb nuclides, respectively (Al-Sulaiti, 

2011; Hunter-Smith, 2012). Interactive chart of nuclides can be seen in the appendix C 

(https://nucleus.iaea.org/Pages/nu-dat-2.aspx). 

Around 2.7 mg kg1 of uranium is present in the earth’s crust (Faanu, 2011). 

Uranium and Radium is usually more soluble than the Thorium in a naturally 

uninterrupted environment. In the natural environment, uranium contains 99.28 % of 
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238U, 0.72 % of 235U and trace amounts of about 0.0058 % of 234U (Faanu, 2011). Upon 

their decay chain, 238U undergoes fourteen radioactive decay steps resulting in the 

release of eight α-particles with maximum energy of 7.687 MeV and six β-particles with 

maximum energy of 1762.6 keV (Faanu, 2011; https://nucleus.iaea.org/Pages/nu-dat-

2.aspx). Throughout the decay scheme, gamma photons are also emitted at energy range 

of 46.53 - 2447.86 keV. In the 238U series, the decay chain segment starting from 

radium (226Ra) is radiologically the most important because it behaves chemically 

similar to calcium, being incorporated on bone surfaces and areas of mineral 

metabolism therefore, reference is often made to 226Ra instead of 238U. 

Monazite, a rare-earth material and thorium phosphate mineral are the primary 

source of thorium. Small quantities of thorium is also found in most rocks and soils, 

where it is about four times more abundant than uranium (Faanu, 2011). The solubility 

of thorium is extremely low in natural waters and is totally transported in particulate 

form. It is adsorbed on the surface of clay minerals. During the decay chain, 232Th 

follows 11 radioactive decay stage emitting mainly seven α-particles with maximum 

energy of 8.784 MeV and five β-particles with maximum energy of 834.2 keV 

(https://nucleus.iaea.org/Pages/nu-dat-2.aspx).  During the course of 232Th decay chain, 

gamma rays are also emitted at energies of 13.51 to 2614.533keV. 232Th isotope 

undergoes α-decay to form 228Ra which is equally soluble to 226Ra and radiologically 

important, consequently, reference is often made to 228Ra instead of 232Th. 

Potassium is normally distributed in the earth’s crust and presents in all 

environmental media including foodstuffs and even in the human body. Under normal 

conditions, 40K is the most abundant naturally occurring radioactive constituent within 

the human body (Asaduzzaman, et al., 2015; Rahman & Faheem, 2008). The isotopic 

abundance of 40K (the radioactive isotope of terrestrial importance) is 0.0118 % and has 
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a specific activity of 31.4 Bq g1 of natural potassium (Bakım & Görgün, 2014; 

Kathren, 1998). Naturally occurring 40K undergoes β¯ decay to produce stable 40Ca 

(88.8%) and the remaining 11.2% of 40K decays by electron capture (EC) and by 

positron emission to stable 40Ar (James et al., 2013).  During the decay process, 40K 

follows 100 disintegrations, out of them, 89 results in the release of β-particles with 

maximum energy of 1.33 MeV and 11 follows in the emission of characteristic gamma 

photons with maximum energy of 1.46 MeV (https://nucleus.iaea.org/Pages/nu-dat-

2.aspx ; James et al., 2013). This gamma line is generally use to detect and measure 40K 

by the way of gamma spectrometry. The decay scheme of 40K is presented in the 

appendix A. Among the natural radionuclides, 40K is the most significant isotopes 

contributing maximum portion to the natural radioactivity in the environment (James et 

al., 2013). 40K is the main contributor to the ingestion dose, with a contribution more 

than 90% of total ingestion dose from natural radioactivity which is about 0.21mSv y1 

(James et al., 2011). 

Furthermore, heavy metals are also ubiquitous in nature; however, their presence in 

the environment can be enhanced as a result of anthropomorphic activities. 

Environmental pollution by heavy metals is a major concern all over the world. By 

definition, those metals having specific gravity of 5g/cc are referred to as heavy metal 

(Al-Jubouri & Bashbosh, 2012; Jarup, 2003). However, metals or metalloids that are 

well-known for their potential toxicity, particularly in environmental perspectives are 

classified as heavy metal (Srivastava & Goyal, 2010). Heavy metals are also regarded as 

trace elements because of their existence in trace quantities in numerous environmental 

media (e.g., food, water and air). The incidence of heavy metal in both the terrestrial 

and aquatic environment is reasonably important in assessing potential threats for 

human health once exist in terrestrial as well as aquatic food chain (Arruda-Neto et al., 
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2010; Asaduzzaman et al., 2015; Bhuiyan, Dampare, Islam, & Suzuki, 2015; 

Khandaker, et al., 2015; Zheng et al., 2013). Some metals/elements including Calcium 

(Ca), Sodium (Na), Magnesium (Mg), Iron (Fe), Potassium (K) etc. are known as 

macro-minerals, are required in good quantities for proper metabolism and functioning 

the organs of the body while, some other elements such as Manganese (Mn), Copper 

(Cu), Zinc (Zn), Chromium (Cr), Selenium (Se), Lithium (Li), Germanium (Ge), Cobalt 

(Co) etc. are among the essential micronutrients metals that are needed in minuscule 

quantities  in human body of not more than a few mg/day (Li et al., 2015; Lokeshappa, 

Shivpuri, Tripathi, & Dikshit, 2012; Lu et al., 2015; Santos, Lauria, & Porto da Silveira, 

2004). Moreover, metals like Strontium (Sr), Nickle (Ni), Silicon (Si), Vanadium (V), 

Tin (Sn), Silver (Ag), Aluminum (Al) etc. are possibly beneficial micro-minerals, even 

though their beneficial role in human body yet to be established (Lokeshappa et al., 

2012; Santos et al., 2004; Tchounwou, Yedjou, Patlolla, & Sutton, 2012). Metals that 

are needed in minute quantities or trace level (micronutrients) in human bodily 

functions become toxic and can cause adverse health effects, if they exist in greater 

amounts (Asaduzzaman et al., 2015; Islam, Ahmed, Habibullah-Al-Mamun, & 

Masunaga, 2015; Khan et al., 2014; Lokeshappa et al., 2012). Even Ca and Na are 

rather toxic in excess. On the other hand, toxic heavy metal consists of a group of 

minerals (e.g., Lead (Pb), Cadmium (Cd), Mercury (Hg), Arsenic (As), Barium (Ba), 

Antimony (Sb), Bismuth (Bi) etc.) that have no known routine biological function in the 

human body and indeed detrimental even at miniscule quantity (Alina et al., 2012; 

Asaduzzaman et al., 2015; Hajeb, Sloth, Shakibazadeh, Mahyudin, & Afsah-Hejri, 

2014; Lokeshappa et al., 2012; Tchounwou et al., 2012). Overindulgences, deficiencies 

or imbalances in the supply of minerals from alimentary sources can cause significant 

malicious impact on the health of human life (Santos et al., 2004; WHO, 1996). Content 

of metals beyond the maximum permissible levels can lead to a variety of, 
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cardiovascular, renal, and neurological impairment as well as bone diseases, mutagenic 

effects, damaged central nervous function, lungs, kidneys, liver, and other vital organs 

(Asaduzzaman et al., 2015; Jolly, Islam, & Akbar, 2013). 

However, environmental heavy metal can be assessed by chemical method, by 

physical method and by biological indicators (Kamberi, Kocani, & Dragusha, 2012). 

Presently, there has been a curiosity among the researchers on the use of human bio-

indicators such as blood, urine, bone, teeth, nails from finger and toes, hair and saliva to 

evaluate the environmental pollution by toxic heavy metals (Abdullah et al., 2012; 

Arruda-Neto et al., 2010; Barton, 2011; Brown et al., 2004; Kamberi et al., 2012; 

Kantamneni, 2010). Since the metals deposited in teeth during formation and 

mineralization processes are to a large extent retained, human teeth receive a significant 

attention as the indicators of the heavy metal exposure. As a bio-indicator of 

environmental exposure, teeth cover a much longer lifespan as substrates for 

toxicological analyses, better than bone, blood, nail, saliva, or hair (Arora & Austin, 

2013; Barton, 2011; Kang, Amarasiriwardena, & Goodman, 2004). Several studies 

showed that teeth are superior to blood, nail, saliva, or hair as an indicator of 

chronological metal exposure from environment because the losses from teeth are much 

slower as there is no significant turnover of apatite in teeth, as in other biological 

indicators (Alomary, Al-Momani, & Massadeh, 2006; Arruda-Neto et al., 2009; 

Kamberi et al., 2012; Kantamneni, 2010; Kumagai, Fujita, Endo, & Itai, 2012). 

Present study deals to obtain a comprehensive information of radioactive- and heavy 

metals, e.g., the determination of the prevailing concentrations of radioactive- and 

heavy metals in foodstuffs, and their accumulation (specifically heavy metals) in human 

teeth upon the consumption of foodstuffs. More specifically: 

1. Natural radioactivity in staple foodstuffs; 
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2. Heavy metal pollutants in staple foodstuffs and 

3. Heavy metal pollutants in human teeth; a bio-indicator of metal exposure to 

environmental pollution. 

 

1.1.1 Natural radioactivity in foodstuffs 

Uranium and thorium are the most encountered radioactive materials in the earth 

crust that are associated with igneous and sedimentary rocks from which the soil 

originates (Faanu, 2011). The concentration of radionuclides in earth surface, 

specifically in soil, depends on the rock types, the concentrations are lower in 

sedimentary rock and higher in granitic igneous rocks (UNSCEAR, 2000). Troposphere 

which is the lower region of the atmosphere adjacent to the earth’s surface (spreads to 

around 15 km in altitude) is the core medium of radioactive releases from NORM 

industries (Eisenbud & Gesell, 1997). This layer comprises about 75% of the 

atmospheric mass and nearly all of its moisture and dust wherein the distribution of 

radionuclides affects mainly on the vertical temperature gradient, pressure, wind speed 

and direction (Eisenbud & Gesell, 1997). If the wind is insufficient to keep the 

radionuclides suspended in air, the rainout (droplet formation of the rainfall around 

aerosols) and washout (scrubbing) action remove aerosols from the troposphere and 

settle them on the earth’s surface and may integrate on soil, water, edible flora and 

eventually get into the human food chain and finally infiltrate into the human body via 

ingestion and inhalation (Eisenbud & Gesell, 1997). 

In most natural substances, the concentration of NORM is too low to create 

significant radiological risk, and is usually considered as negligible. Materials that may 

comprise any of the NORMs for example 238U, 235U, 232Th and their radioactive decay 

progenies as well as single decay radionuclides, mainly 40K, are disrupted by various 

human activities. Consequently, their concentration in the environmental media 
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including land produced and aquatic (marine animals) foodstuffs can be enhanced 

through anthropomorphic activity, including agricultural inputs (e.g. use of fertilizers, 

fungicides, insecticides and herbicides), mining, mineral and metal processing, rapid 

urbanization, industrial activity such as coal-, oil-, and gas-exploration and exploitation, 

combustion of fossil fuel, energy production, radioactive wastes and industrial effluents 

disposal, further added to by artificial sources of radioactivity introduced into the 

environment which beyond the scope of this work (Amin et al., 2013; Asaduzzaman et 

al., 2015; Awudu et al., 2012; Hunter-Smith, 2012; Khandaker, et al., 2015a, 2015b; 

UNSCEAR, 2008b; USEPA, 2011). The radionuclides in the decay series are essentially 

in radiological equilibrium with their parents in the naturally undisturbed environments. 

But, the aforementioned human activities or natural catastrophe can break this 

equilibrium, resulting in either an enhancement or reduction of radionuclides 

concentrations compared to the original matrix (Faanu, 2011; UNSCEAR, 2000). 

The presence of radionuclides in terrestrial and aquatic environments may perhaps 

occur from the emission of industrial solid and liquid effluents into that environment. If 

the solid and liquid effluents directly discharges into the land, then they may transfer to 

the food chain through soil-crop plant transfer, but in the case of straight release into the 

land, radionuclides tend to be more condensed and localized. On the other hand, if solid 

and liquid effluents discharge into the aquatic environment, distribution of radionuclides 

into that environments depends geographical and metrological factors for example, 

place and time of discharge, depth of water at which the effluent/pollutant being 

released, type of sea/riverbed, tidal and wind factors, temperature and physical state of 

the pollutant etc. (Eisenbud & Gesell, 1997).  The solid state wastes may be attached to 

the surface of the aquatic plants, be settled on the sea/riverbed or be filtered by the 

aquatic animals. If the discharge is in liquid form, the adjourned inorganic and organic 
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matters remediate the contaminant by sorption, or aquatic animals and plants might be 

accrue it through dermal absorption and/or consumption/uptake. 

The radioactive contamination in the terrestrial and aquatic environment might be 

occur via natural radionuclides from the earth’s crusts, soil, rock, oceans, rivers and 

atmosphere and/or by airborne deposition caused by atmospheric release on the 

ecosystem. It is then integrated into soil sub-compartment, absorbed by plants through 

rooting system, transfer it to various parts of the plants eventually edible portion and get 

into the food chain (Asaduzzaman, Khandaker, Amin, & Mahat, 2015; Pulhani, Dafauti, 

Hegde, Sharma, & Mishra, 2005; Shanthi, Thanka Kumaran, Gnana Raj, & Maniyan, 

2012; Vandenhove et al., 2009). Particularly 40K, 238U and 232Th and their various decay 

products are the most common radionuclides in foods and water (Asaduzzaman et al., 

2015). These radionuclides appear in plants either through direct atmospheric 

interception onto aerial parts of the plant surfaces or from the re-suspended material and 

absorbed metabolically by the plant surfaces and indirectly through the uptake of 

radionuclides from soil via the root system (Asaduzzaman et al., 2014; Chauhan & 

Kumar, 2015; Jabbar et al., 2010; James et al., 2011; Karunakara et al., 2013; 

Vandenhove et al., 2009). However, the root uptake path is more effective because soil 

is the main reservoir of natural radionuclides of 40K, 238U and 232Th. The solubility of 

radionuclides in water enhance their transmission in soil and hence root uptaking. 

Soil-to-plant and plant-to-human body is one of the foremost corridors for 

transmission of radionuclides to human being (Aswood, Jaafar, & Bauk, 2013; IAEA, 

1982, 2010; Jabbar et al., 2010). After uptake by root, radionuclides are shifted to plant 

along with other nutrients or minerals necessary for their growth; accumulate in several 

parts including the edible portions and would lead to endless radiation dose to man once 

consumed (Carini, 2001; Pulhani et al., 2005). Therefore, it is important to study the 
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spatial distribution of natural radioactivity in soil and related radiation exposures 

through specific land produced food-stuffs. Soil-to-plant transfer factor (TF) is one of 

the key parameters in calculation of radionuclides concentration in agrarian crops, also 

extensively used for the estimation of internal radiation dose to humans (Asaduzzaman 

et al., 2014; Tsukada, Hasegawa, Hisamatsu, & Yamasaki, 2002). However, the rate of 

root uptake (TF) and distribution of radionuclides in plants depend on several factors 

such as: (i) the form in which the activity enters or present in soil (i. e., as particles, 

aerosol or solution); (ii) the physicochemical properties of radionuclides and its 

distribution coefficient; (iii) the type and physicochemical characteristics of the soil 

environment (such as soil texture, pH, exchangeable Ca and K, the kind and amount of 

clays, and organic matter contents); (iv) metabolic requirements of the plant; (v) crop 

management practices (e.g., irrigation, application of fertilizer, ploughing, limiting etc.); 

(vi) type of crop (crop species and variety, and cultural practices); (vii) Climate 

condition; (viii) time after contamination etc. (Asaduzzaman et al., 2014; Asaduzzaman 

et al., 2015; Ewers, Ham, & Wilkins, 2003; IAEA, 2010; Pulhani et al., 2005; Shanthi et 

al., 2012). 

In the marine environment, radionuclides have been released from a multiplicity of 

sources, both the natural and artificial. Radioactivity in the marine environment is 

contributed to by the natural processes of weathering and mineral recycling of terrestrial 

rocks, seabed movement arising from under sea earthquakes and submerged volcanic 

activity (Khandaker et al., 2015a). Various types of geological minerals as for example 

igneous rocks and ores which often contain increased levels of natural radionuclides, as 

a result 238U) and 232Th) are infiltrate to marine water by the process of leaching action  

(Abbasisiar, Hosseini, & Heravi, 2004). Human activities such as fossil fuel, coal-burn 

electricity power plants, natural gas and oil production, mining and mineral and ores 

processing, phosphate processing industries (such as fertilizer, chemicals, detergents), 
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biofuel , post nuclear disposal of radioactive and industrial waste, underwater nuclear 

device tests, accident including leakage from nuclear power plants (for example Daiichi 

nuclear power plant accident-2011, Fukushima, Japan), reprocessing of spent fuel etc. 

are also known to increase the radioactivity in the marine environment, with 

bioaccumulation of marine animals, therefore acknowledged growing concern to 

monitor the content of radionuclides in marine lives particularly in edible fishes, 

molluscs and crustaceans (Al-Qaradawi et al., 2015; Alam & Mohamed, 2011; Amin et 

al., 2013; Khandaker et al., 2015a, 2015b; Mayeen Uddin Khandaker, Wahib, Amin, & 

Bradley, 2013). While radionuclides present in the ocean shows complex behaviour (for 

example, 238U is fairly soluble in sea water whereas 232Th is almost insoluble but its 

daughter product 228Ra is soluble in water), they can be transported in the oceanic 

environment in the following ways: dissolved in the seawater, attached to the plankton 

suspended in seawater and to the sediment, and radiologically pollutes the marine biota 

(Carvalho, Oliveira, & Malta, 2011). Marine animals has the propensity to burrow down 

in the bottom sea sediments and rocks, filtering and/or consuming the organic particles 

and algae along with tiny fishes and planktons which may cause to boost the uptake of 

radionuclides from their surroundings (Y.M Amin et al., 2013; Khan, Benjamin, & 

Godwin, 2011; Khan & Wesley, 2011; Khandaker et al., 2015a). 

Food is an essential constituent for life support and none can imagine the life on 

Earth without food. Malaysia, a rapidly growing industrial country, is susceptible to 

pollution via large-scale industrial engagements and associated human activities. One 

particular concern is the potential impact upon the quality of locally resourced rice, 

vegetables and marine lives that contain important nutrients necessary for good health, 

forming an essential part of the Malaysian diet. A significant amount of radionuclides 

may attain human body via the ingestion (food chain, water etc.) and inhalation that 

may get into the terrestrial and aquatic foodstuffs from natural and human activities. 
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The presence of natural radioactivity in foodstuff results internal radiation exposures to 

humans and forming the principal contributor to the ingestion radiation dose received by 

the general public (Awudu et al., 2012; Korkmaz Gorur, Keser, Akcay, & Dizman, 

2012). However, the elevated levels (above the recommended threshold limit) of 

radioactivity ingested through food supply could be a significant source of human 

exposure and could cause in radiological hazards. For that reason, it is essential to 

assess the level of radioactivity in the major human foods and the associated radiation 

dose for the food safety and minimize the radiological risk. 

There are several possible pathways that transfer the radionuclides to the human food 

chain such as atmospheric, terrestrial (soil sub-compartments) and aquatic paths, each 

contributing human exposure by externally and/or internally (Al-Sulaiti, 2011;  

Asaduzzaman et al., 2014). The main pathways of human radiation exposure through 

the environment can be seen schematically in appendix D. After ingestion to human 

body via food web (especially rice, fish, vegetables, water etc.), a fraction of the 

absorbed radionuclides can come out from the body via urinary and facial excretion 

before intervening their physical half-life. Rest of the radioisotopes may persist in the 

body organ and became a continuous source of radiation exposure for the rest of 

individual’s lifecycle. When a radionuclide is admitted into the blood along with other 

body fluids by way of ingestion, inhalation or by any means, it circulates within the 

systemic circulation in the individual’s blood,  tailed by transfer to various body organs 

and distributed uniformly throughout the body tissues (ICRP, 2002). Particularly alpha 

and beta emitters are of concern because they transfer huge amounts of energy directly 

to human tissues once ingested or inhaled, creating damage to the molecular structure of 

the DNA (deoxyribonucleic acid) in the human cell because of long-term exposure, 

consequently biological effects of radiation exposure such as cancer might be occurred 
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if this damage is unrepaired and continuous to divides into new mutated cells (ICRP, 

2002; UNSCEAR, 2000). 

226Ra and 228Ra, the radiologically most important radionuclides (present in soil), is 

uptake by plants along with their nutrients and finally come into human body through 

foodstuffs and have a tendency to follow chemically homologous element calcium 

metabolic process to become deposited in bones, teeth and mineral metabolism areas 

(Hashim & Najam, 2015; IDPH, 2008; Shakir et al., 2010). Majority (around 80%) of 

the ingested radium is quickly excreted from the body through faeces, and rest of them 

is absorbed into the bloodstream from the gastro-intestinal (GI) tract and then 

concentrated heterogeneously in bone following the behaviour of chemically similar 

calcium and reside in the bones throughout the entire lifespan causing continuous 

radiation exposure to the organs (Argonne National Laboratory, 2005; Asaduzzaman et 

al., 2015; California Environmental Protection Agency, 2006; EPA, 2015). Detectable 

amounts of 226Ra and 228Ra are found in vegetables, rice, cereals and fish, whereas the 

concentration is quite high in shellfish. A little amount of environmental radium can 

lead to accumulate successively in bone tissue can cause damages of bone marrow and 

be able to mutate bone cells that can produce cancerous cell (Jankovic, Todorovic, 

Todorovic, & Nikolov, 2012). Long term body exposure to low levels of radium creates 

severe health effects including depression of the immune system, anemia, cataracts, 

sores, bone, liver and breast cancer and several other body disorders (Hashim & Najam, 

2015; IDPH, 2008; Mahur, Khan, Naqvi, Prasad, & Azam, 2008). Subsequent ingestion 

by any means, uranium quickly seems in the bloodstream (depending its solubility) and 

largely attached to the red blood cells and then accumulates in the skeleton (major place 

of accumulation), kidneys and the lung, while a lesser amount is absorbed by liver 

(Akhter, Rahman, Orfi, & Ahmad, 2007; Al-Sulaiti, 2011; Hakonson-Hayes, Fresquez, 

& Whicker, 2002; Hashim & Najam, 2015; La Touche, Willis, & Dawydiak, 1987). 
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Total body burden of uranium in human beings is estimated as 40 µg, whereby about 

40% of this being found in muscles, skeleton contains 20% and 10%, 4%, 1% and 0.3% 

in the blood, lungs, liver and kidneys, respectively (Igarashi, Yamakawa, & Ikeda, 

1987).  It is estimated that approximately 15% of the ingested uranium comes from the 

consumption of foodstuffs and high ingestion of this isotope may cause clinical effects 

in human organ including damage to the kidneys (Hashim & Najam, 2015).  Similarly, 

following ingestion into the human body, thorium generally deposited in tissues of 

skeleton, lungs liver and other tissues and have a tendency to retain in skeleton as well 

as accumulated on the surface of the bone whereby it has a long biological half-life 

which is about 22 years and create radiation damage to the respective organs via decay 

progenies (Akhter et al., 2007; NCRP, 1998). Furthermore, potassium is homologous to 

sodium and uniformly distributes to the whole body has a tendency to accumulate in 

muscle and cardiac rhythm (Akhter et al., 2007; Al-Sulaiti, 2011). The content of 

potassium (biological half-life is 300 days) is homeostatically controlled in the body and 

is little influenced by environmental variations and consequently its level in the body is 

reasonably constant (Al-Masri et al., 2004; Asaduzzaman et al., 2015; Scheibel & 

Appoloni, 2007; UNSCEAR, 2000). 

 

1.1.2 Heavy metal pollutants in foodstuffs 

In addition to pathways from natural radioactivity in the terrestrial and marine 

foodstuffs into the human diet, a further concern is heavy metal contaminants through 

consumption of foods leading to potential health risks via long-term exposure. 

Therefore, it is important to evaluate the heavy metals in human foodstuffs as well as 

human populations to assess the degree of body poisoning with toxic metals. Heavy 

metals can be toxic for humans, in particular those that are not metabolized by the body 
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and which consequently accumulate in the soft and calcified tissues (Asaduzzaman et 

al., 2015; McSheehy Ducos, Hamester, & Godula, 2010). 

Various industrial, agricultural, domestic, technological and medical applications of 

heavy metals have led to their extensive distribution in the environment and 

dramatically increased the human exposure; growing ecological and worldwide public 

health issue over their potential effects on human health and environment (Tchounwou 

et al., 2012). Heavy metals are bio-accumulated and bio-transferred together by natural 

and anthropogenic sources. Although heavy metals occurs naturally in the environment 

that are originated from the earth’s crust and distributed in the environment by natural 

geogenic processes (e.g., weathering, volcanic eruptions, bacterial activity, erosion etc), 

most of the environmental pollution and human exposures arise from anthropogenic 

activities, as for instance mining, smelting procedures, combustion of fossil fuel, steel 

and iron industry, industrial production and use, domestic and agricultural use of metals, 

chemical and metallurgical industry, municipal waste, forest fire, coal burning in power 

plants, petroleum combustion, plastics, textiles, e-waste, paper processing plant, wood 

preservation,  application of metal based pesticides and herbicides, swage sludges in 

agriculture etc. (Florea & Buesselberg, 2006; Liu, Liu, Wang, & Wang, 2015; Nazir et 

al., 2015). 

Contamination of water, soil and air is the main factor in the transfer of heavy metals 

to human and animal foodstuffs. The heavy metals presence in foods is frequently 

determined by its availability in the soil. The occurrence of heavy metals in the 

environmental matrix such as in foodstuffs may enhance due to rapid industrial growth, 

advances in agricultural chemicals such as fertilizer, pesticides, fungicides, herbicides, 

and/or urbanization process (Orisakwe, Blum, Sujak, & Zelikoff, 2014). 
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Heavy metals can enter into the human body through the consumption of foodstuffs, 

inhalation of contaminated air and by dermal contact via the skin (Amr, 2011; Zheng et 

al., 2013). Consumption of vegetables is one of the major roots of human exposure to 

heavy metals (Liu et al., 2015). Contamination of vegetables and other land produced 

food crops occurs via the plant uptake of pollutants once grown up in polluted soil, 

waste water irrigated soil, and/or surface contamination through aerial deposition. 

Literature revealed that the use of heavy metal contaminated waste water for irrigation 

over long period of time rises the heavy metal contents in soils which may uptake by 

plants and distributed by different parts of plants including edible parts, and ultimately 

enter into the human body following their consumption. Contamination of plants as well 

as foods and water by heavy metals is one of the main issues to be faced all over the 

world due to their non-biodegradability and toxic effects. Long term exposure to heavy 

metals and its compounds could cause in dysregulation of cellular pathways resulting 

subsequent poisonousness that may interfere with function of the central nervous 

system, metabolism of cells. Ingestion of heavy metals through the food chain could 

modify the metabolism of other essential trace elements, as for example Cu, Zn, Fe and 

Se (Florea & Buesselberg, 2006). 

Food is one of the major ingestion source of toxic heavy metals by humans (Hajeb et 

al., 2014; Millour et al., 2012). Pollution of air, water and soil are contributing to the 

occurrence of heavy metals, such as lead, cadmium, mercury, arsenic, chromium, 

manganese, aluminum, tin, copper, iron, antimony, strontium, bismuth, nickel etc, in 

human foodstuffs (Orisakwe, Nduka, Amadi, Dike, & Bede, 2012). Excessive intake of 

dietary heavy metals results development of several severe health problems. Moreover, 

ingestion of heavy metal contaminated food may extremely reduce some essential 

nutrients in the body resulting a decline in immunological defenses, impaired psycho-
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social behaviours, intrauterine growth retardation, malnutrition related disabilities and 

high prevalence of upper gastrointestinal cancer (Orisakwe et al., 2012). 

The presence of toxic and/or heavy metals in the environment is rather significant in 

assessing possible risks for human health once present in the food chain. The rate of 

human consumption of metal is directly associated to alimentary habits and their content 

in foodstuffs. The concentration of heavy metals in foodstuff influenced by the 

properties of soil, such as pH, organic matter content, clay mineralogy that can affect 

the bioavailability of metallic elements. Vegetables and other agricultural crops can 

uptake high levels of metals from polluted soil, water and air. In addition to 

environmental pollution, a matter of concern is the application of fertilizers, 

insecticides, herbicides and fungicides to crops, which may contain various metal and 

increase the content of metal in soil and water as well as food crops (Santos et al., 

2004). Moreover, the chemical and physical forms in which metals are distributed may 

rise the metal availability for plants and increase the concentrations of metal in 

vegetation. 

The aquatic especially marine environments contamination via heavy metals is a 

great global concern due to their toxicity, long term persistence, non-biodegradability 

and succeeding accumulation in aquatic/marine habitats (Bhuiyan et al., 2015; Hajeb et 

al., 2014). The marine environments is contaminated by untreated industrial effluents, 

rapid urbanization (waste stream of urbanization), discharge of municipal wastes, 

shipping activities, increasing tanker trafficking, oil-gas exploration, operation of power 

plant and fishing activities (Alina et al., 2012; Hajeb et al., 2014; M. U.  Khandaker et 

al., 2015a). Furthermore, natural disaster, natural processes like weathering and erosion 

of parent materials can intensify the heavy metal loads in marine environment. The 

habitats contaminated by heavy metals may perhaps amass in microorganisms and 
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benthic flora and fauna that may come into the human food chain and pose a significant 

threat to human health (Bhuiyan et al., 2015). Marine animal has tendency to burrow 

down in the bottom sea sediments and rocks, filtering on organic particles and algae 

along with tiny fishes and planktons, which may lead to increase the uptake of heavy 

metals from their surroundings (Khandaker et al., 2015a). Heavy metal pollutants 

through consumption of marine products, with bioaccumulation leading to potential 

risks by way of long term exposure (Elnabris, Muzyed, & El-Ashgar (2013). 

 

1.1.3 Heavy metal pollutants in human teeth; a bio-indicator of metal exposure 

to environmental pollution 

 Human civilization is currently exposed to the highest levels of heavy metals in 

recorded history. Environmental pollution is a major problem in Malaysia, not only due 

to its rapid industrialization and urbanization but also from wind-borne pollution from 

bordering countries (e. g., Indonesia) (Afroz, Hassan, & Ibrahim, 2003). 

Heavy metals can accrue in the environment such as in the human food chain, 

entering the human body through the normal ingestion of food and water or by 

deliberate consumption of soil, through the skin or by inhalation (Amr, 2011; 

Asaduzzaman et al., 2015; Bhuiyan et al., 2015; Keshavarzi et al., 2015). Once in the 

body they accumulate in various organs including calcified tissue like bones and teeth 

and pose a risk to human health due to their toxicity and long-term persistence (Alina et 

al., 2012; Alomary et al., 2006; Barton, 2011; Lu et al., 2015). The ingestion of heavy 

metals by human beings is directly connected to dietary habits and lifestyle (Santos et 

al., 2004). Knowledge of the amount of heavy metals in the body can provide 

significant information on potential environmental exposure, either at their place of 

work or elsewhere; their dietary habits and their health (Castro, Hoogewerff, Latkoczy, 
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& Almirall, 2010; Kern & Mathiason, 2012). Therefore, it is imperative to assess heavy 

metals in human organs to evaluate the degree of poisoning by toxic metals. 

Evaluation of environmental pollution can be performed using physical and chemical 

methods and with bio-indicators (Kamberi et al., 2012). Bio-monitoring of metal level 

in human organs gives a sign of an individual’s current body burden, which is a function 

of recent and/or past environmental exposure (Kantamneni, 2010). Thus, the right 

choice of and development of suitable biomarkers to assess heavy metal exposure is of 

crucial importance, for primary prevention, health care management and decision 

making in public health (Arora et al., 2006; Barbosa, Tanus-Santos, Gerlach, & Parsons, 

2005). Recently, there has been growing interest among researchers on the use of 

human bodily fluids and organs such as blood, urine, bone, teeth, nails, hair and saliva 

as bio-indicators to investigate environmental pollution by means of toxic heavy metals 

(Abdullah et al., 2012; Arruda-Neto et al., 2009; Arruda-Neto et al., 2010; Barton, 2011; 

Brown et al., 2004; Kamberi et al., 2012; Kantamneni, 2010). 

Each of them is associated with some advantages and limitations. Blood and urine 

data reflects information on recent exposures (Arruda-Neto et al., 2009; Arruda-Neto et 

al., 2010). Till now, blood-lead levels are widely used as a marker of Pb exposure. The 

half-life of Pb in blood is very short (approximately 28‒30 days), thus it is not a reliable 

indicator of chronic exposure. Hair and fingernails are regarded as medium-range bio-

monitoring agents, associated with exposure times from a few months to years (Arruda-

Neto et al., 2009; Arruda-Neto et al., 2010). Moreover, they are habitually contaminated 

by external agents, such as dust in air, hair coloring, shampoo, nail polish etc., 

consequently these samples are often impure and not ideal as bio-indicators (Barbosa et 

al., 2005; Kern & Mathiason, 2012; Kumagai et al., 2012). Calcified tissues such as 

bone and teeth have a high affinity to accumulate heavy metals when they are exposed 
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during development (Arruda-Neto et al., 2009; Arruda-Neto et al., 2010; Gdula-

Argasinska, Appleton, Sawicka-Kapusta, & Spence, 2004; Zhang, Wang, Cheng, Xia, & 

Liang, 2011). Bone is a relatively suitable bio-indicator for long-term exposure, but 

human bone is usually not readily available for sampling and measurement (Kern & 

Mathiason, 2012; Kumagai et al., 2012). On the other hand, dental tissues are very hard 

and similar to the materials that make up the bone (Anjos et al., 2004; Arruda-Neto et 

al., 2009; Arruda-Neto et al., 2010; Webb et al., 2005). Unlike bone, in which the 

mineral phase is subject to turnover, the dental hard tissues (e.g., dentin and enamel) are 

not subject to significant turnover and therefore provide a permanent, cumulative and 

quite sound record of past and/or recent environmental exposure of heavy metals 

(Alomary et al., 2006; Appleton, Lee, Sawicka-Kapusta, Damk, & Cooke, 2000; Kolak 

et al., 2011; Oprea, Szalanski, Gustova, Oprea, & Buzguta, 2013; Prodana, Meghea, 

Stanciu, Hristu, & Demetrescu, 2010). Teeth (dentin, enamel or whole teeth) thus offer 

some advantages as suitable bio-indicators of heavy metal exposures (Abdullah et al., 

2012; Alomary et al., 2006; Mohamed Amr & Helal, 2010; Arora et al., 2006; Arruda-

Neto et al., 2010; Barton, 2011; Gdula-Argasinska et al., 2004; Kamberi et al., 2012; 

Kantamneni, 2010; Kolak et al., 2011; Kumagai et al., 2012; Zhang et al., 2011). 

Teeth are readily accessible biopsy tissues and are physically stable for analysis. 

These biopsy tissues recently receive substantial attention for research in biological 

modeling, because of their easy extraction and very low rate of pollutant clearance 

relative to other organs (Kumagai et al., 2012). Consequently, a precise chronological 

record of exposure to a number of elements is retained in the hard calcified tissues of 

the teeth (Gdula-Argasinska et al., 2004). Furthermore, teeth of different ages of people 

can be easily accessed to compare the metal concentrations of multiple generations at 

one time (Kern & Mathiason, 2012). 
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Many studies have been devoted to analyze metal concentrations in whole teeth to 

make correlations between samples and environmental pollution by heavy metals 

(Adams, Romdalvik, Ramanujam, & Legator, 2007; Alomary et al., 2006; Amr, 2011; 

Mohamed  Amr & Helal, 2010; Appleton, Lee, Sawicka-Kapusta, Damk, & Cooke, 

2000; Arruda-Neto et al., 2009; Arruda-Neto et al., 2010; Báez, Belmont, García, & 

Hernández, 2004; Barton, 2011; Brown et al., 2004; Castro et al., 2010; Chew, Bradley, 

Amin, & Jamil, 2000; Karahalil, Aykanat, & Ertas, 2007; Kern & Mathiason, 2012; 

Tvinnereim, Eide, & Riise, 2000; Zhang et al., 2011). But data on the heavy metal 

concentration in tooth dentin is scarce. To increase knowledge of the spatial distribution 

of elements in each tissue of human teeth, (such as dentin, enamel, pulp and cementum) 

and their affinity for environmental pollution, it is important to study the elemental 

concentrations in the dentin and enamel separately. 

During the sixth week in utero, dental hard tissues, specifically enamel and dentin, 

begin to grow and then teeth in each mandible become the deciduous teeth that are later 

replaced by the permanent teeth (Kohn, Morris, & Olin, 2013; Webb et al., 2005). 

Dentin, richer in organic content than enamel is biologically more active than enamel. It 

is a typical composite material, containing inorganic hydroxyapatite crystals and 

organic collagen matrix proteins (Arnold & Gaengler, 2007; Webb et al., 2005). 

Odontoblasts, situated in the pulp adjacent to the dentin, continuously produce dentin 

throughout the whole lifespan of a tooth, until it’s shed (Arnold & Gaengler, 2007). 

Protoplasmic protuberances of odontoblasts persist after completion of dentin 

development and some metabolism is mediated through these growths. Dentin is not 

affected by the oral environment, since it is surrounded by enamel and cementum 

(Kumagai et al., 2012). There is no active metabolism of elements occurring after the 

completion of dental dentin (Kumagai et al., 2012). Tooth dentin can be a superior bio-
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indicator of recent health and mineral status; and of environmental pollution by heavy 

metal since it is deposited during the course of life (Brown et al., 2004). 

 

1.2 Motivation of this study 

Most of the human foodstuffs primarily come either from land (such as land 

produced agricultural crops) or from aquatic system (as for example, marine and fresh 

water fishes, crustacean, molluscs and so forth). In the terrestrial ecosystem, soil is the 

main reservoir for radioactivity contamination and the 238U, 232Th, their progenies and 

also 40K are the most common radionuclides in all land produced and aquatic food-

stuffs. Soil-to-plant-to-human body is the main pathway of internal radiation dose 

experienced by individuals (Asaduzzaman et al., 2015; Tsukada et al., 2002). Diet is the 

leading root of human exposure to radioactive elements which guides to internal 

radiation doses (Chen, Zhua, & Hu, 2005; Gaso, Segovia, Cervantes, Herrera, & Perez-

Silva, 2000; M.A Saeed et al., 2012). It is estimated that natural decay chain 

radionuclides (238U, 232Th, 235U) represent the most significant source of ionizing 

radiation to earth contributing about 83% of the total effective dose experienced by 

individuals whereas 16% is contributed by 40K, and the remaining 1% is due to the 

anthropogenic radionuclides (UNSCEAR, 2008a). Since a large fraction of at least one-

eighth of the average annual effective dose has been credited to human body via the 

consumption of food, assessment of radiation level in foodstuffs finds great significance 

in addressing the associated health concerns (Jibiri, Farai, & Alausa, 2007; UNSCEAR, 

2000). Consequently, it is important to study the spatial distribution of natural 

radioactivity and associated radiation exposures resulting from specific agrarian and 

marine food-stuffs. 

Among the foodstuffs, rice, fishes and vegetables (root, fruit and leafy) are the main 

staple food that are widely produced and consumed as the daily diet in humid tropical 
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and sub-tropical regions, Malaysia as an exemplar. In order to determine the 

radiological food safety and minimize the radiation health risk of population, different 

kinds of foods (which constitute the major food nutritive requirement and large 

percentage of total diet) that are produced and commonly consumed by the Malaysian 

communities were collected directly from the farm land (rice and vegetable) and marine 

fish landing jetties (fishes, Crustesian and molluscs) in several sites of Peninsular 

Malaysia (Malaysian map showing the sampling location can be seen in the appendix E) 

in natural background conditions. However, one of the former Tin (Sn) mining area is 

also included in the present study for the investigation of radioactivity levels and their 

transfers to root vegetables. In the course of the milling of the Tin-ore to extract Tin, 

other minerals such as monazite, zircon, columbite, ilmenite etc. are also produced and 

extensively disseminated into the surrounding environment whereby they can be 

localized, consequently levels of natural radioactivity is intensified significantly (Jibiri 

et al., 2007). The waste resulting from the mining activities can modify the level of 

natural radioactivity in the soil, and hence the levels in crop grown on such soil may 

also boost via root uptake mechanisms from soil-plant pathways (Jibiri, Alausa, & 

Farai, 2009). 

Seafood (e.g., fishes, crustaceans and molluscs) and their products can typically be 

one of the major sources of protein to populations in coastline regions all over the world 

as well as in Malaysia. It is noted that Malaysia is considered as one of the highest 

marine fish consumption country in the world, to extent that information on 

radionuclide balance in marine fish assumes greater importance (Alam & Mohamed, 

2011; Mayeen Uddin Khandaker et al., 2013). Straits of Malacca is the main fishing 

zone of Malaysia which is one of the most important shipping lanes in the world, 

transporting around one-third of the world’s targeted goods (Amin et al., 2013; 

Freeman, 2004; Khandaker et al., 2015a). About three million barrels of crude oil are 
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daily shipped via the Malacca Straits, subjecting the sensitive marine environment to the 

risk of accidental oil spillage; over the 10 years period 19811999, an average of 

twothree oil spill occurrences per year were recorded in these waters (Freeman, 2004).  

There is distinct possibility of enhanced levels of radio-contaminants from various 

sources including association of transportation, with increasing tanker traffic adding to 

the concern, offshore oil-gas exploration and exploitation and also the waste stream of 

urbanization may pose a substantial radiological threat to marine animals and ultimately 

humans following their consumption (Korkmaz Gorur et al., 2012). 

The above circumstances indicate that the radioactivity monitoring in agrarian and 

marine foodstuffs are essential to control and avoid unwanted radiation exposure to the 

general public. This is to assertion that food safety is not compromised and the 

committed doses caused by the consumption of foodstuffs remain within the safety 

limits recommended by national and various international authorities such as 

UNSCEAR, IAEA, ICRP, EC, NCRP, WHO etc. After the Chernobyl nuclear plant 

accident on April 1986 and recent Fukushima Daiichi, Japan nuclear power plant 

accident on 11 March 2011, Nuclear Malaysia in collaboration with Ministry of Health 

had performed radiological food monitoring program to verify the levels of radioactivity 

of artificial radionuclides 134Cs, 137Cs and 131I in imported foods through all of the 

points in Malaysia to ensure the public safety (Jaffary et al., 2011). This food 

monitoring program reported that imported food products do not show any traces of the 

said artificial radionuclides. Locally produced food monitoring measures for natural 

radioactivity are yet to be implemented in Malaysia (Yusof, Wo, & Ishak, 2011).  The 

safety of food is one of the vital matters which always receive the civic attention. For 

the enhancement and facilitate human economic and social development, safe and 

nutritious food supply is of prime importance. 
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As far as our concern, no comprehensive data of natural radioactivity in soil, their 

transfers to foodstuffs, and radiological hazard parameters upon the consumption of 

staple foodstuffs are exist in the studied region. However, some efforts have been 

discretely made to study the radioactivity in marine animals in the Straits of Malacca. 

But, information on bioaccumulation and distribution of natural radioactivity in marine 

life within the available literature is still lacking. This data scarcity motivate us to 

investigate the levels of natural radioactivity (226Ra (238U), 228Ra (232Th) and 40K) in the 

staple foodstuffs such as rice, vegetables and marine fishes which constitute the major 

dietary fraction of Malaysian people. The obtained data were used for a preliminary 

estimate of intake doses of radionuclides for Malaysian populace, and the associated 

health risks. The present study would therefore make a valuable contribution to the 

establishment of a standard database of the natural radioactivity in foodstuff sources in 

the country with a view to launch a radionuclide monitoring program through food 

chain. It can also be serve as a reference for the assessment of radiological impact 

through food consumption by the inhabitants of Malaysia and bordering regions. The 

outcomes of this work in turn can be treated as benchmark data to evaluate transfer 

factor into the food chain. The data generated herein can be used as baseline by the 

legislative bodies to setup and/or periodic evaluation and amendment of the existing 

guideline for the radiological protection of the population. 

Similar to natural radioactivity, a further concern is the heavy metal pollutants 

through the ingestion of foods leading to potential health risks. Vegetables and marine 

fishes are the common foods in human diet in the tropic including Malaysia. Food 

constitutes the major source of ingestion of heavy metals in humans (Matos-Reyes, 

Cervera, Campos, & de la Guardia, 2010; Millour et al., 2012). A small amount of 

toxic/heavy metals are naturally originated in the terrestrial and aquatic environment, 

and trace amounts of them are always present in foodstuffs, but their levels can be high 
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in foodstuffs grown in contaminated soil/areas and/or polluted aquatic environment. 

Human food contaminated with toxic metal becomes a matter of worldwide concern 

because of their non-biodegradability and long term persistence; contaminated food is 

capable of transfer heavy metal into human body by the way of ingestion and potentially 

cause serious health risks, for instance stomach ache, renal dysfunction, pulmonary 

emphysema, cardiovascular and neurological destruction, bone disease, mutagenic 

effect, central nervous system, kidneys, lungs, liver etc, impairment (Asaduzzaman et 

al., 2015; Keshavarzi et al., 2015). 

Heavy metals are natural trace elements in the aquatic media, however their 

concentrations have augmented owing to various industrial, agricultural and mining 

activities. As such, heavy metal analysis in human foodstuffs receives great attention in 

addressing the concomitant health concerns. Human foodstuffs can be contaminated by 

heavy metals via the introduction of mechanized farming, cumulative use of chemicals, 

such as various fertilizer, pesticides, herbicides, preservatives, processing and 

packaging of food (Matos-Reyes et al., 2010). Thus, the knowledge of heavy metal 

concentrations in both the terrestrial and marine foodstuffs can provide necessary 

information on the impact of the use of chemical products in crops and on levels of 

environmental contamination in agricultural lands. Data of heavy metal via food 

composition are essential to both consumers and health professionals and for food 

labelling legislation. Dietary ingestions of heavy metals that are of great global concern 

for the health of general public, need to be checked on a regular basis and current data 

on dietary intakes of metals should be updated frequently and publicly. 

Food safety in light of heavy metal is one of the important matters that always find 

the public concern. Supply of safe and nutritious foods is the human rights for the 

improvement and expedite socio-economic development. As far as author’s interests are 
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concerned, no representative data exist for the toxic/heavy metals in vegetables grown 

in the studied region. However, some effort has been discretely made to study some 

heavy metals in marine animals in the Straits of Malacca. Information on 

bioaccumulation and distribution of heavy metals in marine organisms within the 

available literature is scarce. This data scarcity motivate us to investigate the heavy 

metal pollutants (e.g., Pb, Cd, Hg, As, Cr, Mn, Al, Sb, Ba, Sr, Sn, Zn, Cu, Bi, Fe and 

Mg,) in the staples foods such as vegetables and marine fishes which constitute a major 

dietary fraction of Malaysian population. This study can make a significant input to 

create a standard database of the said heavy metals in foodstuff sources in the country 

with a view to promote a heavy metals monitoring program through food chain. It can 

also be serve as a reference for the evaluation of heavy metal threat through food 

consumption by the inhabitants of Malaysia. The results of this effort can be treated as 

benchmark data to assess the daily intake of metals for food consumption. The data 

generated herein can be used as baseline by the legislative bodies to setup and/or 

periodic evaluation and amendment of the existing guideline for the toxicological 

protection of the population. 

In addition, bio-monitoring of heavy metal exposures to human is a sign of an 

individual’s body burden, which is a function of recent and/or past record of exposure 

from environment (Kantamneni, 2010). Thus, the right choice and development of 

suitable biomarkers of heavy metals (e.g., Pb, Cd, Hg etc.) exposure is of crucial 

importance for the action of primary prevention, health care management purpose and 

decision making in public health sector (Arora et al., 2006; Barbosa et al., 2005). 

Recently, there has been a growing curiosity among the researchers on the use of 

human bio-indicators such as blood, urine, bone, teeth, nails from finger and toes, hair 

and saliva to investigate the environmental pollution by means of toxic heavy metals 
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(Abdullah et al., 2012; Arruda-Neto et al., 2010; Kantamneni, 2010). However, due to 

short half-life (blood), impure sample (hair, saliva and fingernails) and not readily 

available for sampling (bone), these samples are not ideal as bio-indicators of 

chronological exposure and body burden of heavy metal (Arruda-Neto et al., 2010; 

Jones, 2014; Kern & Mathiason, 2012; Kumagai et al., 2012). For this reason, there 

exists a demand to develop alternative biological indicators to evaluate the level of 

exposure and better understand the health effects of environmental toxic metal 

exposure. 

Literature revealed that teeth are superior to blood, nail, saliva, or hair as an indicator 

of chronological metal exposure from environment because the losses from teeth are 

much slower as there is no significant turnover of apatite in teeth, as in other biological 

indicators, therefore, teeth are to be the greatest convenient biological markers of 

exposure to environmental pollution (M. M. Abdullah et al., 2012; Alomary et al., 2006; 

Kumagai et al., 2012). 

Many studies have been devoted to analyze the metal concentrations in whole teeth 

to make correlation between samples and environmental pollution by heavy metals. 

Individually, the data on the heavy metals concentration of tooth dentin and enamel is 

scarce. To increase the existing knowledge of spatial distribution of elements in each 

tissue of human teeth (such as dentin, enamel, pulp and cementum) and their influences 

by environmental pollution, it is important to study the elemental concentrations 

separately. More depth information may be gained on teeth as bio-marker of 

environmental pollution by investigating the dentin and enamel compartment 

independently. 
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1.3 Objectives of this study 

This research work has been carried out to meetup the following objectives:   

1. To investigate the levels of radiologically important natural radionuclides 

((226Ra (238U), 232Th (228Ra) and 40K)) in the staple foodstuffs produce in natural 

terrestrial (such as rice and vegetables) and marine (e.g., fishes) ecosystems, and 

estimate the levels of human exposures (e.g., daily and/or annual intake of 

radionuclides, annual effective dose etc.) from the consumption of these foods 

and lifetime cancer risk.  

2. To evaluate the soil-to-plant (vegetation) transfer factor (migration or uptake) of 

these radionuclides. 

3. To evaluate the heavy metal pollutants scenario in staple foodstuffs. 

4. To investigate the heavy metal levels in human tooth dentin. Goals are to 

understand environmental pollution by heavy metals, to evaluate the correlation 

with a number of parameters; including the ethnicity of the tooth donor, age, sex, 

tooth condition and tooth type. 

1.4 Account of research progress 

After making a general introduction in Chapter 1, the rest of this thesis is designed in 

the following ways: Chapter 2 reviews and discusses the existing literature on the levels 

of NORMs and heavy metals in foodstuffs, and heavy metal pollutants in human teeth 

in relation to environmental pollution; Chapter 3 compiles the publications and the 

findings of this study. The objectives of this thesis and the findings of each published 

paper is linked and briefly described as follows: 

Publication 1 is based on the study of natural radioactivity (226Ra, 232Th and 40K) 

levels in rice which constitute the essential and main part of the daily diet of Malaysian 

populace. The rice and their associated soil samples were collected from the major rice 
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growing areas of Malaysia. Soil-to-rice transfer factor of radionuclides, and levels of 

human exposure such as daily intake of radionuclides, annual effective dose and 

lifetime cancer risk from the consumption of the rice has been evaluated. 

Publication 2 is the comprehensive study of natural radioactivity (226Ra, 232Th and 

40K) levels in vegetables which also form the essential and main part of the Malaysian 

daily diet. The vegetables and their associated soil samples were collected from the 

various vegetable growing regions of Malaysia. Soil-to-vegetable transfer factor of 

radionuclides, and various radiological hazard indicators such as daily intake of 

radionuclides, committed effective dose and lifetime cancer risk due to the consumption 

of different types of vegetables have been assessed. 

Publication 3 is based on the study of natural radioactivity (226Ra, 232Th and 40K) 

levels in root vegetables which supply the food starch that the important part of the 

Malaysian daily diet. The root vegetables (tapioca and sweet potato) and their 

associated soil samples were collected from the various tapioca and sweet potato 

growing areas including a former tin (Sn) mining area of Malaysia. Soil-to-tapioca and 

soil-to-sweet potato transfer factor of radionuclides, daily intake of radionuclides, 

annual committed effective dose due to the consumption of these root vegetables have 

been appraised. 

Publication 4 is the comprehensive study of natural radioactivity (226Ra, 228Ra and 

40K) and heavy metal (Pb, Hg, Cd, As, Cr, Ni, Mn, Cu, Rb, Sb, Sr, Al, Fe, Ba, Bi, Zn 

and Mg) levels in vegetables (practically all categories of vegetable such as root, fruit 

and leafy vegetables) that are produced and commonly consumed by the Kuala Selangor 

communities of Malaysia. Various radiological hazard indicators such as annual intake 

of radionuclides, committed effective dose and lifetime cancer risk due to the 



 

30 

consumption of different types of vegetables have been evaluated. The concentration 

and daily intake of heavy metals in these vegetables have also been assessed. 

Publication 5 is based on the study of natural radioactivity (226Ra, 232Th and 40K) 

and heavy metal (Pb, Hg, Cr, Cd, As, Mn, Cu, Rb, Se, Sr, Al, Co, Fe, Ba, Bi, Zn and 

Mg) levels in marine fish which also constitute the essential and main part of the 

Malaysian daily diet. The marine Fish (Rastrelliger kanagurta) were collected from 

different fish landing jetties of Straits of Malacca, Malaysia. Various radiological 

hazard indicators such as daily intake of radionuclides, committed effective dose and 

lifetime cancer risk due to the consumption of this popular and hugely caught fish 

species have been assessed. The concentration and daily intake of heavy metals in this 

marine fish species have also been evaluated. 

Publication 6 is based on the study of natural radioactivity (226Ra, 228Ra and 40K) 

levels in marine animals such as fishes, crustaceans and molluscs which also constitute 

the essential and main part of the Malaysian daily diet. The marine animal samples were 

collected from different fish landing jetties of East and West coast of Peninsular 

Malaysia. Radiological hazard indicators such as daily intake of radionuclides and 

committed effective dose to the consumption of these marine animal species have been 

evaluated.  

Publication 7 deals with the study of heavy metal levels in human teeth used as a 

bio-indicator of metal exposure to environmental pollution. The teeth samples were 

collected from heavily polluted Klang valley, Malaysia to evaluate the presence and 

levels of heavy metal in human teeth in relation to environmental pollution, and to 

evaluate the correlation with a number of parameters including the ethnicity of the tooth 

donor, age, sex, tooth condition and tooth type. 
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Finally Chapter 4 ends this research with a brief conclusions from the present study 

and suggestions for future work. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

The discovery of X-ray by German Mechanical Engineer and Physicist Wilhelm 

Conrad Roentgen in 1895 and after the discovery of radioactivity in 1896 by French 

Physicist Antoine Henri Becquerel, the science of the radioactivity has been widely 

studied and established the basic phenomenon of radioactivity (Allisy, 1996). 

Radionuclides that emit nuclear radiations are the sources of radioactivity. In the 

following decades, intensive investigations carried out by Marie and Pierre Curie, 

Rutherford and many other Scientists discovered that these emissions are ionizing 

radiation, comprises positively and negatively charged and neutral particles, first 

categorized by Ernest Rutherford (according to their penetrating and ionizing 

competences) as alpha particles, beta particles and gamma rays (Lilley, 2001, 

Rutherford, 1911). 

While by definition natural levels of radioactivity and heavy metals are ubiquitous in 

nature, their presence in the environment can be enhanced through anthropomorphic 

activity, including agricultural inputs (e.g. use of fertilizers, fungicides, insecticides and 

herbicides), rapid urbanization, industrial activity such as coal-, oil- and gas-exploration 

and exploitation and radioactive wastes and industrial effluents disposal (Awudu et al., 

2012; Santos et al., 2002; Korkmaz Gorur et al., 2012; Santos et al., 2004). Food is the 

major source of ingestion of radioactivity and heavy metals in humans. The presence of 

radioactivity and heavy metals in vegetation can be enhanced by such activities, posing 

an additional loading with consequences for human health. 

This chapter deals with the reviews of the early literature on the subject of 

radioactivity (e.g., basic concept of radioactivity and radioactive decays together with 

radioactive equilibrium, nuclear decay processes, gamma-rays interaction with matters 
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etc.). The biological effect of low dose radiation are briefly discussed. Environmental 

sources of radioactivity and its detection techniques are also focussed. Moreover, 

reviews on environmental sources of heavy metal and its impact on human health are 

highlighted. Finally, the recent literature on natural radioactivity in rice, vegetables and 

marine animals (e.g., fish, crustacean and molluscs) and heavy metal pollutants in 

vegetables and marine fishes are reviewed. Emphasis has also been placed on the 

literature review on heavy metal in human/animal teeth- a bio-monitor of environmental 

pollution by heavy metal. 

2.2 Radioactivity and radioactive decay 

Radioactivity is a statistical progress defining the spontaneous transformation of 

unstable atomic nuclei (parent nuclei) into a relatively more stable nuclei (formation of 

daughter nuclei) without any influence of chemical and physical state (Lilley, 2001; 

L’Annunziata, 2007; Choppin, Liljenzin, & Rydberg, 2002). If the progenies of parent 

nuclei are also unstable, the process of decay will continue until a progeny nucleus 

attain its stable state (Lilley, 2001). During the decay process, the energy of 

transformation may be released by the way of the emission of nuclear particles and/or in 

the form of electromagnetic radiations (Gilmore, 2008; L’Annunziata, 2007). 

The intensity or strength of radioactivity is termed as activity and the activity of a 

radioactive substance is defined as the rate of nuclei number decaying (i.e., the number 

of disintegration per unit time) (Knoll, 2000; L’Annunziata, 2007). The radioactive 

disintegration rate is a first order process and depend on the radioactive atoms present in 

particular radionuclide in the source. The decay rare of radioactive material decreased 

exponentially with time. The rate of radioactive decay is related to activity and is 

directly proportional to the number of atoms of radionuclide present in the radioactive 
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source, which can be stated by the fundamental law of radioactive decay (Gilmore, 

2008; Knoll, 2000):  

𝐴 = −
𝑑𝑁

𝑑𝑡
= 𝑁                                                         (2.1) 

where, A is the activity of radioactive source is equal to the number, dN of radioactive 

nuclei that disintegrate in a time, dt, which is proportional to the original number of 

radioactive nuclei, N present at time, t and  is the decay or disintegration constant 

which defines the probability per unit time for the decay of a nucleus (Gilmore, 2008; 

Knoll, 2000). 

The exponential law of radioactive decay can be found by integrating the differential 

equation (2.1); i.e. (Gilmore, 2008),  

𝑁𝑡 = 𝑁0𝑒−𝑡                                                               (2.2) 

where N0 represent the original number of nuclei present at time t = 0 and Nt is the 

number of nuclei present at later time t.   

The activity, At is the decay rate which occurs in a given source and can be achieved 

by differentiating equation (2.2) and taking into account equation (2.1) (Gilmore, 2008): 

𝐴𝑡 = 𝐴0𝑒−𝑡                                                                (2.3) 

where A0 and At are the initial and present activities of a radioactive substance at time t 

= 0 and later time t, respectively. 

 

The original (historical) unit of activity is curie (Ci), which is numerically equal to 

3.7×1010 disintegration per second, which is based on the estimation of the activity of 
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one gram of pure 226Ra (Cember & Johnson, 2009; Curie et al., 1931; Knoll, 2000). 

Later, the Becquerel (Bq) has become the standard unit of activity, which is defined as 

one disintegration per second (dps) (Knoll, 2000; Lilley, 2001). Therefore, 1 Ci = 

3.7×1010 dps = 3.7×1010 Bq (Cember & Johnson, 2009; Gilmore, 2008; L’Annunziata, 

2007).  

Even though the activity of a given sample is used as a measure of the quantity of 

radioactivity present, it does not bear any information on the volume or mass of the 

sample/material in which the radioactive decay is occurred. In practice, it is more useful 

to use the term ‘specific activity’ which is defined as the activity per unit mass (W) of 

the radioactive sample, i.e.,  

𝐴𝑠 =
𝐴

𝑊
= 

𝑁

𝑊
                                                         (2.4) 

It is measured in Bq/kg). 

2.2.1 Types of radioactive decay 

Radioactive nuclei are usually unstable and has a tendency to reach more stable state 

by discharging energetic particles. Although various modes of radioactive decay exists, 

principally, the most common types are the alpha (), beta () and gamma () decays 

whereby radioactive nuclei can transform to create other nuclei (Krane, 1988; Lilley, 

2001; Tipler & Llewellyn, 2007). These nuclear transformation processes are usually 

statistical in nature. These emitted particles can undesirably affect the cells of the body 

thereby causing in death or unrestrained multiplication of cells in the human body. 

2.2.1.1 Alpha () decays   

Decay by the alpha particles occurs naturally in heavy nuclei in the radioactive decay 

chains, which involves the emission of an electron that is positively charged and 
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transform the mass number of the nucleus while decaying (Gilmore, 2008; Krane, 1988; 

L’Annunziata, 2007). Alpha-particles are in nucleus of helium-4 isotope composed of 

two proton and two neutrons and has a very low penetrating power, which cannot 

penetrate the dead layers of human skin (Gilmore, 2008; Cember & Johnson, 2009; 

Knoll, 2000). Because of their large mass and electric charge, this particles cannot travel 

very far away in the environment. The heavy unstable nucleus, both the naturally 

occurring radionuclides of which atomic number is greater than 82 and anthropogenic 

produced nuclides of which atomic number is bigger than 92 emit alpha-particle as a 

decay product (Lilley, 2001). The emission of alpha-particle from the initial nuclei leads 

to the decrease in both the mass and charge on the final nuclei can be represented in the 

following decay process. 

𝑋𝑁 → 𝑌𝑁−2 + 𝛼𝑍−2
𝐴−4                                                    (2.5)𝑍

𝐴  

where A and Z represent the mass and atomic number of the nuclear species, 

respectively, X is the parent decaying nucleus and Y is the final recoil (final) nucleus 

(Das & Ferbel, 2003; Knoll, 2000).  Alpha radioactivity is usually a stream of positively 

charged particles with very high ionization and low penetration range. Generally, the 

energy ranges of -particles emitted from the radioactive decay are between 1 and 10.5 

MeV (L’Annunziata, 2007). 

2.2.1.2 Beta () decays 

Beta () particle is an electronically charged particle originates from the neutron-rich 

or proton-rich unstable nuclei (Lilley, 2001). There are three decay processes by which 

a nuclei may undergo radioactive beta () decay: positron emission, referred as beta 

plus decay (+ decay); electron emission, termed as beta minus decay ( decay) and 

electron capture (Harvey, 1969; Lilley, 2001).  In this decay process, the atomic number 
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and the neutron number of a nucleus change by one unit, however the atomic mass 

number remains the same (Krane, 1988).   

Negative beta decay ( decay) occur when the daughter nucleus is energetically 

more stable than the parent nucleus, where a neutron directly transforms to a proton, 

electron and anti-neutrino (Lilley, 2001). The proton that formed in this process remains 

in the nucleus and the electron is ejected as a  particle. The following expression 

represents an example of  decay process (Krane, 1988): 

𝑃𝑏128 → 𝐵𝑖127 + 𝑒− (𝛽−) + 𝑣83
210                      (2.6)82

210  

While, the positive beta (+) decay occurs if the ratio of protons to neutrons of a 

radioactive nucleus is greater than the most stable isobar in the particular isobaric chain 

(Cember & Johnson, 2009; L’Annunziata, 2007). In process of +, the weak nuclear 

force converts a proton into a neutron with the release of + particle and a neutrino. 

This kind of emission occurs only if the transformation energy is bigger than 1.02 MeV.  

The following expression represents an example of + decay process (Krane, 1988): 

𝐴𝑙12 → 𝑀𝑔13 + 𝑒+ (𝛽+) + 𝑣12
25                               (2.7)13

25   

 Conversely, electron capture (EC) is an alternative process of positron decay (+), 

which occurs when the energy of transformation is insufficient to form an electron pair 

(Cember & Johnson, 2009; L’Annunziata, 2007). In this process, an atomic electron 

whose orbits is close to the nucleus is captured by a proton-rich unstable nucleus (Das 

& Ferbel, 2003; Gilmore, 2008; Lilley, 2001). The electron combines with a proton and 

produce a neutron with the emission of a neutrino of fixed energy. In the process of 

electron capture (EC), the mass of an electron is transformed into energy. An example 

of EC process is as follows: 
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𝐵𝑖125 → 𝑃𝑏126 + 𝑣82
208                                                     (2.8)83

208  

-particle is much lighter than -particle which means that for a given energy, -

particle is more penetrating than -particle. Beta radiation is usually composed of a 

stream of electrons with a continuous energy sweep associated with the -particles 

(L’Annunziata, 2007; Lilley, 2001). The level of highest energy of -particle is a 

function of particular radionuclide. 

2.2.1.3 Gamma () decays 

Gamma radiation is a form of electromagnetic radiation which has no mass and 

electric charge and originate from the nucleus of a radioactive nuclei (Gilmore, 2008; 

L’Annunziata, 2007). Unlike alpha and beta particles, gamma radiation is a process by 

which some radionuclides release their energy in the form of electromagnetic radiation 

and which travels at the speed of light. The origin of gamma radiations can be correlated 

with decays from nuclear excited states that may have been populated to subsequent 

alpha and beta decay processes (Krane, 1988). The excited nuclei may release some of 

their energy through a transition to lesser and more stable energy state by way of 

gamma radiation (Krane, 1988). As for example, 222Ra is produced when the natural 

radionuclide 226Ra undergoes alpha decay, which is accompanied by a gamma decay 

with an energy of 186.21 keV. Characteristically, the energies of gamma rays cover a 

range from 0.1 to 10 MeV (Krane, 1988; Lilley, 2001). 

2.3 Radioactive equilibrium 

The term radioactive equilibrium is generally used to elucidate the state when the 

members of the radioactive series decay at the same rate as they are produced (Prince, 

1979). There are three predominant limiting situations concerning the term equilibrium, 
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these are, secular equilibrium, transient equilibrium and the state of no equilibrium 

(L’Annunziata, 2007). 

2.3.1 Secular equilibrium 

Secular equilibrium is the most common case of radioactive equilibrium, is a steady-

state condition in which the half-life of the parent nuclide is infinitely longer than that 

of its progeny nuclide (Cember & Johnson, 2009; Krane, 1988). Under secular 

equilibrium condition, the parent nuclide undergoes a very slow rate of decay with no 

noticeable change its activity for the period of several half-lives of its decay products, 

whereas its progenies grow-in and continue to decay. Once the secular equilibrium is 

established, the activity of the progenies becomes equal to that of its parent with time 

(Cember & Johnson, 2009; L’Annunziata, 2007). The progeny nuclide can reach their 

parent activity in a closed system if the system elapsed for a sufficiently longer period 

than the daughter half-life. For example, assuming secular equilibrium, the activity 

concentrations of the several daughter radionuclides that attend the parent can be 

estimated for natural radionuclide of 238U with its first 6 daughters to 226Ra (Denagbe, 

2000).  Generally, secular equilibrium is put in practice in the indirect measurement of 

activity of parent radionuclide via its daughter using gamma-ray spectrometry in which 

the activity of any of the daughters is a representative activity of the parent. To achieve 

secular equilibrium of 238U and 232Th series with their daughters and to measure the 

radioactivity of unknown samples, the samples must be sealed in a container for a 

length of period to prevent their escape prior to gamma-ray spectrometric analysis.  

2.3.2 Transient equilibrium 

Transient equilibrium occurs when the half-life of the parent nuclide is not 

significantly longer or nearly the same as the daughter (Cember & Johnson, 2009; 

Choppin et al., 2002; L’Annunziata, 2007). When the transient equilibrium exists, the 
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ratio of the number of radionuclide tends to constant value and the rate of decay of the 

parent and progeny radionuclides will the same which is the main characteristic of the 

transient equilibrium (Cember & Johnson, 2009; Harvey, 1969; L’Annunziata, 2007). 

The decay of 212Pb with half-life 10.64 hours to 212Bi with half-life 60.55 minutes is an 

example of transient equilibrium. The establishment of transient equilibrium between 

the parent and its daughter radionuclides depends on the degrees of their half-lives, i.e., 

the smaller the half-life of the daughter compared to the parent, the faster the state of 

transient equilibrium will be attained (Cember & Johnson, 2009).       

2.3.3 No equilibrium 

In the situation where the half-life of the daughter products are much longer than that 

of its parent nuclide, the parent decays relatively quickly leaving behind the daughter 

and hence the state of equilibrium will not be reached (Cember & Johnson, 2009; 

Gilmore, 2008; Krane, 1988). In these conditions, the product activity growths to a 

maximum and decays with its own characteristic half-life and equilibrium does not exist 

(Cember & Johnson, 2009; Choppin et al., 2002). The decay of 218Po with half-life 3.1 

minutes to 214Pb with half-life 26.8 minutes is an example of the state of no equilibrium. 

2.3.4 Radioactive disequilibrium 

Radioactive disequilibrium occur if the daughter radionuclides in a decay chain 

partially or totally separated from the series system (IAEA, 2003). Disequilibrium occur 

mainly due to some geological processes, such as erosion and leaching which are 

common in uranium (U) decay chains and takes place at different points within the 

decay chains/series (because U-decay chains are composed of different elements) 

(Condomines, Jean-Claude, & Vale´rie, 1995). Radioactive disequilibrium in the U-

decay series affects the state of the activity concentration and therefore appear as a 

source of error in the gamma-ray spectrum.  
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2.4 Interaction of radiation (basically gamma-rays) with matter 

 Principally, radiation is a stream of elementary particles and quanta of energy. Their 

energy of radiation and physical characteristics governs their categorization and 

interaction with matter (Gilmore, 2008). When a beam of radiation passes through the 

tissue or other absorbing medium, the beam can be transmitted to or scattered from the 

media; whereas in some situations, the photon energy is imparted to the medium that 

either ionizes or excites the medium.  The instrumental detection of any radiation or 

particle depends on the production of the secondary charged particles which can be 

collected to produce an electrical signal. The charged particles alpha and beta can 

produce a signal within the detector by ionization and excitation of the detector material 

directly, while the gamma photons are uncharged and thus cannot do this (Gilmore, 

2008; Knoll, 2000). Whereas, the detection of gamma-ray depends on other types of 

interaction which transform the gamma ray energy to electrons within the detector 

material (Gilmore, 2008). The excited electrons have charge and lose their energy by 

excitation and ionization of atoms of the detector media, giving rise to several electron-

hole pairs and produce electrical signal.  

Although the interaction of gamma-ray photons in the matter can occur by several 

distinct mechanisms, only three mechanisms play the most important roles in the 

radiation measurement (Debertin & Helmer, 1988; Knoll, 2000). These mechanisms 

are: (i) photoelectric interactions or effect or absorption which occur at low photon 

energies, (ii) compton scattering which is leading in mid-energy range and (iii) pair 

production, visible at high energy, all contribute to the experimental response in 

gamma-ray spectrometry (Gilmore, 2008; Knoll, 2000). In each of these cases, gamma-

rays transfer their energy either partially or completely to the electrons of the detection 

medium (Gilmore, 2008). 
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2.4.1 Photoelectric effect   

Photoelectric absorption occurs by the interaction of gamma-ray photon with a bound 

electron in an atom of the absorber material in which the photon is completely absorbed 

and an energetic electron termed as photoelectron is ejected from its shell with the 

kinetic energy, Ec, expressed as (Gilmore, 2008; Knoll, 2000): 

𝐸𝑐 = ℎ𝑣 − 𝐸𝑏                                                              (2.9) 

 

Photoelectric interaction is only possible if the incoming photon energy (hv) of the 

gamma-ray exceeds the ionization (binding) energy (Eb) of the ejected electron. The 

binding energy of these electron varied from a few keV (for material with lower atomic 

number) to tens of keV for the materials which have higher atomic number (Knoll, 

2000). This interaction also creates an ionized absorber atom with the vacancy in the 

bound electron shells causing in an excited state. Then the excited free electron can be 

captured by the medium or a de-excitation occur by the rearrangement of electrons from 

the outer shells to fill in a vacancy leading to the production of characteristic X-ray 

photons. Photoelectric process is dominant at low energy state, however less significant 

at greater energies.  

2.4.2 Compton scattering 

In the Compton scattering mechanisms, the incident gamma-ray photon directly 

collides with weakly bound electron in the absorbing medium and a portion of its 

energy is transferred to the recoil electron (Knoll, 2000). The gamma-ray photon is then 

deflected or scattered through an angle  relative to its original direction.  

The energy, h of the scattered gamma ray photon is a function of its scattering 

angle  and can be expressed as (Das & Ferbel, 2003; L’Annunziata, 2007): 



 

43 

ℎ�́� =
ℎ𝑣

1 + (
ℎ𝑣

𝑚0𝑐2) (1 − 𝑐𝑜𝑠𝜃)
                              (2.10) 

where moc
2 is the rest mass energy of the ejected electron is equal to 511 keV.   

The probability of Compton scattering strongly depends on the number of electron 

per nit mass of the interacting medium and thus increases linearly with atomic number 

of the medium. This scattering is the leading interaction process for gamma ray energies 

ranging from 0.1 MeV to 10 MeV. At greater energies, another interaction mechanism 

called pair production is more significant. 

2.4.3 Pair production 

Pair production process occurs close to the nuclei of the absorbing medium, because 

this point possesses high electric field. The pair production process is energetically 

possible if the incident gamma-ray energy exceeds twice the rest mass energy of an 

electron (i.e., 2moc
2  1.022 MeV) (Knoll, 2000). This type of interaction occurs mainly 

within the nuclear Coulomb field of a nucleus in which the high energy gamma ray 

photon is absorbed into the vacuum and is transformed into an electron-positron pair.  

Since a gamma photon energy of 2 moc
2 (1.022 MeV) is essential for the formation 

of electron-positron pair, thus any excess energy (beyond 1.022 MeV) carried by the 

gamma ray photon is imparted to and shared by the electron-positron pair as kinetic 

energy, which can be expressed by (Turner, 2007)  

  𝐸𝑒− + 𝐸𝑒+ = ℎ𝑣 − 2𝑚0𝑐2                                      (2.11) 

The probability of pair production process depends on the gamma ray energy beyond 

threshold (1.o22 MeV) and becomes the significant interaction process for gamma 

energies greater than 10 MeV (Das & Ferbel, 2003).   
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2.5 Biological effects of radiation 

When radionuclides are entered into the human body by any means (ingestion and 

inhalation), some of them may be cleared by the body relatively quickly, even their 

physical half-life has elapsed and rest of them remain in the body. The alpha and beta 

emitters radionuclide transfer their huge amounts of energy to the body organs/tissues 

for the rest of individual’s span of life, causing potentially direct damage to the DNA in 

the human cell (ICRP, 2002). If the human body is exposed by any types of radiation, 

either from internal (ingestion or inhalation) or external (gamma radiation) or both 

sources, ionization and excitation of atoms and molecules in the living cell can be 

occurred. Therefore, the interaction of radiation with biological tissues can cause in the 

damage and death of the living cells and/or mutation of the genetic material (1997; 

Lilley, 2001; Noz & Maguire, 2007; UNSCEAR, 2000). The amount of ionization and 

the energy absorbed by the specific cells related to biological efficacy which can be 

measured in terms of radiation dosimetry.   

The biological effect of ionizing radiation begin if the living cell molecules interact 

with radiation energy via exposure and/or deposition. When a massive radiation dose 

(>20 Gy) is delivered in shorter period of time, the symptoms of acute radiation damage 

will be predicted in the first few hours and/or days. Conversely, when the delivered dose 

is considerably smaller and recurrent over lengthier periods of time prolonging to 

several years, the biological effect of this low dose exposure may not manifest for 

several decades (Eisenbud & Gesell, 1997). 

 Biological effects from exposure to ionizing radiation on living cells can take place 

either by direct or indirect actions. Direct actions occur if the radiation causes excitation 

in the same molecule of the cell, in which the initial radiation is deposited and 

engrossed. Whereas, indirect actions/effects take place if the ionizing radiation is 
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absorbed in the water molecules of the human cell/body and generates short lived 

chemically reactive products that can react with other molecules in the body (Henriksen 

& Maillie, 2003). Thus, if the human body/organism is irradiated by ionizing radiation, 

the chemically reactive products can be formed either directly by ionization and produce 

hydrated electron (e) or due to excitation of water molecules that quickly lose their 

energy by cleaving the bond and produce a hydroxyl radical (OH) and a hydrogen atom 

(H+) that are often called free radicals which are highly toxic, being the cause behind 

several biological effects in human body (Cember & Johnson, 2009).           

These chemically highly reactive products act as a radiation product within the body 

or body cells and can directly react with biomolecules, i.e., DNA (deoxyribonucleic 

acid) and causing critical damage to the chemical structure of DNA, consequently, lead 

to potential for development to cancer (Comatic mutation) or genetic mutation 

(hereditary disease) (Cember & Johnson, 2009; Henriksen & Maillie, 2003; 

UNSCEAR; 2000). In reality, when the damage of DNA is misrepaired and carry on to 

divides into new mutated cells, a cancerous polyp may developed as direct result of 

exposure to ionizing radiation.   

2.6 Environmental sources of radioactivity/radioactivity in nature  

The world is naturally radioactive since its creation due to naturally occurring 

radioactive materials (NORMs) in its environment, thus life on earth has settled under 

the ubiquitous presence of environmental radiation to which all living beings are 

continuously exposed (Ahmad, Jaafar, Bakhash, & Rahim, 2015; Eisenbud & Gesell, 

1997). Natural radioactivity is widely distributed in the environment and can be found 

in various environmental media, for instance, soil, rock, plants and foods, air, water and 

building materials in different quantities (Abojassim, Al-Gazaly, & Kadhim, 2014; 

Kant, Gupta, Kumari, Gupta, & Garg, 2015). Several types of biochemical mechanisms 
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and actions of some entities transfer these radionuclides from their distinct geologic 

medium into the biosphere in which they get bio-accumulated in the chain of food, and 

serve as a major exposure route to human beings. 

Human beings are continually exposed to the environmental radioactivity that can be 

categorized into two main sources: namely, natural and anthropogenic (man-made) 

sources. Natural sources of radioactivity mostly arise from the terrestrial radionuclides 

having long half-lives relative to earths and are extensively distributed in the earth’s 

crust and extra-terrestrial sources arise from the bombardment of cosmic rays (Lilley, 

2001; NCRP, 1975; UNSCEAR, 2000). Along with the natural sources, human 

activities concerned with the utilization of radiation and radioactive materials (e.g., 

industrial purposes and medical applications) from which radionuclides may release into 

the environment and enhance the radioactivity in nature (Eisenbud & Gesell, 1997; 

UNSCEAR, 2010).          

2.6.1 Natural sources of radioactivity 

According to their origin, natural radionuclides can be classified into two types, the 

terrestrial and cosmogenic. Since some of the terrestrial radionuclides have very long 

half-lives (hundred million years or more), large fraction of these radionuclides are still 

exists on earth today. These radionuclides are common in soil, rocks, food and water, 

ocean etc (UNSCEAR, 2010). Terrestrial radionuclides are again sub-divided into two 

categories, namely, primordial (non-series) and decay chains (series) radionuclides 

(Eisenbud & Gesell, 1997; UNSCEAR, 2010).     

2.6.1.1 Primordial radionuclides 

Several single (non-series) primordial radionuclides have been identified that occurs 

naturally and decays directly to stable nuclides. Most of them are radioactive isotopes 

with very long half-lives (10101015 years) comparable to the age of the earth and 
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extensively low isotopic abundance, causing in their negligibly less activities and 

usually not regarded as important in terms of human radiation exposure (Lilley, 2001). 

However, the radioactive isotopes 40K and 87Rb of them are significant sources of 

natural radioactivity. Most of them decay by beta and alpha emission, whereas some of 

them follows electron capture (Eisenbud & Gesell, 1997; NCRP, 1975). The main 

primordial singly radionuclides are listed in appendix B. 40K is widely distributed in the 

earth’s crust and a dominant radionuclide in normal foodstuffs and human tissues. 40K is 

a major source of internal radiation dose due its high energetic beta emission, but 

homeostatically controlled by the human body and thus makes the dose from 40K to be 

constant within the human body (Eisenbud & Gesell, 1997; UNSCEAR, 2000). 

2.6.1.2 Decay chains (series) radionuclides 

Natural decay series radionuclides (238U, 232Th and 235U) and their succeeding 

radioactive decay progenies and non-series radionuclides 40K are the greatest 

encountered radionuclides in virtually all environmental media including soil, rocks and 

foodstuffs, exposure dose resulting predominantly from these radionuclides in drinking 

water and foodstuff that internally irradiate the various organs with alpha and beta 

particles (Awudu et al., 2011; Canbazoğlu & Doğru, 2013; IAEA, 2003; Rahman & 

Faheem, 2008; UNSCEAR, 2000) 

The three decay series radionuclides (238U, 232Th and 235U) which have a half-life  

compared to the age of the earth can still be present observed on earth environment that 

form the main portion of our natural radiation (Krane, 1988; Lilley, 2001; NCRP, 

1975). These chains radionuclides decay through a sequence of radioactive progeny 

nuclides and finally attain a stable state of lead. The decay schemes of each radioactive 

series and details of each radionuclides of these series are presented in appendixes A 

and B, respectively. 
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2.6.2 Cosmic radiation/Cosmogenic radionuclides  

Natural radioactivity in the form of cosmic radiation arises from both the primary 

highly energetic protons (positively charged particles) and high energy photons of extra-

terrestrial origin which strike the atmosphere of earth and the secondary particles known 

as cosmogenic radionuclides are constantly produced by the bombardment of stable 

nuclides in the upper atmosphere (NCRP, 1975; Silberberg & Tsao, 1990; UNSCEAR, 

2000). A huge number of radioactive isotopes with a half-life of several minutes to 

millions years that are produced by cosmic-ray are found everywhere in the living earth. 

However, only four of the main cosmogenic radionuclides 3H, 7Be, 14C and 22Na 

contribute significantly measurable dose of radioactivity in humans (Eisenbud & Gesell, 

1997; NCRP, 1975; UNSCEAR, 2000). The list of cosmogenic radionuclides of natural 

origin can be seen in appendix B. 

2.6.3 Anthropogenic (man-made) sources of radioactivity 

In addition to natural radioactivity, technological progression and increased growth 

in the use of nuclear energy introduce the concept of anthropogenic radioactivity in the 

environment. Human activities that mentioned in section 2.1 and the waste of nuclear 

medicine can boost the levels of natural radioactivity in every component of the 

environment which is termed as TENORM (technologically enhanced naturally 

occurring radioactive material).  

The radionuclides in the decay series are essentially in radiological equilibrium with 

their parents in the naturally undisturbed environments. But, the aforementioned human 

activities (mentioned in section 2.1) or natural catastrophe can break this equilibrium, 

resulting in either an enhancement or reduction of radionuclides concentrations 

compared to the original matrix (Faanu, 2011; UNSCEAR, 2000).  
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Radioactivity in soil as well as human foodstuffs can be boosted by the soil 

amendment, such as application of phosphate and other fertilizers, pesticides, 

insecticides, fungicides, irrigation by contaminated water, radioactive wastes and 

industrial effluents disposal etc (Amin et al., 2013; Awudu et al., 2012; UNSCEAR, 

2008b). 

Detectable amounts of artificial radionuclides (mainly 137Cs) are widely spread in the 

atmoshphere, particularly those are pruduced by the testing of nuclear weapon since 

1945, accidental failures of nuclear power stations in 1986 (Chernobyl, Ukrain) and in 

2011 (Fukushima, Japan) and from nuclear power fuel cycle (Lilley, 2001; NCRP, 

1977). This radionuclide has been globally disseminated and deposited via rain and dry 

deposition on the terrestrial surfaces, which can be uptake by plants and subsequently 

accumulated into foodstuffs (Watson, Jones, Oatway, & Hughes, 2005). Annual average 

dose of ionizing radiation to the world population from various sources can be seen in 

appendix B. 

2.7 Radiation detection 

There are several types of radiation detectors/instruments available for the 

measurement of ionizing radiation in the samples such as gas filled detectors (ionization 

chamber counters, proportional counters and Geiger-Muller counters), scintillation and 

semiconductor detectors (solid-state detector) (Cember & Johnson, 2009; Knoll, 2000; 

L’Annunziata, 2007). All kinds of radiation detection methods/instruments 

fundamentally involve the generation of electrical signals resulting from the interaction 

of radiation/gamma-ray photons with the detector medium (i.e., gas, liquid or solid 

materials). Each types of gamma ray interactions (photoelectric effect, Compton 

scattering and pair production) that discussed in section 2.4 can occur within the active 

volume of the detector, however, photoelectric effect and Compton scattering plays the 
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most significant roles in the detection of gamma ray photons (Cember & Johnson, 2009; 

Knoll, 2000).    

The basic requirement of the radiation measuring equipment is that, the 

radiation/gamma-ray photon interacts with the detector in such a way that the degree of 

the equipment’s response is proportional to the effect or property of radiation being 

measured (IAEA, 1989). Due to their interactions, the primary gamma ray photons / and 

or scattered secondary photons undergoes interaction with the detector atoms and 

produce fast electrons (by ionization) within the sensitive volume of the detector. As 

these fast electrons propagate through the volume of the detector, can able to generate 

secondary electrons which can be collected to produce electrical signals or output 

pulses. These pulses (charges) can be transformed by a charge sensitive preamplifier to 

a voltage in which the amplitude of the voltage pulse is proportional to the initial energy 

of the gamma ray that deposited/absorbed in the detector (Knoll, 2000).     

The assessment of environmental radioactivity is achieved predominantly by the 

gamma-ray spectrometry technique. In this technique gamma ray detector must act as an 

energy conversion medium for the incident gamma-ray photons to have a high 

interaction probability for the production of fast electrons and also used as a 

conventional detector for the secondary electrons (Knoll, 2000). In this method, pulse 

amplitudes of the gamma ray photons are analysed after the amplification and 

digitization. Therefore, the output of the gamma spectrometer represents the energy 

spectrum of the detected radionuclide which provides complete information that is 

useful for the identification of the unknown radionuclides. 

Gas-filled detection systems are certainly suitable only for the counting of low 

energy electrons, ions and photons because of their poor stopping capacity of gas as a 

detection medium for the gamma-rays. To improve the absorption capability of 
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detecting medium, greater atomic number and/or high density liquid or solid materials 

are commonly used for the measurement of extremely penetrating (i.e., gamma 

radiation) radiations (Gilmore, 2008; Krane, 1988). 

High resolution gamma-ray spectrometry system is the most frequently used 

radioactivity measurement methods which give relatively low detection limits for 

radioactive nuclides. Basically, thallium doped sodium iodide (NaI (Tl) scintillation and 

high purity germanium (HPGe) are the two commonly used detectors in gamma ray 

spectrometry system, which is characterized by low impurity concentration, high atomic 

number and low ionizing energy required for the production of electron-hole pair. The 

detectors that are based on the mechanism of scintillation (NaI(Tl) is one of the oldest 

and most useful methods for the detection and measurement of a broad range of 

radiations, especially in-situ measurement system in order to their room temperature 

operation and simplicity (Knoll, 2000). The NaI crystal suffers numerous excitations by 

the incident gamma radiation, which is then followed by a series of de-excitations 

within the same crystal and produce a quanta of light. These light pulses which are 

captured/strike on the photosensitive cathode of the photomultiplier tube (optically 

coupled to the crystal) and ultimately released as electrical charge (electrons are ejected 

from the cathode). This charge is amplified by the dynode chain to produce detectable 

electrical signal which is finally processed. The scintillation detectors have a high 

efficiency for the detection of gamma radiation but the energy resolution is poor. Due to 

their poor energy resolution, this type of detectors do not provide the energy selectivity 

for dealing with a complex gamma ray spectrum (Cember & Johnson, 2009; Knoll, 

2000). To attain a good energy resolution, a semiconductor detectors (such as HPGe) 

are employed.  
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Detectors which is made from semiconductor materials offer alternatives to 

scintillation detectors that result in much number of charge carriers than any other kinds 

of radiation detector. Unlike NaI(Tl) detectors, HPGe detectors directly convert the 

gamma photon into charge carriers. For this reason, semiconductor detectors, especially 

HPGe detectors achieve the best energy resolution and become the major, appropriate 

extensively used equipment for radiation spectrometry measurements for gamma photon 

detection (in 0.1 MeV to 10 MeV) (Knoll, 2000). HPGe detectors are consists of 

semiconductor diodes which are configured as reverse biased condition. By the 

incidence of radiation, electron-hole pairs are produced in the semiconductor crystal, in 

which they drifts under an electric field towards the electrodes where they are collected 

as electrical signals/pulses. The amplitude of the resultant electrical signal is 

proportional to the amount of energy that is deposited in the detector. The electrical 

signals from the detector are amplified by instrumental amplifier and are finally 

processed by multichannel analyser (MCA).   

The efficiency of the NaI(Tl) detectors is higher but the energy resolution is much 

lower than that of HPGe detectors. For gamma energy of 1 MeV, the energy resolution 

of NaI(Tl)  detectors are  normally falls between 79%, whereas the energy resolution is 

of the order of 0.1% for HPGe detectors. The lesser the energy resolution, the better the 

detector’s capability to distinguish between two discrete energies lie close to each other. 

For NaI (Tl) detector, the 609.320 keV gamma line (214Bi) is used for 226Ra, and 

583.187 KeV (208Tl) and 911.204 keV (228Ac) gamma lines are used for 232Th in this 

work. In reality, the resolution of NaI detector is comperatively poorer than HPGe but 

NaI (Tl) offers higher detection efficiency. Hoewver, the line 352 keV for 226Ra and 232 

keV for 232Th have a high gamma ray emission probability (intensity) of 35.6% and 
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43.6%, respectively to produce sufficiently intense peak. These lines may be used by 

adjisting the ADC gain and proper detector shielding to reduce background rariation. 

A cylindrical multi-nuclide standard source (initial radioactivity: 5.046 μCi; source 

number: 89-90; reference date: 1 September 2013; nature of source: solid; source 

package: 500 ml plastic Marinelli beaker) from Isotope Products Laboratories, Valencia, 

California, USA, was used to calibrate the system (detector) for the required gamma 

line used in this study including 1836 keV gamma line of 88Y. 

2.7.1 Natural radioactivity in foodstuffs 

Naturally occurring radionuclides particularly 238U and 232Th decay series and the 

primordial 40K are the most common radionuclides in all environmental media including 

foodstuffs which are the main sources of natural radiation dose to human beings 

(Canbazoğlu & Doğru, 2013).   

These decay series radionuclides represent the most significant source of ionizing 

radiation on Earth contributing about 83% of the annual effective dose experienced by 

the global inhabitants, while about 16% of this dose is contributed to by the primordial 

radioisotope 40K and the remaining only 1% comes from the artificial sources of 

radionuclides (Asaduzzaman,  et al., 2015; Chau et al., 2011; UNSCEAR, 2008b). 

Natural radionuclides are present in aquatic and terrestrial food chains that can 

subsequently transfer to the human body following their consumption (Alrefae & 

Nageswaran, 2013). It has been assessed that about one-eighth of the average annual 

effective doses from the natural sources have been credited via the consumption of 

foodstuffs (Awudu et al., 2012). Consequently, radiation exposure in humans owing to 

the intake of radionuclides from the food consumption is of global concern (Ababneh, 

Alyassin, Aljarrah, & Ababneh, 2009; Alrefae & Nageswaran, 2013; IAEA, 2010).  
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In the recent years, several studies have been performed in different geological 

locations across the globe to evaluate the radioactivity concentration in various 

foodstuffs and associated radiation dose received by the population due to consumption 

of foods. Saeed et al. (2011) estimated the activity concentrations in six varieties of 

marketed rice in Malaysia by gamma-ray spectrometry coupled with HPGe detector and 

documented the higher levels of radioactivity for radiologically important nuclides 238U 

and 232Th (25.10±1.35 Bq kg1 and 64.97±0.36 Bq kg1, respectively) in white glutinous 

rice than the other plane brand of rice. The total effective dose received through the 

consumption of these rice varied from 0.020.03 Sv y1, which were extremely lower 

than the tolerable limit of 1mSv y1. But this study did not mentioned the source of 

origin of the studied rice. In 2012, the same research groups performed the similar study 

(using HPGe detector) together with evaluation of soil to rice transfer factor (TF) of 

these (238U, 232Th and 40K) radionuclides in some rural and urban granary areas of 

Kedah, Malaysia. The finding of this study showed that both the activity concentrations 

of rice and soil, and soil to rice TFs of radionuclides were comparatively higher in rural 

areas than urban one. The soil to rice TF of 238U, 232Th and 40K in urban areas were 

estimated as 0.09, 0.11 and 4.12, respectively, whereas in rural areas, this TF values 

were found as 0.20, 0.15 and 1.43, respectively. The study concluded that the physico-

chemical characteristics of the soil and crops and soil amendment such as application of 

fertilized and other chemicals in the soil affects the activity concentrations and TFs. 

Moreover, the estimated effective dose was below the permissible limit of 1 mSv y1 set 

by the IAEA. In the Penang island of Malaysia, Alsaffar et al. (2015) assessed the 

radioactivity (226Ra, 232Th and 40K) concentrations in soil and their distribution (TF) to 

different parts of rice plant including grain using HPGe spectroscopy. The reported 

concentrations (Bq kg1) of 226Ra, 232Th and 40K in rice grain were ranged from 

0.532.82, 0.511.57 and 43.51108.47, respectively and the corresponding soils 
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activity were ranged from 49.4208.51, 68.22194.13 and 138.31943.11, respectively. 

This study showed that the radionuclides are more concentrated in roots that grains. Soil 

to rice grain TFs were 0.0018, 0.0009 and 0.235 for 226Ra, 232Th and 40K, respectively 

which were within the range of IAEA (2010) reported values of 2.2×1042.8×102 for 

226Ra, 2.2×1053.0×102 for 232Th and 1.8×1027.8×101 for 40K. Their findings 

identified that the uptake of radionuclides by plants is not only depends on their levels 

in soil but also influenced by physical and chemical properties of soil such as soil 

texture, organic matter content, cation exchange capacity, pH and electrical 

conductivity. 

 Natural radioactivity of 238U, 232Th and 40K and fallout 137Cs in marketed rice of  

Kuwait has been performed by Alrefae and Nageswaran (2013) employing HPGe 

spectrometry technique with a view to evaluate the population dose. The average 

activity levels of 238U, 232Th and 40K and 137Cs were documented as 0.62±0.19, 

0.48±0.10, 48.60±18.34 and 0.10±0.012 Bq kg1 (137Cs was found only one brand 

imported from Germany), respectively. This study informed that the rice imported from 

India contains comparatively higher activity than rice imported from other countries. 

They also estimated effective doses 33 Sv y1 for adult population and 60 Sv y1 for 

children, which were much lower than the world average value of 0.29 mSv y1. The 

authors concluded that rice marketed in Kuwait is radiologically safe for human 

consumption without the estimation of fatal cancer risk, however, suggests to 

investigate the radioactivity of gamma emitters together with alpha and beta emitters in 

all types of foodstuffs to establish more robust baseline data. Similar study has been 

carried out in Iran by Pourimani and Anoosheh (2015) using the same methods which 

reported the activity levels in rice samples ranged of <1.272.89±0.86, 

<0.4215.24±1.68, 84.66±3.38122.66±4.90 and <0.271.00±0.26 Bq kg1 for 226Ra, 
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232Th, 40K and 137Cs, respectively. They also measured the activity of the corresponding 

soil to evaluate the soil to rice TFS which varied from 0.020.07 for 226Ra and 

0.090.13 for 40K, being greater than the IAEA (2010) reported values and find the TFs 

for 232Th and 137Cs in most of the varieties of rice lower than the minimum detectable 

activity of the spectrometry system. However, the TF of 137Cs was found only one rice 

sample which was 0.23. The annual effective dose due to rice for Iranian individuals 

were ranged as 20.50±0.7468.40±11.71Sv y1, which was lower than the global 

average of 0.29 mSv y1.  

On the other hand, Aswood et al. (2013) investigated the natural radioactivity of 238U 

and 232Th in vegetables and corresponding soils in Cameron Highlands and Penang, 

Malaysia by neutron activation analysis (NAA) technique and found that activity 

concentrations of soils as well as vegetables were higher in highlands that the low lands. 

The activity levels of 238U and 232Th in vegetables in Cameron Highlands varied from 

1.3±0.14 to 6.25±1.58 and 0.41±0.12 to 2.5±1.55 Bq kg1, respectively. However, in 

Penang, the activity ranged from <1.3±0.41 to 3.10±1.10 and <0.41±0.12 to 0.41±0.12 

Bq kg1, respectively. The TFs of radionuclides from soil-to-vegetables were ranged 

from 0.006 to 0.031 for 238U and 0.002 to 0.013 for 232Th in Cameron Highlands, while 

in Penang, this factor varied from 0.012 to 0.028 for 238U and 0.003 to 0.003 for 232Th. 

The highest TF was estimated in the case of cucumber and eggplant. The authors 

mentioned that the radionuclides uptake from soil-to-vegetables depends on physico-

chemical properties of soil such as cation exchange capacity, organic matter contents, 

pH, texture, clay content etc, and also depends on plant species, stage of growth, 

physical and chemical characteristics of radionuclides etc.  

In south west India, Shanthi et al. (2010) evaluated the radioactivity levels of 226Ra, 

228Ra, 228Th and 40K in some foodstuffs by NaI(Tl) scintillation spectrometry. Among 
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the foodstuffs, the activity levels in rice (3.07±0.41, 4.54±0.8, 34.3±2.7, and 120.2±15.8 

Bq kg1, respectively) and tapioca (3.57±1.2, 5.42±0.3, 27.4±4.8 and 181.1±12.4 Bq 

kg1, respectively) showed comparatively higher than the vegetables and fruits. The 

dose received by the population were estimated as 0.201, 0.659, 0.475 and 0.460 mSv 

y1 for 226Ra, 228Ra, 228Th and 40K with a total of 1.796 mSv y1, which was indeed 

higher than the world average of 0.29 mSv y1 and hence this study remarked that 

special care should be taken to consume the studied foodstuffs. In 2012, the same 

research groups studied the radioactivity in food crops and soil in South India using the 

same methods with a view to assessed the soil to rice, vegetables and fruits TFs. The 

result exhibited that the soil-to-rice TF of 226Ra, 232Th (228Th), 238U and 40K were found 

to be 8.8×102, 14.2×102, 5.8×102 and 6.3×102, respectively. The corresponding 

values of vegetables varied from (0.34.4) ×102, (0.72.7) ×102, (BDL0.425) ×102 

and (2.48.0) ×102. Soil-to-tapioca TFs were 6.2×102, 11.0×102, 1.9×102 and 

8.9×102, respectively. In the case of fruits, TF varied as (0.394.6) ×102, (0.082.5) 

×102, (BDL0.89) ×102 and (2.114.4) ×102 for 226Ra, 232Th (228Th), 238U and 40K, 

respectively. The TFs of rice (grains) and tapioca (tubers) were showed higher value 

than the vegetables and fruits crops. The leafy vegetables exhibited greater TFs than 

non-leafy vegetables and fruits. For the majority of the food crops, non-edible portions 

accrued more radionuclides than the edible parts. 

Due to the protection of public health, monitoring the radioactivity level in foodstuffs 

is of prime importance. In Turkey, Canbazoğlu & Doğru (2013) analyzed the activity 

concentrations of 226Ra, 232Th, 40K and 137Cs in vegetables and fruits by Scintillation 

(NaI(Tl)) detector and recorded the mean activity concentrations of 0.64±0.26, 

.65±0.14, 13.98±1.22 and 0.54±0.04 Bq kg1 in vegetables and 1.52±0.34, 0.98±0.23, 

18.66±1.13 and 0.59±0.16 Bq kg1, respectively in fruits. The adult population dose via 
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the consumption of vegetables and fruits estimated as 20±3.75 Sv y1 and 30.55±5.72 

Sv y1, respectively (fruits contribute higher dose than vegetables) with a total of 50.55 

Sv y1, which was about 6 times lower than the world average of 290 Sv y1 

suggesting no radiological risk for the health of general public. Again, the natural 

radioactivity in vegetables consumed by the Jordanian people were evaluated by Al-

Absi et al. (2015) using gamma-ray HPGe detector and reported the concentrations 

ranged from 7.1±1.1 to 11.7±3.4, BDL to 3.3±1.8 and 201±10 to 684±15 Bq kg1, 

respectively for 226Ra, 228Ra and 40K. The effective doses were estimated as 23.98, 12.24 

and 15.34 Sv y1, respectively for 226Ra, 228Ra and 40K with a total of 51.56 Sv y1, 

which was far below the world average value of 290 Sv y1, indicating the studied 

vegetables were safe for human consumption. In Southwest region of Cameroon, 

Abiama et al. (2012) studied the natural radioactivity in vegetables by HPGe gamma-

ray spectrometry and reported the mean concentrations of 2.30, 1.50 and 140.40 Bq 

kg1, respectively for 226Ra, 228Ra and 40K. The total daily effective doses were 

estimated as 0.41, 0.84 and 0.71 Sv d1 for 226Ra, 228Ra and 40K, respectively in which 

cassava contribute 61% of the total dose for 226Ra and 89% for 228Ra. The total annual 

effective dose was assessed as 0.70 mSv y1 which was significantly higher than the 

world average value. In Accra Metropolitan areas of Ghana, the activity concentrations 

in various marketed foodstuffs (Cassava, yam, cocoyam, potato, plantain, cowpea, 

millet, maize and rice) has been measured by Awudu et al. (2012) using scintillation 

spectrometry with NaI (Tl) detector. The concentrations of radioactivity in their 

analyzed foodstuffs were ranged from 3.37±1.84 to 10.46±4.66 Bq kg1 for 226Ra, 

6.14±2.04 to 12.31±3.12 Bq kg1 for 228Ra, 4.33±2.33 to 14.93±3.86 Bq kg1 for 228Th 

and 87.77±8.37 to 368.50±19.20 Bq kg1 for 40K. Plantain is the root vegetables that 

showed the highest concentrations for 226Ra and 228Ra, while the highest activity levels 
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of 228Th and 40K were noticed in another root vegetable, cassava. The annual committed 

effective doses experienced by the general public from the consumption of the studied 

foodstuffs were varied from 0.01 mSv (millet) to 1.33 mSv (cassava) with an average of 

0.42 mSv and a total of 4.64 mSv, which aws higher than the corresponding world 

average of 0.29 mSv y1. Their conclusion, therefore, was that radiological regulation 

should be applied for those foodstuffs contributing higher population dose. Choi et al 

(2008) investigated the natural radioactivity in most popular Korean foodstuffs 

(vegetables, grains, marine fishes, fruits, seaweed, meat and milk). The activity 

concentrations of thorium isotopes were measured by alpha spectrometer and radium 

and potassium isotopes were determined by HPGe detector. Their result showed that the 

activity concentrations (mBq kg1 fresh weight) of 226Ra, 228Ra, 232Th, 228Th, 230Th and 

40K in vegetables were ranged of 13.06±0.17156.3±9.52, 5.65±0.08196.0±7.75, 

0.06±0.035.08±0.16, 0.42±0.0723.4±0.92, 0.15±0.045.19±0.16 and 

15.00±0.1096.88±0.44, respectively. The concentrations (mBq kg1 fresh weight) in 

rice were found to be 21.25±0.35, 12.77±0.08, 0.77±0.07, 9.90±0.26, 0.73±0.07 and 

27.82±0.20 for 226Ra, 228Ra, 232Th, 228Th, 230Th and 40K, respectively. In the case of 

marine fishes, the highest activity levels (mBq kg1 fresh weight) of 226Ra, 228Ra, 232Th, 

228Th, 230Th and 40K were varied as 54.42±3.66215.7±8.64, <29.04±106288.8±8.47, 

0.15±0.0265.2±0.84, 0.80±0.14111±1.23, 0.33±0.0936.7±0.56 and 

10.94±0.15168.3±2.46, respectively. They identified that the daily radionuclides intake 

from milk, rice, Chinese cabbage, spinach and shellfish were considerably higher than 

the other examined foodstuffs. The total population dose from the consumption of 

studied foods was estimated as 110 Sv y1, of which the contribution from 40K was 101 

Sv y1. 
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In the marine environment, radioactivity is mainly contributed to by the natural 

processes of weathering and mineral recycling of terrestrial rocks, seabed movement 

arising from under sea earthquakes and submerged volcanic activity (Abbasisiar et al., 

2004; Al-Qaradawi et al., 2015). In addition to natural processes, different types of 

human activities mentioned in section 2.1 together with post nuclear disposal of 

radioactive and industrial waste, underwater nuclear device tests, accident including 

leakage from nuclear power plants, reprocessing of spent fuel etc. are also known to 

increase the radioactivity in the marine environment, with bioaccumulation of marine 

animals, therefore acknowledged growing concern to monitor the content of 

radionuclides in marine lives particularly in edible fishes, molluscs and crustaceans (Al-

Qaradawi et al., 2015; Alam & Mohamed, 2011; Khandaker, Wahib, Amin, & Bradley, 

2013).  

Because of the importance, a radioactivity survey in marine animals in the East cost 

of Peninsular Malaysia has been conducted by Amin et al. (2013) using HPGe gamma-

ray detection system. In the case of fish category, the activity concentrations of 226Ra, 

228Ra and 40K have been reported as 0.90±0.09 to 5.1±0.3, 0.7±0.08 to 4.5±0.27 and 

27±3 to 175±11 Bq kg1, respectively, while in crustaceans group, these values were 

recorded as 1.2±0.1 to 3.9±0.3, 0.90±0.09 to 3.9±0.3 and 99±6 to 312±16 Bq kg1, 

respectively. Whereas in molluscs group, the concentrations were reported as 5.0±0.3, 

4.0±0.3 and 292±15 Bq kg1, respectively.. No artificial 137Cs have been found in any 

marine organisms. The authors concluded that their radionuclides data can be used for 

the assessment of any radiological impact/contamination to the marine environment in 

future. But this study failed to estimate the population dose and cancer risk due to 

consumption of marine lives. In the same year and same methods, Khandaker et al. 

(2013) studied the natural radioactivity in shellfishes collected from West Straits of 



 

61 

Malacca) and East coast of Peninsular Malaysia. The authors stated that Malaysia is one 

of the highest sea fish consumption countries in world, and therefore, the estimation of 

radiation dose due to consumption of marine animals is of prime importance concerning 

food safety and human health. The average activity concentrations in molluscs were 

found as 4.15±0.41, 1.76±0.20 and 197±10 Bq kg1, while in crustaceans were 

4.04±0.41, 1.97±0.21 and 261±13 Bq kg1 for 238U (226Ra), 232Th (228Ra) and 40K, 

respectively. The little variations in the value in both coasts are likely to be associated 

with feeding characteristics, habitat, ambient water concentration and seasonal 

vicissitudes. The annual committed effective doses from molluscs were estimated as 

83.5 Sv y1, while the respective dose values from crustaceans were 92.5 Sv y1.  

The seasonal variations of radioactivity concentrations of 226Ra, 228Ra and 40K in 

marine biota (measured by ICP-MS) from Manjung coastal areas of Perak, Malaysia 

have been reported by Abdullah et al. (2015) as 13.04±0.6 (crustaceans) to 15.50±0.7 

(fish species), 14.72±0.7 (crustaceans) to 20.65±1.0 (fish species) and 508.51±25.43 

(fish species) to 690.09±34.50 (crustaceans) Bq kg1, respectively in dry season. While 

in rainy season, these values were documented as 10.46±0.52 (fish) to 14.39±0.72 

(crustaceans), 15.37±0.77 (crustaceans) to 18.13±0.91 (fish) and 347.45±17.37 

(crustaceans) to 568.89±28.44 Bq kg1, respectively. In most cases, the activity levels 

were observed higher in dry season than rainy season, which may be associated to the 

increased metabolism caused by the evaporation due to an increased temperature in the 

periods of dry season. Whereas, the low activity level in rainy season may be related to 

dilution of water resulting heavy rainfall in this period. They also concluded that besides 

the quality of sea water, age and size of the biota could be the significant factors in 

assessing the radioactivity concentration. 
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Several varieties of seafood is eaten by Turkey, among them fish is the most 

consumed in quantity (20 kg/yr.). The activity levels of 226Ra, 232Th and 40K in different 

varieties of fishes (determined by HPGe gamma-ray system) from Black Sea areas of 

Turkey have been reported by Korkmaz Gorur et al. (2012) as 0.06±0.01 to 0.96±0.36, 

0.12±0.04 to 1.03±0.15 and 35.04±0.24 to 127.41±2.29 Bq kg1, respectively. 

Detectable amount of 137Cs was found in fish samples, because this region was 

contaminated by Chernobyl accident in 1986. The annul ingestion dose to individuals 

due to the consumption of studied marine fishes were varied from 5.67 Sv y1 to 19.21 

Sv y1 with an average of 13.48 Sv y1 which was much lower than the total 

exposure/person subsequent from the ingestion of 2400 Sv y1 in the world and hence 

suggesting on threat to public health. In Turkey (Bosphorus strait, Black sea coast, 

Marmara sea and Agean sea), Kiliç et al. (2014) evaluated the radioactivity levels in soft 

tissues of mussels using HPGe -ray spectrometry (the concentration of 210Po was 

measured by alpha spectrometer using silicon surface barrier detector).  The activity 

concentrations of 226Ra, 228Ra, 40K, 210Po, 210Pb and 137Cs have been reported as 

0.88±0.06), 1.03±0.11, 469±24, 121.9±4.2, 10.9±0.9 and 0.71±0.23 Bq kg1, 

respectively. The activity level of 210Po was found very much higher than that of 226Ra 

and 228Ra, which may cause by the greater accumulation affinity of Po in the organic 

matter. The total annual effective dose due to the consumption of mussel was varied 

between 0.25 and 3.30 Sv y1, indicating safe for human consumption.      

In Bonny estuary, Niger delta, Nigeria (which is heavily polluted by various 

industries), radioactivity concentrations of 226Ra, 232Th, 40K, 238U, 137Cs and 210Po in 

marine animals (Fishs, crustaceans and molluscs) have been investigated by Babatunde 

et al. (2015) using gamma-ray spectrometry with HPGe detector and reported as 4.4±0.3 

(crustaceans) to 7.4±0.4 (molluscs), 9.3±0.8 (crustaceans) to 31.2±1.8 (molluscs), <22.5 
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(molluscs) to 152.5±9.6 (molluscs), <80.8 (crustaceans) to 120±15  (molluscs), <0.8 

(fishes) to 1.5±0.1 (molluscs) and 9.4±1.1 (crustaceans) to 32.8±1.9 Bq kg1, 

respectively. 210Po activities were the most important in terms of dose contribution. The 

population dose estimated 0.431 to 1.532 mSv y1. 137Cs together with 210Po contribute 

over 50% of the total effective dose from each fish species. The radiation doses from the 

intake of radionuclides via the consumption of any examined marine species exceeded 

the world average of 0.29 mSv y1. Higher consumption rates of the studied species may 

create public health problems due to the effects of ionizing radiation. The radioactivity 

levels of 226Ra, 232Th and 40K in marine and fresh water fishes and crustaceans from 

Ondo State, Nigeria have been reported by Ademola and Ehiedu (2010) as 

23.0±4.649.7±33.1, 32.1±5.396.7±19.9 and 688±230791±39 Bq kg1, respectively 

for marine fishes; 35.3±14.9, 31.9±5.2 and 525±77 Bq kg1, respectively for 

crustaceans. On the other hand, the mean activity levels of 226Ra, 232Th and 40K in fresh 

water fishes were varied as 21.4±3.838.6±11.6, 40.7±25.984.4±2.3 and 

462±80792±107 Bq kg1, respectively. Almost similar activity were observed in both 

the marine and fresh water fishes. The doses experienced by the people due to 

consumption of marine fishes ranged between 6.4±0.7 and 14.2±1.6 Sv y1, while this 

dose varied from 23.3±10.2 to 34.8±1.7 Sv y1 for fresh water fish and that of the 

crustaceans was found to be 2.4±0.2 Sv y1. These doses were very much lower than 

the world average value of 0.29 mSv y1 for the general public. Considering the 

environmental effects of oil and gas exploration with radioactive sources (Downhole 

logging tools comprise a variety of radioactive sources to log different features of a 

well), there may be a high level of radioactivity presence in the marine animals. 
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2.8 Heavy metal detection/analysis techniques 

In order to assess the potential environmental impact and minimize the toxic 

problems and health challenges posed by heavy metal pollutants in environmental 

media, it is essential to precise determination the levels of heavy/toxic metals in the 

environmental components such as foodstuffs.     

Over the years, there are many analytical techniques (eg., ICP-MS, LA-ICP-MS, 

ICP-OES, ICP-AES, GF-AAS, AAS, XRF, SRXRF, PIXE and so on) have been 

developed with the aim of trace element analysis in environmental and biological 

samples. A precise, robust and accurate analytical technique/method is of prime 

importance for heavy metals measurements in environmental media including 

foodstuffs to ensure food safety concerning human health, maximum product safety, 

regulatory compliance and brand protection (McSheehy Ducos et al. 2010). Origin of 

determination and authenticity are also important. Among the metal analysis methods, 

inductively coupled plasma mass spectrometry (ICP-MS) technique complies with all 

these requirements efficiently. This method offers importantly lower limits of detection 

compared to inductively coupled plasma optical emission spectrometry (ICP-OES) and 

graphite furnace atomic absorption spectrometry (GFAAS). ICP-MS is an extraordinary 

throughput, plasma based method using single high energy excitation source offering 

accurate measurement of heavy metals in foodstuffs. Multi-isotopic and multi elemental 

features of this technique offers the possibility to analyze an entire set of elements in a 

one run with analyze over 50 samples/hour, saving substantial time and money and 

permitting quicker and cost effective decision making. Trace metals may be determined 

in a broad range of matrices of ppt (parts per trillion) to lower percentage levels. 

Another vital feature of ICP-MS is the linear dynamic range that allows for concurrent 

detection of major and ultra-trace elements in a single run. Due to its improved 
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sensitivity and high signal-to-noise ratio, it is flexible to analyze almost all elements in 

the periodic table simultaneously with high spectral resolution (Thomas, 2008). 

2.8.1 Heavy metal pollutant in foodstuffs 

The release of heavy and trace metals due to different anthropogenic activities 

(industrial activities, agricultural activities, transportation, waste incinerations, swage 

sludges in agriculture, municipal waste, combustion of fossil fuels, rapid urbanization, 

mining, smelting and many other human activities) into the environment (both the 

terrestrial and aquatic) has caused numerous environmental problems (Korkmaz Gorur 

et al., 2012; Liu et al., 2015; Nazir et al., 2015; Tchounwou et al., 2012). Because of 

their non-biodegradability and persistence nature, heavy metals may accumulate in 

various environmental matrices such as human food chain and may create substantial 

threat to human health, as for example cardiovascular, renal, and neurological 

impairment as well as bone diseases, mutagenic effects, damaged central nervous 

function, lungs, kidneys, liver, and other vital organs (Hajeb et al., 2014; Jolly et al., 

2013; Korkmaz Gorur et al., 2012).  

 It is well established that diet is the most leading sources (9095%) of heavy metals 

exposure to human (Alina et al., 2012; Mansour, 2011; Skrbic, Zivancev, & Mrmos, 

2013). Therefore, evaluation of heavy metals in foodstuffs, vegetables, fishes etc. are of 

prime importance concerning human health and also beneficial for the decision making 

on the regulation of heavy metal pollutants and food safety (Skrbic et al., 2013). Among 

the leading pollutants of food supply, heavy metals can be regarded as the most 

significant problem of our environment. Food may be contaminated by the heavy metals 

that are present in their growing environment and find their way into the human body 

through the food chain (Mansour, 2011). During the last decades, food safety 

acknowledge increasing demand that has enthused research concerning health hazard 
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associated with the intake of heavy metals via the consumption of contaminated 

foodstuffs.  

Over the past decades, a growing number of scientific food research associated to 

pollution by heavy metal pollutants have been conducted in different part of the world. 

In Isfahan province, Iran, Salehipouret et al. (2015) studied the heavy metals pollutants 

levels of Pb, As, Ni, Zn and Cu in vegetables, rice and wheat (using ICP-OES) and 

reported (among the foodstuffs) as 0.11.71, 0.250.85, 0.271.65, 13.553.65 and 

08549.09 mg kg1, respectively in which some some vegetables for Pb and rice for As 

exceeds the WHO/FAO (2001) permissible limit of 0.3 mg kg1 and 0.15 mg kg1, 

respectively. Their findings showed that the total noncarcinogenic hazards of Pb and As 

were higher than 1 and total risk of cancer for As were higher than the tolarable risk 

levels of 104 to 106, which indicates that the individual’s living in Isfahan province, 

Iran experiencing the risk of cancer through the consumption of vegetables and cereals. 

Therefore, they suggested to pay special attention on the possible risk of health from 

heavy metals following the consumption of studied foodstuffs. 

Among the foodstuffs, vegetables become the greatest exposed food to 

environmental contamination because of its aerial burden (Jolly el al. (2013). These 

authors investigated the heavy and trace metals levels in vegetables grown in Ruppur 

areas of Pabna district, Bangladesh using EDXRF and documented the levels of Pb, As, 

Cu, Co, Se, Mn, Ni, V and Zn as 0.120.98, <0.010.08, 3.626.69, <0.270.37, 

0.030.16, <0.0625.95, <0.650.94, 0.040.26 and 25.78112.24 mg kg1, 

respectively which were lower than the world average values. The daily intake of 

heavy/toxic metals (Pb, Cd, V, Ni, Fe, Mn, Cu, Co, Zn and Fe) from the studied 

vegetables were within the permissible limit suggested by various international 

organizations. The hazard quotient of Pb, V, Ni, Fe, Cu, Co and Fe were below the safe 
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limit of 1, indicating there is no risk for these metals, while the hazard quotient for Cd, 

Mn and Zn exceeded the safe limits of 1, indicating the obvious health risk for intake of 

these metals via the vegetables consumption. The detectable amount of Cd only found 

in cauliflower, radish and amaranthus, therefore, these vegetables should be consumed 

at lower amount to decrease toxic effects. 

Higher levels of metals in agrarian soils and uptake of these metals in vegetables, 

rice and other human food crops become one of the critical health problems in Asia 

region (Islam et al., 2015). These research groups showed that vegetables contribute the 

greatest intake of Pb and Ni, while the highest ingestion of Cd, As, Cu and Cr are 

contributed to by rice. Most of the heavy metal levels exceeded the tolerable limit and 

hence the investigated foods are unsafe for populations and therefore, the metal 

pollution sources in foods would be regulated. In the same year, Li et al. (2015) in 

China reported that the levels of heavy metals (Pb, Cd, Ni, Cu and Cr) in waste 

incinerator site were quite greater than the site which was far from the vicinity of 

incinerator, indicating that incinerator create environmental pollution to the neighboring 

areas. This is one of the great remarks. They also reported that the aerial parts of 

vegetables accumulate greater levels of heavy metals than roots, indicating that 

vegetables bio-accumulated lower quantities of heavy metals from soil and the foliar 

uptake may be a vital route of metals from the environment to vegetables. This study 

did not report the metal levels between root uptake and foliar uptake separately. 

Heavy metals  (Pb, Cd, Ni etc.) contamination due to rapid industrial growth, 

advances in agricultural chemicals such as fertilizer, pesticides, fungicides, herbicides, 

and/or urbanization process is a major problem of our environment and they are also 

one of the major contaminating agents of our food supply. (Orisakwe et al., 2012). In 

Nigeria, they studied the heavy metals in foods and reported that the levels of Pb, Cd Ni 
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etc. exceeded the recommended safe levels and recommended the monitoring of these 

toxic metals regularly in sewage and effluents and in foods for the prevention of 

excessive accumulation in food-chain. In Tarkwa of Ghana, Bortey-Sam et al. (2015) 

reported that Cd, Co, Cr, Pb, Zn, Hg and Ni were distributed highly in cassava, 

however, Cu and As were greatly distributed in plantain. They found that Ni had greater 

absorption capability into food crops from soil when compared to other metals. The 

authors recommended the regular monitoring of most toxic heavy metals (Cd, As, Hg 

and Pb) in foodstuff, fruits, vegetables etc. in the areas of Tarkwa gold mines. Food is 

one of the major ingestion sources of toxic heavy metals by humans (Millour et al., 

2012). These research groups reported in French that the greatest mean concentrations 

were in the food groups “Sweeteners, confectionery, honey and shellfish” (for Ag, Sr, 

Ba, Te, Ga, Fe, Ge and V). The levels of Sn were highest in fruit and vegetables. Since 

dietary ingestion of trace metals are of great anxiety for public health, therefore, the 

authors suggested that regular monitoring of these metals in foodstuffs are needed and 

latest data on dietary ingestions of trace metals in different countries should be updated 

on regular basis. In the vicinity of a former Pb smelter plant in Northern France, Douay 

et al. (2013) studied the Pb, Cd and Zn concentrations in vegetables and crops and 

reported that the levels of Pb, Cd and Zn for vegetables varied from 0.35 to 3.19, 0.13 to 

6.76 and 26.8 to 136.0 mg kg1, respectively, while for agrarian crops, these values 

ranged from <0.22to 1.23, 0.05 to 1.38 and 19.0 to 73.8 mg kg1, respectively. Their 

report showed that the agrarian, urban and vegetable garden top soils are highly 

contaminated by Pb, Cd and Zn and hence transmitted the crops through uptaking. The 

presence of toxic and/or heavy metals in the environment is rather significant in 

assessing possible risks for human health once present in the terrestrial and aquatic food 

chain (Grybauskaite et al., 2014). Grybauskaite et al. (2014) determined the 

concentrations of Pb and Cd in different food groups and recorded the concentration of 
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Pb in iceberg lettuce and potatoes exceeded the maximum allowable concentrations (0.3 

and 0.1 mg kg1, respectively). In the case of fish and seafood groups, the greatest 

concentrations of Cd was found in France and Spanish squid with the values of 0.8669 

and 0.5868 mg kg1, respectively which also exceeded tha permissible limit. They 

suggested that regular monitoring of heavy metal in human foods is needed to ensure 

food safety. These researchers suggested measuring the heavy metal using atomic 

absorption spectrometry (AAS), but AAS produce high interferences with polyatomic 

and isobaric elements which is problematic to accurate measurement of some metal. 

Using tha same method, Cherfi et al. (2014) measured the heavy metals of Pb, Zn, Cu 

and Cr in various marketed vegetables and fruits in Algeria and recorded that their 

levels as 12.33 to 39.33, 11.17 to 49, 3.83 to 29.49 and 3 to 16.33 mg kg1), 

respectively. They reported that the vegetables and fruits may be contaminated by heavy 

metals through the roots uptake from polluted soils and irrigation water along with 

foliar uptake of aerial parts of the plants from the polluted environments. The estimated 

daily intake (EDI) of Pb was 4 times higher than the tolerable intake of 248.47 µg day1 

for Pb, indicating obvious risk of health associated to Pb. Therefore, the authors 

suggested to take special care mainly in the levels of Pb due to food safety for the 

population and recommended to reduce the exposure to leaded fuel and inappropriate 

irrigation water. In Brazil, Guerra et al. (2012) reported the heavy metal concentrations 

of Pb, Cd, Ni and Cr in vegetables and fruits as 0.022.5, 0.010.18, 0.010.74 and 

0.010.6 mg kg1, respectively. This result of heavy metals is quiet smaller than that 

found by Cherfi et al. (2014) in Algeria but exceeded the Brazilian legislation limit. 

They stated that higher level of Pb in several vegetables may be attributed to the crops 

land situated nearby roads of heavy traffic. They also pointed out that the major sources 

of Pb to human beings are the airborne Pb inhalation from vehicular emissions and from 



 

70 

direct atmospheric deposition on water, soil and crops, forming the entryway into the 

food chain. 

Ingestion of heavy metal contaminated food may extremely reduce some essential 

nutrients in the body resulting a decline in immunological defenses, impaired psycho-

social behaviors, intrauterine growth retardation, malnutrition related disabilities and 

high prevalence of upper gastrointestinal cancer (Matos-Reyes et al., 2010). The heavy 

metal levels in marketed foodstuffs from Serbia have been reported by Škrbić et al. 

(2013) that the concentrations of Pb ranged of <0.0030.080 mg kg1, Cd varied as 

<0.00330.009 mg kg1, and As was below the 0.03 mg kg1 for vegetables groups. In 

sea fishes, the levels of Pb, Cd and As were reported as <0.003, 0.003 and <0.03 mg 

kg1, respectively. The total intake of Pb was estimated to be 72.30 g day1, which was 

about two times greater than the toxicological level (44 g day1) for nephrotoxic 

effects. Ismail et al. (2005) investigated the heavy metal levels in vegetables grown in 

Cameron Highlands and Sepang, Malaysia and reported that most toxic metals such as 

Pb, Cd and Cr were found in small amounts in all vegetables in both the studied areas. 

They also reported that the levels of metal in Sepang (low land) are comparatively 

higher than that of Cameron highlands, because Sepang areas are more polluted by 

various anthropogenic activities that clean areas of highlands. 

The heavy metal levels of Pb, Cd, Cu and Zn in canned vegetables marketed in 

Turkey has been studied by Koçak et al. (2005) using Differential Pulse Polarography 

(DPP) and reported as 0.192 (bean to 0.660 (garniture), 0.283 (pea) to 0.590 (okra), 

0.867 (okra) to 4.388 (garniture) and 0.564 (bean) to 6.101 (okra) mg l1, respectively. 

Among the vegetables, okra showed higher levels of metal concentration. Recently, the 

consumption of canned food has been increases worldwide, hence regular and rapid 

monitoring method is needed which has sensitive and selective multi-element 
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capabilities. The commonly used techniques such as ICP-MS, ICP-OES, ICP-AES, 

NAA, XRF, AAS etc, are very expensive, need extra apparatus and time-consuming and 

sometimes do not offer adequate sensitivity for reproducible determination of trace and 

ultra-trace levels of elements. Instead, a rapid Differential Pulse Polarography (DPP) 

has been recommended for the simultaneous determination of heavy metals. This 

technique is not only one of the most vital electroanalytical tools which is capable of 

metal analysis in foods but also a rapid, sensitive, reproducible, selective and suitable 

for quantitative analysis of multi-element at trace and ultra-trace levels in food 

commodities as quality control tools. On the other hand, Omer (2015) carried out a 

research work for the investigation of the levels of Cr, Cu, Fe, Mn, Ni, Pb, Rb, Sr and 

Zn in fruits from Sudan using X-ray fluorescence technique (XRF) and reported that the 

levels of most of the heavy metals were extremely higher in commercial fruits than that 

of controlled ones and literatures values published elsewhere. They concluded that the 

higher levels of metal pollutants may possibly be credited to pollutants in the high ways 

traffic and/or stocking processes. Again, Margui et al. (2005) performed the quantitative 

analysis of Pb, As, Sr, Zn, Co, Fe, Mn, Al in vegetation from Spain using wavelength 

dispersive XRF technique to observe the performance of this method. They successfully 

measured the said metals in mining and control areas and reported that most of the 

metals were higher in mining areas than that of controlled areas, indicating pollution 

from mining activities which is agreeing with the conclusion of Omer (2015). They 

highlighted that the XRF is a non-destructive method for direct, rapid and sequential 

ad/or simultaneous analysis/determination of metals in vegetation samples. This method 

prove to be good and effective tool for the environmental study and quality control in 

vegetation. The ease of sample preparation, least manipulation and speed of analysis 

have indorsed XRF as an alternative to environmental spectroscopic methods. 
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The aquatic especially marine environments contamination via heavy metals is a 

great global concern due to their toxicity, long term persistence, non-biodegradability 

and succeeding accumulation in aquatic/marine habitats (Hajeb et al., 2014). The marine 

environments is contaminated by untreated industrial effluents, rapid urbanization 

(waste stream of urbanization), discharge of municipal wastes, shipping activities, 

increasing tanker trafficking, oil-gas exploration, operation of power plant and fishing 

activities (Alina et al., 2012). In the Strait of Malacca, Malaysia, Alina et al. (2012) 

studied the heavy metal of Hg, As, Cd and Pb in some marine fishes and shellfishes and 

reported that trace amounts of al these heavy metal were present in all studied samples, 

because the Strait of Malacca is considered one of the most polluted channel of the 

word. The levels of reported heavy metal were found higher in Shellfishes than fishes, 

but the concentrations were below the permissible limits of  0.5, 0.1-5.0, 0.05, 1.5 g 

g1 for Hg, As, Cd and Pb, respectively recommended by WHO/FAO (2004) and 

considered to be safe for human consumption. Bashir et al. (2013) investigated the 

levels of heavy metal in marine fishes from Mersing (East coast) and Kapar (West 

coast), Peninsular Malaysia and reported that although the West coast considered as 

more polluted than the East coast, most of the metals (except Cd) were found little bit 

higher in East coast than the West coast. The fish species Arius thalassinus contained 

higher levels of metals than the species Johnius belangeri in both regions but in both 

cases the metal levels were found lower than the maximum permissible levels set by 

WHO/FAO (2004) and therefore, safe for consumption without health risk. Mukherjee 

and Bhupander (2011) from India studied the heavy metal of As, Cd, Hg in marine 

fishes levels and have been recorded as 0.05 to 0.83, 0.16 to 0.86 and 0.28 to 0.93 g 

g1 dry wt, respectively which were much lower compared to WHO/FAO recommended 

limit. Since toxic metals are bio-accumulated in fish tissues, they suggested to frequent 

monitoring of the heavy metals as well as other pollutants such as polychlorinated 
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biphenyls (PCBs) dioxins and furans in marine fishes. Heavy metal pollutants through 

consumption of marine products, with bioaccumulation leading to potential risks by way 

of long term exposure (Korkmaz Gorur et al., 2012). In the Black Sea areas of Turkey, 

Korkmaz Gorur et al. (2012) reported that the levels of Pb, As, Fe, Mn, Cr, Zn, Ni and 

Cu as <0.001 to 0.02, <0.1 to 4.40, 7.91 to 19.11, 0.56 to 1.10, <0.1 to 0.24, 7.76 to 

15.05, <0.001 to 006 and 0.40 to 1.21 g g1 dry.wt, respectively. The concentrations of 

all analyzed metals were below the values established by European regulations. The 

estimated daily intake of these heavy metals due to consumption of the studied fish 

species were within the safe limit set by various international bodies. They remarked 

that the presence of heavy metals in the fish species provides an indication of 

environmental conditions alongside the Black Sea region.    

2.8.2 Heavy metal pollutants in human teeth 

Environmental pollution by heavy metals released from anthropogenic activities is a 

matter of human health concern all over the world including Malaysia due to their non-

biodegradability, toxicity and long-term persistence (Alina et al., 2012; Alomary et al., 

2006; Barton, 2011; Gdula-Argasinska et al., 2004; Lu et al., 2015; Millour et al., 2012; 

Tvinnereim et al., 2000). 

There are several methods, such as physical and chemical methods and with bio-

indicators that can be used for the assessment of environmental pollution (Kamberi et 

al., 2012). Recently, interest is grown among the researchers on the use of human bio-

indicators, as for example blood, urine, bone, teeth, finger nails and toes, hair and saliva 

for the evaluation of environmental pollution by the way of toxic/heavy metals 

(Abdullah et al., 2012; Arruda-Neto et al., 2009; Arruda-Neto et al., 2010; Barton, 2011; 

Brown et al., 2004; Kamberi et al., 2012; Kantamneni, 2010).   
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Teeth (dentin, enamel or whole tooth) which cover much longer lifespan as 

substrates for toxicological analyses are suitable bio-indicators of heavy metals 

exposure to environmental pollution and superior to blood, nail, saliva, or hair as an 

indicator of chronological metal exposure from environment because the metals 

accumulated in dental hard tissues during formation and mineralization processes are to 

a large extent retained and relatively stable and once formed, these dental hard tissues 

(e.g., dentin and enamel) are not subject to significant turnover of appetite as in other 

biological indicators, therefore, provide a permanent, cumulative and stable record of 

both past and/or recent environmental exposure by heavy metals (Abdullah et al., 2012; 

Alomary et al., 2006; Amr, 2011; Mohamed Amr & Helal, 2010; Appleton et al., 2000; 

Arora et al., 2006; Arruda-Neto et al., 2010; Barton, 2011; Brown et al., 2004; Gdula-

Argasinska et al., 2004; Kamberi et al., 2012; Kantamneni, 2010; Kolak et al., 2011; 

Kumagai et al., 2012; Malara, Kwapulinski, & Malara, 2006; Oprea et al., 2013; Zhang 

et al., 2011).  

Several researchers from different countries carried out research work to evaluate the 

environmental pollution using teeth as bio-indicator of heavy metal exposure to 

environment. In Klang Valley region of Malaysia, Chew et al. (2000) investigated the 

levels of Pb, Zn and Cu in adult human teeth and reported that the levels of Pb of the 

examined population varied between 1.7 to 40.5 g g1, which were neither very low 

nor very high. Interestingly, an excess values (17.1 g g1) of Pb was found in the teeth 

of six lorry drivers who are considered as low socioeconomic people, whereas relatively 

higher Pb levels (21.3 g g1) was reported in the teeth of older aged people. They 

concluded that their findings are straight evidences for the incorporation of lead in teeth. 

But, they did not either investigated the other importanr heavy/toxic metals nither 

mention the sources of Pb and how it incorporated in the human teeth, which is 
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desirable. On the other hand, the levels of Zn and Cu in the teeth were reported as 123.0 

and 0.6 g g1, respectively which were lower than the body nedds. Therefore, it is 

suggested that there is a need for Zn and Cu supplementation in the diet of the studied 

population. Similarly, Arruda-Neto et al. (2009) in Brazil reported that the levels of Pb 

in deciduous’ teeth living in contaminated area was about 40% higher than those from 

control region, indicating that environmental Pb is more abundant in polluted areas. 

They also reported that the levels of heavy metal exposure in teeth is influenced by 

gender and teeth conditions in which boys teeth and carious teeth exposed 20% and 

33% more Pb than the girls teeth and non-carious teeth, respectively. The syudy of 

decidous teeth does not carry the chronological information of hevy metal. Therefore, 

permanent teeth is needed to investigate. Again in 2010, the same research group 

studied the environmental burden of heavy metal (Pb, Cd, Fe, Zn, Mn, Ni and Cr) in the 

same place using human teeth of different ages and reported that the metal levels 

obtained in the control region were 40%60% lower than those of polluted region, 

indicating that there is no change of pollution level. They did a good job but, did not 

report the sources of metal pollution in their said polluted areas. Likewise, Appleton et 

al. (2000) evaluated the heavy metal levels in animal (Bank Vole) teeth as an exposure 

marker of environmental pollution in some places of environmentally polluted and non-

polluted areas in South Poland and reported the levels of Pb and Cd in polluted areas 

were much higher than the controlled (expectedly less polluted) areas which is in 

agreement with the study of Arruda-Neto et al. (2009, 2010). After four years, Gdula-

Argasinska et al. (2004) carried out the same rrsearch in the same regions and observed 

relatively lower levels of metal in the teeth of animal (Bank Vole) than the Appleton et 

al. (2000) investigated result. They stated the reasons behind this situation were some 

legislation imposed by Polish law, the use environment friendly new technology in 

industrial processes, and the shutdown of some environmentally dangerous industries. 



 

76 

Therefore, the condition in the environment become better than in the past. Similarly, 

Oprea et al. (2013) reported the significantly higher levels of heavy metals (Zn, Fe, Cu, 

Ni, In, Nd, As and Cr) in the permanent human teeth of urban population that rural ones. 

They showed the greatest ratios of metal concentrations for Zn (6.65), Fe (5.68), In 

(4.75), Nd (3.83), As (3.67) and Cr (3.36) indicating that the metal levels in teeth is 

associated to the individual’s urban exposure. They also reported that correlations of Zn, 

Fe, Cu, Ni and Cr in teeth increases with older age, with females teeth tissues than 

males ones and more in incisor compared to molar.  

Human teeth are suitable biomarker for the assessment of environmental exposure to 

Cd and also find out the effects of some factors, such as gender, smoking habit, 

residency, age to incorporate Cd into dental tissue (Al-Jubouri & Bashbosh, 2012). 

They authors  investigated the levels of Cd in teeth of some Iraki cement factory 

workers and reported that the concentration of Cd significantly increased in exposed 

people (workers in a cement factory) than the controlled ones. They also reported that 

the concentration of Cd in teeth of smoker’s, urban population and older ages were 

significantly higher than those of non smoker’s, rural population and younger ages, but 

did not explain behaind the reasons. Similar study has been conducted by Alomary et al. 

(2006) in Jordanian teeth and recorded the levels of Pb and Cd with the range of 

0.7469.15 and 0.062.16 g g1 dry wt, respectively. They reported that the levels of 

Pb and Cd in smoker’s, males, older ages and amalgum filling teeth were significantly 

higher than that of non-smokers, females, younger ages and non-filling teeth, indicating 

that these factors substantially influences the contents of Pb and Cd in human teeth. 

They also recorded the higher levels of Pb and Cd in the teeth of polluted sities than 

those of quite clean cities of Jordan. Moreover, their investigation showed that the teeth 

brushing daily with toothpaste did not differ the teeth without brushing on the levels of 

Pb and Cd in teeth, which is a good findings. This type of study is realy significant for 
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the future researchers. In Japan, parallel work has been done by Kumagai et al. (2012) 

and reported that the levels of Pb, Zn, Sr, Cu, Co and B in tooth dentin increases with 

age, indicating the cumulative incorporation of metals in teeth. The possible reason that 

a huge quantities of collagen fibers are contained in dentin and the elements that having 

affinity for collagen fiber are engrossed in the body as well as increased the cumulative 

dosage and hence concentration of elements increase with age. Whereas, significant 

differences in the levels of Pb and Co between men and women were reported. Thus 

human dental dentin can be used as a suitable substance for relatively sex and age at 

future research. In India, Hegde et al. (2010) reported that the concentrations of Pb in 

primary teeth significantly greater than blood lead levels indicating the cumulative 

effect of Pb exposure against the Pb levels in blood. Therefore, the teeth Pb could be 

effective biological indicator. They also stated that there is no significant variation of Pb 

levels with age indicating that the levels of exposure from different environmental and 

alimentary medias may contribute more than age to the Pb incorporation in teeth. Some 

differences in Pb levels were found between the teeth types which may be owing to the 

differences in metal exposure at the periods of formation of teeth. The primary teeth 

reflect increasing lead exposure and prove to be superior biomarkers of body burden of 

lead. Likewise, Kern and Mathiason (2012) reported that the levels of Pb and Zn 

increased with age, but the levels of Cu did not follow this trend. High level of Zn 

indicates the high protein diets, while the significant presence of Pb in teeth indicating 

the pollution of the environment. Males teeth showed higher levels of Pb than females 

one. The excess and the deficiency of toxic and essential element in human diet can be 

assessed with this method used. For elemental analysis, wisdom teeth should be used 

because these teeth are generally uncontaminated compared to other teeth. 

Concentration of Pb which is favourably accumulated in human teeth can be used as an 

index of environmetal contamination and its concentration greater than 4 mg kg1 
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causing a toxic body load (Amr, 2011). He reported that the levels of Na , Al, Mg, Fe, 

Ni, Cu, Pb, Ca, Sr, Ba, and U were significantly higher in permanent teeth compared to 

the deciduoue teeth, and the reverse results showed for the cases of Mn, Co, Se, As, Mo 

and Bi which is the indication of chronological exposure of metal in teeth. But the 

author did not study the pollution level using teeth as exposure indicator. Brown et al. 

(2004) reported that the levels of Pb, Ba, Al, Mg, Sr, U and Ce were higher Ugandan 

deciduous teeth, while opposite result were shown in the case of Cu, Ca and Zn, which 

were higher in UK teeth, indicating the socioeconomic status is an effective factor. They 

concluded that the content of trace metal in human primary teeth is influenced by 

environment and the teeth can be used for identification of nutritional status. Webb et al. 

(2005) reported that the level of Pb in deciduous teeth of Kalama, Egypt and ancient 

teeth of NYABG were higher, indicating potential Pb contamination, whereas the teeth 

of Bronze age population Tell Abraq contains lowest levels of Pb. Conversely, 

relatively lower level of Pb contained in the deciduous teeth of Soli’s, Maxico although 

this population used lead-based glaze pottery for cooking, food storing and eating, 

which could be the cause of high ingestion of Ca by these populations via the 

consumption of tortilla. On the other hand, Zn concentration was highest in the 

children’s teeth of Kalama, Egypt, might be the intake of yeast-leavened breads that 

serves the availability of Zn. Comparatively lower levels of Zn was found in deciduous 

teeth of Solis, Mexico, indicating that the intake and absorption of Zn may be difficult 

for the Solis populations. The higher levels of Sr was found in the Bronze teeth of Tell 

Abraq and the teeth of another ancient population groups of NYABG than other two 

cotemporary groups namely, deciduous teeth of Kalama, Egypt and Solis, Mexico. 

Therefore it can be concluded that the metal (Pb, Zn and Sr) exposure in teeth reflects 

the environmental, dietary and nutritional history of the group of populations. This work 
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is very interesting which evaluate and compare the the metal levels of different ethnic 

and century population. 

The spatial distribution of Pb in the enamel and dentin of human deciduous teeth 

from Austrialia has been investigated by Arora et al. (2006) and reported that the 

postnatal dentin (after 4 months: 4.54±3,48 g g1) contain significantly higher levels of 

Pb than in prenatal dentin (after 4 months: 1.39± 0.21 g g1. However, in the case of 

enamel opposite result has been observed. They concluded that the distribution of Pb in 

human primary dental dentin can be used to get information about environmental 

exposure of Pb in the time of prenatal and postnatal periods, and dentin-lead can be 

significantly used as a bio-marker of exposure of Pb. Similar study has been conducted 

by Grobler et al. (2000) in deciduous teeth in South Africa and reported the mean 

concentration of Pb in dental dentin and enamel compartment were 2.23±1.32 g g1 

and 0.33±0.26 g g1, respectively which were almost alike to the findings of Arora et 

al. (2006) in the same tooth compartment. Dolphin et al. (2005) investigated the levels 

of trace elements in prenatal and postnatal areas of human primary dental enamel using 

and found meaningfully greater levels of Pb in postnatal enamel. Hence, the enamel-

lead levels can be used for the differentiating individuals experiencing different 

concentrations of exposure. Saiki et al. (2009) reported that the concentrations of Zn, 

Mn, Cl, Na and Sr were greater in carious tooth dentin than those obtained for non-

carious dentin. On the other hand, Zn, Sr, Mn and Cl were found higher in carious teeth 

enamel than those found in non-carious ones. Furthermore, the concentrations of Zn, 

Mn, Sr, Ca and Cl were significantly higher in sound enamel than sound dentin tissues. 

Therefore, it is concluded that the incorporation of some heavy metal in teeth is a cause 

of carious formation in teeth.  Trace elements (i.e., Pb) content in human deciduous and 

permanent teeth is an appropriate monitor for the demonstration of environmental 
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pollution over zoological and fitological sample analysis in ecological study (Kamberi 

et al., 2012). Because, teeth tissues are very hard, durable and relatively stable and once 

heavy metals such as Pb accumulate in these calcified tissues are large extent retained as 

there is no turnover of apatite in teeth. Kamberi et al. (2012) indicated the three areas of 

major difficulties for the interpretation of the analytical outcomes for Pb in teeth. First, 

the distribution of Pb all over the teeth is not homogeneous; secondly, the levels of Pb 

vary with the type of teeth that relates to the tooth age and lastly, the results from 

different laboratories varied significantly that point out the problems with 

contamination, pre-treatment of the sample and analytical methods. Thus, for the 

assessment of heavy metals in teeth, a standard protocol should be developed and it is 

suggested that instead of a part of the tooth, whole tooth and bigger sample sizes should 

be considered for the evaluation of the level of Pb.  

Above literature revealed that different analytical methods can be used for the 

evaluation of heavy metal in human and animal teeth. All elemental analytical method 

generate some polyatomic and isobaric interference, which should be addressed 

properly to achieve the accuracy of the result, but surprisingly, none of the literature 

address this important issue. The whole tooth and the tooth compartment, tooth of 

different age, ethnic, residency, smoking habits, professions, dietary habits, 

socioeconomic status people should be analyzed for heavy metal to compare the result, 

establish their relationship and find out the suitability. The literature also established 

that the human and animal teeth can be effectively used as a bio-marker of 

environmental pollution as well as nutritional status study.    
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CHAPTER 3: COMPILATION OF PUBLISHED PAPERS 

3.1 Author Contributions  

The author of current thesis, I myself (Khandoker Asaduzzaman) is the core 

contributor of all the published papers included in this thesis.  As a core author, I 

designed the experimental set up, collected the sample, carried out all the experimental 

work, analysed and interpreted the results and wrote manuscripts for publications.  All 

the co-authors have notable contributions in the published work included in the present 

thesis. The contributions of each author are described as follows:  

Associate Professor Dr. Mayeen Uddin Khandaker, Professor Dr. Yusoff Mohd 

Amin and Mohideen Salihu Farook supervised the present research work. They helped 

in the development of experimental set up and measurement techniques. Associate 

Professor Dr. Mayeen Uddin Khandaker helped in explaining the results, editing and 

reviewing all the papers before their submission to the journals and also provided 

guidance to handle the reviewer’s comments before acceptance. R.H. Mahat, R. M. Nor 

and Hasan Abu Kassim aided in data analysis and result production in the respective 

paper. Noor Liyana Mohd Nasir, Michael Adekunle Olatunji, Z. Zainuddin, K. S. K. 

Shuib, N. A. Hakimi, S. M. Nawi and A. R. Usman helped in sample collection and 

measurement in the respective paper. D. A. Bradley, M. S. Farook, P.J. Jojo, Tareq 

Alrefaed, E. Daar, H. Ahmed and A. A. Okhunov provided the intellectual inputs 

especially in the manuscript editing and discussion part of the relevant paper.  

3.2 Publications 

A list of seven research publications is given in the following. All these publications 

have collectively contributed to accomplish the main goals and objectives of the current 

thesis.  
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Farook and D. A. Bradley. 
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Metals Risk due to the Dietary Intake of Marine Fishes (Rastrelliger kanagurta) from 

the Straits of Malacca”, PLOS ONE, 10(6), 1-16. doi: 

DOI:10.1371/journal.pone.0128790, authored by M. U. Khandaker, Kh. Asaduzzaman, 

S.M. Nawi, A.R. Usman, Y.M. Amin, E. Daar, D. A. Bradley, H. Ahmed and A. A. 
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6th Publication is the reprint of our paper, “Natural radioactivity and effective dose 

due to the bottom sea and estuaries marine animals in the coastal waters around 

Peninsular Malaysia”, Radiation Protection Dosimetry, 2015. 167 (1–3), 196–200, 
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Baharudin and David Andrew Bradley. 
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CHAPTER 4: CONCLUSIONS 

In consequence of their importance in the Malaysian diet, natural radioactivity and 

heavy metal exposure due to consumption of staple food such as rice, vegetables and 

marine life (fish, molluscs and crustaceans) collected from different regions of 

Peninsular Malaysia has been assessed. In addition to foods, the levels of heavy metal in 

human teeth has been evaluated to comprehend the environmental pollution by heavy 

metals and to evaluate their correlation with a number of parameters including the 

ethnic of the teeth donor, age, sex, teeth condition and teeth type. 

4.1 Natural radioactivity in staple foods 

A comprehensive study has been carried out to establish the radioactivity levels and 

soil-plant transfer factors associated with the natural decay chains of 238U and 232Th and 

no-series long-lived natural radionuclide of 40K.  

The levels of natural radioactivity, radionuclides transfer (TF) from soil-to-rice and 

committed effective dose to Malaysian population has been evaluated due to 

consumption of locally grown rice in Sungai Besar (Selangor), Kampung Permatang 

Tok Labu (Pulau Pinang) and Kampung Sakan (Kedah). The average radioactivity 

levels of 226Ra, 232Th and 40K in rice were varied as 1.5±0.4 to 2.8±0.7, 3.6±1.4 to 

7.5±2.7 and 59.9±6.0 to 92.2±5.4 Bq kg1, respectively, while in corresponding soils the 

ranges were 7.2±2.0 to 9.1±1.8, 11.6±1.9 to 20.6±3.1 and 76.5±5.7 to 114.6±6.6 Bq 

kg1. The activity levels of 226Ra, 232Th and 40K in the studied rice samples were well 

below the UNSCEAR (2000) recommended values of 67 82 and 310 Bq kg1, 

respectively. The activity levels of 232Th was slightly higher than 226Ra in all soil 

samples so as to rice samples in all locations, which may be attributed that thorium has 

a high affinity for the regular exchange sites of the soil and paddy plant absorbs thorium 
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at a high rate from soil. The erosion process of 232Th largely occurred and it adsorbed in 

the soil on the spot, whereas 226Ra is easily extracted and migrates with soil water. This 

may be the possible reasons for a higher accumulation of 232Th than 226Ra. The activity 

levels of 40K was found remarkably higher than the other radionuclides, which may be 

attributed to the abundance of 40K in nature. The soil-to-rice transfer factor (TF) in 

different study locations were estimated to be ranged as 0.16 to 0.32, 0.17 to 0.48 and 

0.52 to 1.21, respectively for 226Ra, 232Th and 40K.  The TF of 40K was found 

significantly higher (p < 0.001) than other radionuclides indicating the fundamental 

nutrient status of potassium for the plants. The high TF of 40K was probably due to the 

excessive use of potassium-containing fertilizers at the sampling sites, its high mobility 

in soil, and its subsequent uptake by plants. The estimated soil-to-rice transfer factor for 

226Ra and 232Th were found much higher than those compiled by the IAEA (IAEA, 

2010). The TFs of 226Ra, 232Th and 40K varied differently among the study locations and 

within the radionuclides. This may be due to the dissimilarity in locations and the 

physical properties of the soil, individual chemical properties of the radionuclides, soil 

amendment such as NPK fertilizers, use of insecticides and herbicides, plant species, 

climate condition etc. which may have a larger influence on the uptake of radionuclides 

from soil-to-rice. The total annual effective dose via the consumption of studied rice 

grains were estimated in the range of 153.4±33.2  294.3±49.8 Sv y1 among the study 

regions, which lies within the range of world average of 290 Sv y1 compiled by 

UNSCEAR (2000). But the population dose for the rice of Pulau Pinang exceeded the 

tolerable limit, which may be credited due to the TENORM effect and hence care 

should be taken to consume this rice. 232Th is the main contributor to the intake dose, 

with a contribution of about 44% of total estimated dose, followed by 40K (29%) and 

226Ra (27%). Among the study locations, rice from Pulau Pinang contribute about 43% 

of the total dose, followed by Kedah (35%) and Selongor (22%). The lifetime cancer 
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risk through the rice consumption were below the acceptable limit of 0.29×103 for 

radiological risk. Therefore, the intake of radionuclides from the consumption of rice 

yet pose no significant threat to public health. 

Natural radioactivity, radionuclides transfer (TF) from soil-to-edible flora (vegetable) 

and committed dose to Malaysian population has been assessed due to consumption of 

various popular vegetables locally grown in Cameron Highlands in Pahang, Klang in 

Selangor, Pasir Panjang in Negeri Sembilan, Tumpat in Kelantan and Langkawi in 

Kedah. Among them Cameron Highland is a main vegetables grown area. The average 

activity concentrations (Bq kg1) in vegetables were ranged from 0.64±0.16 to 

3.80±0.42, 0.21±0.13 to 6.91±0.54 and 85.53±4.04 to 463.8±21.9 for 226Ra, 232Th and 

40K, respectively, while in corresponding soils the ranges were 1.33±0.09 to 30.90±1.46, 

0.48±0.12 to 26.80±1.34 and 7.99±0.44 to 136.5±6.4, respectively. It was observed that 

the activity levels of 226Ra, 232Th and 40K in the vegetable were not uniform, varying 

with the types and locations, and depending upon the geological formation of the area 

under study. The Highland farms present greater concentrations than the ground farms 

do. The activity of 232Th was found to be little bit higher than 226Ra in most of the 

samples, supportive of the fact that the presence of thorium is 1.5 times greater than that 

of uranium in the Earth's crust. Moreover, the activity of 40K exceeded by far the values 

of both 226Ra and 232Th, being the most abundant radioactive element present in the 

environment and it also being noted that potassium is used extensively as part of a NPK 

fertilizer in intensive farming activities to promote dynamic growth. The soil-to-

vegetables transfer factor (TF) for 226Ra, 232Th and 40K in different study locations were 

estimated to be ranged from 0.03 to 0.96, 0.01 to 0.26 and 0.74 to 38.18, respectively. 

Soil-to-vegetables TF showed considerable variation with respect to soils, vegetables 

and locations. The uptake of radionuclides from soil by vegetables depends on various 

interrelated soil properties including texture, clay content, dominant clay minerals, 
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exchangeable cations, pH, organic matter content and other environmental conditions. 

The transfers being greatest for 40K, an expected outcome given the essentiality of this 

element in support of vigorous growth. The TFs of 226Ra and 232Th were found to be in 

accord with available literature data but higher than IAEA reported values, the values 

indicating the mobility of these radionuclides to be low in the studied soils (IAEA, 

2010). The committed effective dose via the consumption of studied vegetables were 

found to be varied from 0.22 to 6.27, 0.36 to 28.1 and 0.58 to 8.99 Sv y1 for 226Ra, 

232Th and 40K, respectively. Among the studied vegetables, cabbage (60%) is the 

greatest contributor to the committed dose, followed by tomato (15%), tapioca (10%), 

spinach (6%), cucumber (6%) and brinjal (3%). This study indicated that, due to the 

consumption of the investigated vegetables, an individual might receive a total radiation 

dose of approximately 71.76 Sv y1, some 4 times lower than the world average (290 

Sv y1). The average excess lifetime cancer risk values were low compared with the 

acceptable limit of 0.29×103 for radiological risk, indicating that consumption of the 

studied vegetables pose no serious health threat to the population. 

Natural radioactivity, soil-to-tapioca and soil-to-sweet potato transfer factor of 

radionuclides and ingestion dose to humans based on natural field conditions in 

Puchongformer tin mining soil, Batang Berjuntailateritic soil and Lembah 

Beringinlateritic soil in Selangor and Chemorpeat soil in Perak, Peninsular Malaysia 

were evaluated.  The activity concentrations of 226Ra, 232Th and 40K in tapioca varied as 

87 to 127, 3 to 43 and 56 to 844 Bq kg1, respectively. The respective values for sweet 

potato varied as 67 to 76, 8 to 17 and 282 to 2483 Bq kg1, respectively. The activity 

levels of 226Ra and 40K were observed higher in Puchong, which is a former tin mining 

area. This could possibly be attributed to the contribution of technologically enhanced 

naturally occurring radioactive material (TENORM) in this location via former mining 
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activities, potentially though soil contamination. The soil-to-tapioca transfer factors 

(TFs) of 226Ra, 232Th and 40K in different study locations were found to be varied from 

0.77 to 1.12, 0.28 to 1.7 and 0.11 to 2.0, respectively. The corresponding values for 

sweet potato were ranged from 0.58 to 0.82, 0.33 to 0.92 and 0.69 to 3.3, respectively. 

Soil-to-plant transfer of radionuclides is largely affected by numerous factors: the soil 

physiochemical properties (soil texture, clay, pH, cation exchange capacity (CEC), 

potassium (K), calcium (Ca) and organic matter content), stage of growth, soil microbial 

activity, individual chemical properties of the radionuclides, plant species, agricultural 

practices, climate condition etc. Accordingly, some variation of TFs were observed 

among the studied regions and samples. The estimated TF values were found to be very 

much higher than the range of values reported by IAEA (IAEA-tecdoc-1616, 2009). 

Soil-to-tapioca and -sweet potato TFs for 40K were found to be significantly (p < 0.05) 

higher than that for the other nuclides in almost all locations. The high TFs of 40K was 

probably due to the excessive use of potassium based fertilizers at the sampling sites, its 

high mobility in soil and subsequent uptake by plants. Therefore, as compared to 

uranium and thorium, potassium shows the highest TF. An experimental tapioca field 

was developed for study of the time dependence of plant uptake. Based on the findings 

from the experimental field in Dengkil, Sepang, Malaysia, soil-to-tapioca TFs for 226Ra, 

232Th and 40K increased from 1.6 to 5.9, 2.0 to 9.2 and 1.9 to 3.0, respectively with time. 

In most cases, the uptake of radionuclides at the middle or late growth stages produced 

higher TFs than those at the early growth stage. For all study regions, the annual 

effective dose from the consumption of tapioca and sweet potato were estimated to be 

very much lower than the world average 290 Sv y–1and therefore, considered to be safe 

for human consumption.   

The majority of perishable vegetables produced and consumed by the populations of 

Kuala Selangor, Malaysia were examined to assess their radioactivity levels and 
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associated radiation hazard following their consumption. The highest concentrations 

were noticed in water spinach for 226Ra (2.8±2.0 Bq kg1) and 40K (427±27 Bq kg1) and 

in sweet potato for 228Ra (1.8±2.2 Bq kg1). The lowest levels of 226Ra, 228Ra and 40K 

were observed in long bean (0.5±0.1 Bq kg1), cucumber (0.3±0.1 Bq kg1) and tapioca 

(63±18 Bq kg1), respectively. For all varieties of vegetables, variability in radionuclide 

concentration was observed, also within the same types of vegetable. This can be related 

to differences in the chemical and physical properties of the different vegetable farm 

soils, individual chemical properties of the radionuclides, irrigation, use of insecticides 

and herbicides, plant species, the degree of preparation of the vegetable sample, such as 

peeling, washing, etc. or even due to the use of phosphate fertilizers. The committed 

effective dose received by the Kuala Selangor communities (adult) due to the 

consumption of vegetables was estimated as 16.6 Sv y–1 for 226Ra, 23.6 Sv y–1 for 

228Ra and 57.6 Sv y–1 for 40K, with a total of 98 Sv y–1, which was three times lower 

than the world average value (290 Sv y–1) and presents no significant risk to the health 

of general public of Kuala Selangor community. Among the vegetables, water spinach 

(17%), cucumber (15%) and sweet potato (13%) are the greatest contributors to the 

intake dose for Kuala Selangor communities, followed by lady’s finger (12%), spinach 

(10%), tapioca (10%), brinjal (8%), long bean (8%) and winged bean (5%) and yam 

(2%). 40K is the main contributor to the intake dose, with a contribution of about 59% of 

total estimated dose, followed by 228Ra (24%) and 226Ra (17%).  For water spinach, 

cucumber and sweet potato, the more elevated effective dose was not only due to the 

greater radionuclide concentration (as exemplified by water spinach) but also to the 

greater consumption rate (as exemplified by cucumber). 

Malaysia is among the countries with the highest fish consumption in the world and 

relies on seafood as a main source of animal protein. Therefore, the radioactivity levels 
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in widely consumed marine lives such as fishes, crustaceans and molluscs collected 

from the West and East coast of Peninsular Malaysia has been determined to evaluate 

the level of human exposure by the way of seafood consumption. The activity 

concentrations of 226Ra, 228Ra (232Th) and 40K in marine animals varied from 

0.6±0.197.83±0.78, 0.19±0.176.21±0.53 and 34±13398.6±20.2 Bq kg−1, respectively. 

Present study shows elevated radioactivity concentrations in the fish of the Straits of 

Malacca compared to that reported in similar studies in seas elsewhere. The results 

reflect the contribution of additional technologically enhanced naturally occurring 

radioactive material (TENORM) pollutants, largely expected to be a result of oil and gas 

waste streams, related to shipping activities, the route being regarded as the second 

busiest water channel in the world. In regard to inter-comparison of results from the 

study locations, the Bagan Lalang area showed the greatest level of radioactivity; here, 

the narrowing of the Straits, together with a relatively high level of industrialisation 

including major seaport, urbanization and the effluents that result from these factors are 

expected to lead to increased concentrations of radionuclides in the marine environment, 

including fish. Of further note that the activity concentrations of 40K are significantly 

greater (p < 0.001) than that of the other radionuclides for all study locations. The 

appreciably greater values for 40K are in line with expectation, a considerable fraction of 

the weight of each sample being accounted for by the fish bones rich as they are in 

potassium, being a natural isotope of potassium, an essential element for vertebrates. 

This is expected since this radionuclide is widely dispersed in marine environment and 

responsible for the metabolism activities of the organisms inhabiting in this 

environment. 

Distribution of radioactivity in the studied marine animals differs with respect to 

sites of origin and species. The little variations could possibly be attributed to some 

biological factors particularly to each fish such as, differential feeding habits, 
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physiological behaviour, morphological appearance (size and length) and the 

radionuclide distribution within the marine compartments, meaningfully disparity in the 

accumulation of radionuclides in marine animals. The annual effective doses received 

by individuals due to the dietary intake of 226Ra, 228Ra (232Th) and 40K via the 

consumption of marine animals, range from 17.69 to 277.18 Sv y–1 with an average of 

100.75 Sv y–1, falling below the world average for annual effective dose (290 Sv y–1). 

Accordingly, the carciogenic risk was found to be well below the acceptable limit of 

0.29×10−3, indicating yet safe for human consumption. 

 

4.2 Heavy metal in foodstuffs 

Among the foodstuffs, vegetables and fishes are the most exposed foods by 

environmental heavy metals due to their aerial burden and also physicochemical 

characteristics and accumulation capabilities. Practically all categories of vegetable 

produced and commonly consumed by the Kuala Selangor communities (particularly 

the root, fruit and leafy vegetables that are known to be popular in Malaysia) were 

examined in order to assess the heavy metal exposure scenarios following their 

consumption.  

The heavy metals 202Hg, 137Ba, 85Rb, 88Sr, 209Bi, and 121Sb were present in almost all 

varieties of vegetable samples but concentrations were found to be very low, 

contributing inappreciably to any significant poisonous effect. In the present study, no 

208Pb, 60Ni and 52Cr have been detected in root vegetables, while 111Cd, 75As and 78Se 

were not detected in any of the studied vegetable samples. Conversely, 66Zn, 63Cu, 56Fe 

and 55Mn were found to be present in moderate quantities in all types of vegetables. 

Fruit has been found to contain greater concentrations of 66Zn, 63Cu, 56Fe and 55Mn than 

the root vegetables, noting that 52Cr, 55Mn, 56Fe, 63Cu, 66Zn, and 60Ni are essential 

metals for human nutrition; however, when consumed at high levels this can result in 
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health problems. Trace amounts of heavy metals were detected in various types of 

vegetables, because some metals are naturally present in the vegetables growing soil 

and further added to pollute by industrial and urban emission, agricultural practices etc. 

The vegetable garden top soils may be contaminated by heavy metals and hence 

transmitted the crops through root uptaking. Leafy vegetables accumulate greater levels 

of heavy metals than roots, which indicates that vegetables bio-accumulated lower 

quantities of heavy metals from soil and the foliar uptake may be a vital route of metals 

from the polluted environments. The recorded concentrations of heavy metals showed 

variations among different vegetables, to be traced to differences in the chemical and 

physical properties of the different farm soils, by industrial effluents contamination in 

the producing areas or even due to the use of phosphate fertilizers, herbicides, 

fungicides and pesticides.  

The total dietary intake (µg day‒1 body weight) of heavy metals via the consumption 

of vegetables were estimated as 24Mg (40.4), 27Al (26.4), 52Cr (0.004), 55Mn (1.1), 56Fe 

(2.21), 60Ni (0.004), 63Cu (0.05), 66Zn (0.53), 85Rb (0.14), 88Sr (0.38), 121Sb (0.79), 137Ba 

(0.02), 209Bi (1.1), 202Hg (0.007) and 208Pb (0.008). Results for the studied heavy metals 

indicate that vegetables consumed in Kuala Selangor communities contain levels of 

heavy metals that are well within tolerable limits, and that the contribution of the 

vegetables evaluated to the dietary intake of heavy metals remain beneath the standards 

suggested by international organizations and hence contribute any significant poisonous 

effect in human body.  

Malaysia is one of the highest marine animals (fish, molluscs and crustaceans) 

consumption country in the world and the uptake of heavy metal in general public 

clearly depends on dietary habit. Due their pathway into the daily diet of the local 

population, heavy metal concentrations have been evaluated in marine fishes collected 
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from the Straits of Malacca, west coast of Malaysia which receives pollution as a result 

of various industrial and anthropogenic sources. The heavy metal (mg kg‒1) levels were 

found as: 75As (0.32490.7485), 208Pb (0.02), 202Hg (0.0247), 27Al (3.1154.489), 52Cr 

(0.01080.0516), 88Sr (19.5627.68), 59Co (0.00070.0038), 63Cu (0.07120.1972), 

55Mn (0.43721.841), 66Zn (5.60715.35), 78Se (0.0350.0938), 56Fe (3.5464.857), 

85Rb (0.09780.2312), 137Ba (0.28450.6597), 209Bi (1.5984.143) and 24Mg 

(80.43115.0). Most of the heavy metal levels in marine fish samples were found to be 

higher than that found in vegetable samples. Present study identifies the presence of a 

wide range of non-essential metals in the selected fish, albeit at relatively low levels 

compared to studies conducted elsewhere, varying in concentration from region to 

region and element to element. While again the variation is to be linked with industrial 

locations and types. Metal contaminants via consumption of marine products, with 

bioaccumulation leading to potential risks via long-term exposure. Marine life can have 

considerable capability for bioaccumulation and biosorption toxic/heavy metals from 

their surroundings.  

The estimated daily intake of all the studied heavy metals in fishes were below the 

daily limit on intake recommended by the international agencies. The overall heavy 

metal contamination in fish samples would seem to be well below harmful levels and 

therefore, safe for human consumption. 

4.3 Heavy metal pollutants in human teeth 

With rapid urbanization and large-scale industrial activities, modern human 

populations are being increasingly subjected to chronic environmental heavy metal 

exposures. Elemental uptake in tooth dentin is a bioindicator, the uptake occurring 

during the formation and mineralization processes, retained to large extent over periods 

of many years. The uptake includes essential elements, most typically geogenic dietary 
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sources, as well as non-essential elements arising through environmental insults. In this 

study, with the help of the Dental Faculty of the University of Malaya, separate human 

teeth were collected from dental patients of various ethnicity, age, gender, occupation, 

dietary habit, residency, etc. Most teeth dentin samples indicating the presence of the 

following trace elements, placed in order of concentration, from least to greatest: 75As, 

55Mn, 137Ba, 63Cu, 52Cr, 208Pb, 66Zn, 202Hg, 121Sb, 27Al, 88Sr, 118Sn. Statistical analysis 

showed that 208Pb is correlated with 75As, 52Cr, 55Mn, 88Sr, 209Bi, 137Ba, 56Fe, 63Cu, 66Zn, 

121Sb and 27Al which suggested that these metals comes from similar anthropogenic 

origin. 

The concentrations have been observed to increase with age, indicating chronological 

incorporation of metal in teeth. Among the ethnic groups, the teeth of the Chinese show 

marginally greater metal concentrations than those of the Indians and Malays, which 

may be related to their socioeconomic status, dietary habits, profession etc. The food 

habits and occupations also differ somewhat among the three races. Indians are also 

mostly vegetarians, the Malays are chicken and fish lovers and the Chinese tend to 

favour the consumption of pork and alcoholic beverages. The teeth dentin of females 

generally showing greater concentrations than that of males, indicating gender 

dependency of heavy metal. Greater concentrations of 202Hg, 63Cu and 118Sn were found 

in molars while 208Pb, 88Sr, 121Sb and 66Zn were present in greater concentrations in 

incisors. The differences in relative contents of heavy metals result from complex 

processes based on structural and developmental differences between the teeth types. 

With the elevated concentration levels of heavy metals in tooth dentin reflecting 

pollution from industrial emissions and urbanization, it is evident that human tooth 

dentin can provide chronological information on exposure, representing a reliable bio-

indicator of environmental pollution. 
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Since higher concentration of radioactive- and heavy metal substances in the 

environment is undesirable, continuous monitoring should be undertaken to detect the 

concentration of radioactive and heavy metals  in foodstuffs in order to take necessary 

radiological and toxicological measures with the aim of minimizing the potential 

harmful effects of ionizing radiation and poisoning effect of heavy metal. The latest data 

on dietary ingestions of radionuclides and trace metals in different countries should be 

updated on regular basis. It is thus hoped that the present results will help to establish a 

baseline for radioactive and heavy metal concentrations of various foodstuffs in 

Peninsular Malaysia. 

4.4 Recommendation 

Soil to plant transfer factor of radionuclide is the key factor for the assessment of 

radiation dose to general public. The dose estimated herein for the consumption of 

studied vegetables and fishes were 27.9 Sv y–1 for vegetable and 226.4 Sv y–1 for fish 

and also 288.8 Sv y–1 for rice, in which approximately 42% of the total dose has been 

credited via the consumption of fish and that for vegetable is only 5%. On the other 

hand, the obtained result showed that the daily intake dose for most of the studied heavy 

metals were remarkably higher in fishes than vegetables. Hence, both the radiological 

and toxicological point of view, it is concluded that vegetarians are safer than the non-

vegetarian people.   

Among the studied vegetables, about 54% of the total radiation dose received by the 

general public from the consumption of root vegetable, followed by leafy vegetables 

(32%) and fruit vegetables (14%). In regard to heavy metal, the daily dietary intake of 

heavy metals due to consumption leafy and fruit vegetables were little bit higher than 

root vegetables. Therefore, in radiological point of view, fruit vegetables are safer than 
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root and leafy one for consumption. However, in the toxicological stand point, root 

vegetables are quiet safer than leafy and fruit vegetables. 

4.5 Suggestion for future work 

In the present study, natural radioactivity in only rice, vegetables and marine animals 

and heavy metal in vegetables and marine fishes collected form a few places of 

Peninsular Malaysia has been determined. To create a complete baseline data for 

foodstuffs and to evaluate total dietary study due to food safety, it is suggested that a 

further study to be done on the radioactivity and heavy metal concentrations in all kinds 

of land produced foodstuffs, consumer food products, livestock’s, fresh water food and 

seafood collected from all over the Peninsular Malaysia, particularly following the latest 

(11 March 2011) Fukushima Daiichi, Japan nuclear reactor accident.       

The foodstuffs grown in Malaysia is not sufficient for its population, consequently, a 

huge amounts of foodstuffs have been imported from different countries, it is therefore 

suggested to carried out investigation on the radioactivity and heavy metal levels in 

foodstuffs collected in basket method.  

There is no baseline data on the radioactivity in soil in Peninsular Malaysia, A future 

work is suggested to be done to obtain statistically significant scenarios of the complete 

radiological map of Peninsular Malaysia. 

In the present work, the measurement of radioactivity concentration of 226Ra, 232Th 

and 40K has been performed by well-established gamma-ray spectrometry with HPGe 

and scintillation NaI (Tl) detector. The cumulative radioactivity contribution of these 

radionuclides could be measured by internal dosimetry system either by direct (WBC) 

or indirect (bioassay) method. Therefore, a future work is suggested to be done by 
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internal dosimetry system either by direct (WBC) or indirect (bioassay) method to 

measure the cumulative contribution of radioactivity of 226Ra, 232Th and 40K.  

Malaysia is one of the rapid growing industrial country in the world. Consequently, 

its environment may be polluted by industrial and urban emission. Therefore, a further 

study is suggested to be done in the industrial and control areas (far from industrial 

areas, e.g., rural areas) to evaluate and compare the environmental pollution using 

human or animal teeth as bio-marker.   

In the present work, the measurement of heavy metal concentration has been 

performed only by ICP-MS. In order to get more statistically significant picture of the 

heavy metal concentration, future study should involve the analysis of more samples 

using LA-ICP-MS, ICP-OES, ICP-AES, GF-AAS, AAS, SRXRF, PIXE together with 

ICP-MS. 
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APPENDIX A 

Decay scheme of 238U, 232Th, 235U and 40K 

 

Decay scheme of 238U 
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Decay scheme of 232Th 
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Decay scheme of 235U 

 

Decay scheme of 40K 
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APPENDIX B 

Lists of primordial radionuclides (Kathren, 1998; Eisenbud & Gesell, 1997; 

UNSCEAR, 2000) 

 

Radionuclides Decay 

modes 

Decay 

products 

Half-life 

(years) 

Isotopic 

abundance (%) 

Energy 

(MeV) 
40K EC, ,  40Ar, 40Ca 1.28 × 109 0.0118 1.3 

50V EC, ,  50Ti,  50Cr 6 × 1014 0.25  

87Rb  
88Sr 4.7×1010 27.83 0.273 

113Cd  113In 9 × 1015 12.3  

115In  
115Sn 5 × 1014 95.7 0.49 

123Te EC 123Sb 1.2 × 1013 0.87  

138La EC, ,  138Ba, 138Ce 1.1 × 1011 0.09 0.27 

143Ce  
143Pr >5 × 1016 11.1 1.5 

144Nd  
140Ce 2.1 × 1015 23.9 1.83 

147Sm  
143Nd 1.1 × 1011 15.0 2.23 

148Sm  
144Nd 8 × 1015 11.2 1.95 

149Sm  
145Nd >1016 13.8 < 2.0 

152Gd  
148Sm 1.1 × 1014 0.20 2.14 

156Dy  
157Tb 2 × 1014 0.06 3 

176Lu EC, ,  176Yb, 176Hf 2.7 × 1010 2.6 0.57 

174Hf  
70Yb 2  × 1015 0.17 2.5 

180Ta EC,  180Hf, 180W >1.6 ×1013 0.012  

187Re  
187Os 5 × 1010 62.5 0.0026 

190Pt  
186Os 7 ×1011 0.013 3.16 

204Pb  
200Hg 1.4 ×1017 1.48 2.6 
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Lists of 238U decay series radionuclides (https://nucleus.iaea.org/Pages/nu-dat-

2.aspx). 

Parents Half life Decay mode Daughters Maximum 

/ Energy 

(keV) 

Characteristic 

-ray Energy 

(keV) 

-ray 

emission 

probability 

(%) 

238U 4.468×109 y : 100% 234Th 4198 49.55 0.064 

     113.5 0.0102 

234Th 24.10 d β: 100% 234Pa 53.6 63.29 3.7 

     92.38 2.13 

     92.80 2.10 

234Pa 1.159 m β: 99.84 % 

 

234U 820.5 766.42 0.317 

     1001.03 0.842 

 6.70 h β: 100%     

234U 2.455×105 y : 100% 230Th 4774.6 53.20 0.1230 
     120.90 0.035 

230Th 7.538×104 y : 100% 226Ra 4687.0 67.672 0.38 

     143.872 0.049 

226Ra 1600 y : 100% 222Rn 4784.34 186.211 3.64 

222Rn 3.8235 d :100% 218Po 5489.48 510 0.076 
218Po 3.098 m : 99.98 % 214Pb 6002.35 No gamma-ray 

observed 

 

  : 0.02 % 218At    

214Pb 26.8 m β: 100% 214Bi 334.9 53.2284 1.075 

     241.9950 7.251 

     258.86 0.531 

     274.80 0.355 

     295.2228 18.42 

     274.80 0.355 

     351.9321 35.60 

     480.432 0.337 

     487.14 0.432 

     580.14 0.370 

     785.96 1.06 

     839.07 0.583 

218At 1.5 s α : 99.90 % 

β: 0.10 % 

214Bi 6756 No gamma-ray 

observed 

 

214Bi 19.9 m β: 99.979 % 214Po 1268.8 609.320 45.49 
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Table contd. 

     665.447 1.531 

     768.360 4.894 

     806.180 1.264 

     934.056 3.107 

     1120.294 14.92 

     1155.210 1.633 

     1280.976 1.434 

     1377.669 3.988 

     1401.515 1.330 

     1407.988 2.394 

     1509.210 2.130 

     1661.274 1.047 

     1729.595 2.878 

     1764.491 15.30 

     1847.429 2.025 

     2118.514 1.160 

     2204.059 4.924 

     2447.70 1.548 

  α: 0.021 % 210Tl 5516 No gamma-ray 

observed 

 

214Po 164.3 S : 100% 210Pb 7686.82 799.7 0.0104 
210Tl 1.30 m β 210Pb 1762.6 296 79 

     799.6 98.96 

     1070 12 

     1210 17 

     1316 21 

210Pb 22.20 y β: 100% 210Bi 16.16 46.539 4.25 

210Bi 5.012 d β: 100% 210Po 389.0 No gamma-ray 

observed 

 

 3.04×106 y : 100% 206T1 4946 265.6 51 

     304.6 28 

210Po 138,376 d : 100% 206Pb 

(stable) 

5304.33 803.06 0.00103 

206T1 4.202 m β: 100% 206Pb 

(stable) 

538.86 803.06 0.0050 

 

 

 

 



 

208 

Lists of 232Th decay series radionuclides (https://nucleus.iaea.org/Pages/nu-dat-

2.aspx). 

Parents Half life Decay mode Daughters Maximum 

/ Energy 

(keV) 

Characteristic -

ray Energy 

(keV) 

-ray 

emission 

probability 

(%) 

232Th 1.4×1010 y : 100%  228Ra 4012.3 63.81 0.263 

     140.88 0.021 

228Ra 5.75 y β: 100% 228Ac 10.04 13.52 1.60 

     26.4 0.0149 

228Ac 6.15 h β: 100% 228Th 747.0 911.204 25.8 

     968.971 15.8 

     338.320 11.27 

     964.766 4.99 

     794.947 4.25 

     463.004 4.40 

     209.253 3.89 

     270.245 3.46 

     1588.20 3.22 

     328.000 2.95 

     674.75 2.1 

     129.065 2.42 

     409.462 1.92 

     835.710 1.61 

     1630.627 1.51 

     772.291 1.49 

     755.315 1.00 

228Th 1.912 y : 100% 224Ra 5423.15 84.373 1.19 

     215.983 0.247 

224Ra 3.66 d : 100% 220Rn 5685.37 240.986 4.10 

220Rn 55.6 s : 100% 216Po 6288.08 549.73 0.114 

216Po 0.145 s : 100% 212Pb 6778.3 804.9 0.0019 

212Pb 10.64 h β: 100% 212Bi 171.7 238.632 43.6 

     300.087 3.30 

     89.784 1.46 

     115.183 0.596 

212Bi 60.55 m β: 64.06%   212Po 834.2 727.330 6.67 

     1620.50 1.47 

     785.37 1.102 

     1078.62 0.564 
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  : 35.94% 208Tl 6089.88 39.857 1.06 

     452.98 0.363 

     288.20 0.337 

212Po 0.299 µS : 100% 208Pb 

(stable) 

8784.86 No gamma-ray 

observed 

 

208Tl 3.053 m β: 100% 208Pb 

(stable) 

649.48 2614.511 99.754 

     583.187 85.0 

     510.77 22.60 

     860.557 12.50 

     277.371 6.6 

     763.13 1.79 
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Lists of 235U decay series radionuclides (https://nucleus.iaea.org/Pages/nu-dat-

2.aspx). 

Parents Half life Decay mode Daughters Maximum 

/ Energy 

(keV) 

Characteristic -

ray Energy 

(keV) 

-ray 

emission 

probability 

(%) 

235U 703.8×106 y : 100%  231Th 4579.4 185.715 57.0 

     143.76 10.96 

     163.356 5.08 

     205.316 5.02 

     109.19 1.66 

231Th 25.52 h β: 100% 231Pa 111.4 25.64 14.1 

     84.2140 6.6 

231Pa 3.276×104 y : 100% 227Ac 5058.6 27.36 10.5 

     300.066 2.41 

     302.667 2.3 

     330.055 1.36 

     183.682 1.65 

227Ac 21.772 y β: 98.62% 227Th 11.37 No gamma-ray 

observed 

 

  : 1.38% 223Fr 4953.26 99.6 0.0056 

     160.49 0.0049 

227Th 18.68 d : 100% 223Ra 6038.01 235.96 12.9 

     50.13 8.4 

     256.23 7.0 

     329.85 2.9 

     299.98 2.21 

     88.471 2.18 

     79.69 1.95 

     289.59 1.9 

     286.09 1.74 

223Fr 22.00 m β: 99.994% 223Ra 380.7 50.094 34 

     79.651 8.7 

     234.75 3.0 

     88.471 2.7 

223Ra 11.43 d : 100% 219Rn 5871.3 269.463 13.9 

     154.208 5.7 

     323.871 3.99 

     338.282 2.84 

     144.235 3.27 

219Rn 3.96 s : 100% 215Po 6819.1 271.23 10.8 
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     401.81 6.6 

215Po 1.781 ms : 99.99977% 211Pb 7386.1 No data 

available 

 

211Pb 36.1 m β: 100% 211Bi 471.3 404.853 3.78 

     832.01 3.52 

     427.088 1.76 

211Bi 2.14 m : 99.724% 207Tl 6622.9 351.07 13.02 

  β: 0.276% 211Po 172.9 No gamma-ray 

observed 

 

211Po 0.516 s : 100% 207Pb 

(stable) 

7450.3 897.8 0.551 

     569.65 0.535 

207Tl 4.77 m β: 100% 207Pb 

(stable) 

492.5 897.77 0.263 

 

List of cosmogenic radionuclides (UNSCEAR, 2000) 

Cosmogenic 

radionuclides 

Half-life Decay mode 

3H 12.33 y  

7Be 53.29 d EC,  

10Be 1.51 × 106 y  

14C 5730 y  

22Na 2.602 y ,  

26Al 7.4 × 105 y EC 

32Si 172 y  

32P 14.26 d  

33P 25.34 d  

35S 87.51 d  

36Cl 3.01 × 105 y EC,  

37Ar 35.04 d EC 

39Ar 269 y  

81Kr 2.29 × 105 y EC 
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Annual average doses to the world population from various sources (UNSCEAR, 

2010) 

Source Annual average dose (Worldwide) 

(mSv) 

Natural sources of exposure 

Ingestion (foods and drinks) 0.29 

Inhalation (radon gas) 1.26 

External terrestrial 0.48 

Cosmic radiation 0.39 

Total of natural sources 2.42 

Artificial sources of exposure 

Medical diagnosis (not therapy) 0.6 

Atmospheric nuclear testing 0.005 

Occupational exposure 0.005 

Nuclear fuel cycle (public exposure) 0.0002 

Chernobyl accident 0.002 

Total of artificial sources 0.6122 
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APPENDIX C 

Interactive Chart of Nuclides 

 

Source: https://nucleus.iaea.org/Pages/nu-dat-2.aspx Accessed by 10 Sep 2015 

 

 

 

 

 

 

 

 

https://nucleus.iaea.org/Pages/nu-dat-2.aspx
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APPENDIX D 

The main routes of human radiation exposure through the environment 

 

 

 

 

 

 

 



 

215 

APPENDIX E 

Map of Peninsular Malaysia showing sampling sites 

 

 

 

 



 

216 

APPENDIX F 

Certificate of the -ray calibration standard source 
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APPENDIX G 

Efficiency Calibration curve of HPGe -ray spectrometer 

Calibration of the gamma-ray spectrometer  

The quality and reliability of any analytical measurements on how well the 

measuring equipment is calibrated with standard sources. The efficiency calibration of 

gamma-ray spectrometer used for radioactivity was performed using 500 ml Marinelli 

beaker geometry that contained multi-nuclide standard gamma sources. The measured 

detection efficiencies were fitted by using a power fitting function. The efficiency curve 

was obtained by discarding some data points of the radionuclides due to get best fit 

curve and the fitted efficiencies were used in activity determination of the samples. The 

efficiency calibration curve for the gamma-ray spectrometer is shown as follows: 
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APPENDIX H 

Certificates of the ICP-MS calibration standard sources 
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APPENDIX I 

Calibration curves of different elements standard for ICP-MS 

Calibration of the ICP-MS was performed using multi-element calibration standard 2A 

solution (10 mg/l of each element) from Agilent Technologies, USA, part no. 8500–

6940). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pb standard calibration curve Hg standard calibration curve 

As standard calibration curve Cd standard calibration curve 
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Cr standard calibration curve Mn standard calibration curve 

Sr standard calibration curve Bi standard calibration curve 
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Ba standard calibration curve 
Sb standard calibration curve 

Fe standard calibration curve Cu standard calibration curve 
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Zn standard calibration curve 

Ni standard calibration curve Rb standard calibration curve 

Co standard calibration curve 
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Al standard calibration curve 
Mg standard calibration curve 

Sn standard calibration curve 
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APPENDIX J 

Human subject ethics approval letter from the Ethical Committee, Faculty of 

dentistry, university of Malaya 
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APPENDIX K 

Aalysis of a sample  

Calculation of radioactivity, radiological hazard indicators, heavy metal concentration 

and daily intake of heavy metal of lady’s finger sample collected from Kuala Selangor. 

The activity concentration of radionuclides in the samples was calculated from the 

obtained net counts after the deduction of background counts using the following 

equation  

𝐴𝑐 =
𝑁 × 1000

 × 𝐼 × 𝑇𝑠 × 𝑀𝑠
 (𝐵𝑞 𝑘𝑔−1) 

Where, Ac = activity concentration of the radionuclide in the sample given in Bq 

kg1, N = net counts (net area) under corresponding photo-peak,  = detection 

efficiency corresponding to specific gamma-ray, I = absolute transition probability of 

the specific gamma-ray (intensity), Ms = mass of the sample in gram, Ts = counting time 

in seconds. 

Calculation of 226Ra activity concentration 

Sample 1 

(i) For 214Pb (energy 351.92 keV) 

N = 848,  = 0.16508398, I = 0.356 (35.6%), Ts = 86400 second, Ms = 269.9 gm 

and 1000 = gram to kg conversion. 

 𝐴𝑐 =
848×1000

0.16508398×0.356×86400×269.9
= 0.62 𝐵𝑞 𝑘𝑔−1 

(ii) For 214Bi (energy 609.31 keV) 

N = 679,  = 0.092461405, I = 0.4549 (45.496%) (45.496%), Ts = 86400 second, 

Ms = 269.9 gm 
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 𝐴𝑐 =
679×1000

0.092461405×0.4549×86400×269.9
= 0.69 𝐵𝑞 𝑘𝑔−1 

i.e., Average Ac = (0.62+0.69)/2 = 0.66 Bq kg1  

Sample 2 

(i) For 214Pb (energy 351.92 keV) 

N = 524,  = 0.16508398, I = 0.356 (35.6%), Ts = 86400 second, Ms = 245.1 gm 

and 1000 = gram to kg conversion. 

 𝐴𝑐 =
524×1000

0.16508398×0.356×86400×245.1
= 0.42 𝐵𝑞 𝑘𝑔−1 

(ii) For 214Bi (energy 609.31 keV) 

N = 465,  = 0.092461405, I = 0.4549 (45.496%), Ts = 86400 second, Ms = 245.1 

gm 

 𝐴𝑐 =
465×1000

0.092461405×0.4549×86400×245.1
= 0.52 𝐵𝑞 𝑘𝑔−1 

i.e., Average Ac = (0.42+0.52)/2 = 0.47 Bq kg1 

Sample 3 

(i) For 214Pb (energy 351.92 keV) 

N = 987,  = 0.16508398, I = 0.356 (35.6%), Ts = 86400 second, Ms = 252.1 gm 

and 1000 = gram to kg conversion. 

 𝐴𝑐 =
987×1000

0.16508398×0.356×86400×252.1
= 0.77 𝐵𝑞 𝑘𝑔−1 

(ii) For 214Bi (energy 609.31 keV) 
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N = 923,  = 0.092461405, I = 0.4549 (45.496%), Ts = 86400 second, Ms = 252.1 

gm 

 𝐴𝑐 =
923×1000

0.092461405×0.4549×86400×252.1
= 1.01 𝐵𝑞 𝑘𝑔−1 

i.e., Average Ac = (0.77+1.01)/2 = 0.89 Bq kg1 

Sample 4 

(i) For 214Pb (energy 351.92 keV) 

N = 722,  = 0.16508398, I = 0.356 (35.6%), Ts = 86400 second, Ms = 353.3 gm 

and 1000 = gram to kg conversion. 

 𝐴𝑐 =
722×1000

0.16508398×0.356×86400×353.3
= 0.40 𝐵𝑞 𝑘𝑔−1 

(ii) For 214Bi (energy 609.31 keV) 

N = 607,  = 0.092461405, I = 0.4549 (45.496%), Ts = 86400 second, Ms = 353.3 

gm 

 𝐴𝑐 =
607×1000

0.092461405×0.4549×86400×353.3
= 0.47 𝐵𝑞 𝑘𝑔−1 

i.e., Average Ac = (0.40+0.47)/2 = 0.44 Bq kg1 

Standard deviation (SD) = 0.2 (estimated using excel program) 

i.e., Grand average Ac = (0.66+0.47+0.89+0.44)/4 = 0.61±0.2 Bq kg1 (226Ra activity 

of the representative sample). 
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Calculation of 228Ra activity concentration 

Sample 1 

(i) For 208Tl (energy 583.19 keV) 

N = 574,  = 0.096839895, I = 0.85 (85%), Ts = 86400 second, Ms = 269.9 gm and 

1000 = gram to kg conversion. 

 𝐴𝑐 =
574×1000

0.096839895×0.85×86400×269.9
= 0.30 𝐵𝑞 𝑘𝑔−1 

(ii) For 228Ac (energy 911.21 keV) 

N = 679,  = 0.060449488, I = 0.258 (25.8%) (45.496%), Ts = 86400 second, Ms = 

269.9 gm 

 𝐴𝑐 =
272×1000

0.060449488×0.258×86400×269.9
= 0.75 𝐵𝑞 𝑘𝑔−1 

i.e., Average Ac = (0.30+0.75)/2 = 0.52 Bq kg1  

Sample 2 

(i) For 208Tl (energy 583.19 keV) 

N = 1365,  = 0.096839895, I = 0.85 (85%), Ts = 86400 second, Ms = 245.1 gm 

and 1000 = gram to kg conversion. 

 𝐴𝑐 =
1365×1000

0.096839895×0.85×86400×224.1
= 0.78 𝐵𝑞 𝑘𝑔−1 

(ii) For 228Ac (energy 911.21 keV) 

N = 387,  = 0.060449488, I = 0.258 (25.8%) (45.496%), Ts = 86400 second, Ms = 

245.1 gm 
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 𝐴𝑐 =
387×1000

0.060449488×0.258×86400×245.1
= 1.17 𝐵𝑞 𝑘𝑔−1 

i.e., Average Ac = (0.78+1.17)/2 = 0.98 Bq kg1 

Sample 3 

(i) For 208Tl (energy 583.19 keV) 

N = 183,  = 0.096839895, I = 0.85 (85%), Ts = 86400 second, Ms = 252.1 gm and 

1000 = gram to kg conversion. 

 𝐴𝑐 =
183×1000

0.096839895×0.85×86400×252.1
= 0.10 𝐵𝑞 𝑘𝑔−1 

(ii) For 228Ac (energy 911.21 keV) 

N = 104,  = 0.060449488, I = 0.258 (25.8%) (45.496%), Ts = 86400 second, Ms = 

252.1 gm 

 𝐴𝑐 =
104×1000

0.060449488×0.258×86400×252.1
= 0.31 𝐵𝑞 𝑘𝑔−1 

i.e., Average Ac = (0.10+0.31)/2 = 0.20 Bq kg1 

Sample 4 

(i) For 208Tl (energy 583.19 keV) 

N = 411,  = 0.096839895, I = 0.85 (85%), Ts = 86400 second, Ms = 353.3 gm and 

1000 = gram to kg conversion. 

 𝐴𝑐 =
411×1000

0.096839895×0.85×86400×353.3
= 0.16 𝐵𝑞 𝑘𝑔−1 

(ii) For 228Ac (energy 911.21 keV) 
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N = 219,  = 0.060449488, I = 0.258 (25.8%) (45.496%), Ts = 86400 second, Ms = 

353.3 gm 

 𝐴𝑐 =
219×1000

0.060449488×0.258×86400×353.3
= 0.46 𝐵𝑞 𝑘𝑔−1 

i.e., Average Ac = (0.16+0.46)/2 = 0.31 Bq kg1 

Standard deviation (SD) = 0.3 (estimated using excel program) 

i.e., Grand average Ac = (0.52+0.98+0.20+0.31)/4 = 0.50±0.3 Bq kg1 (228Ra activity 

of the representative sample). 

Calculation of 40K activity concentration 

Sample 1 

Energy 1460.82 keV) 

N = 22870,  = 0.036722786, I = 0.1066 (10.66%), Ts = 86400 second, Ms = 269.9 

gm and 1000 = gram to kg conversion. 

 𝐴𝑐 =
22870×1000

0.036722786×0.1066×86400×269.9
= 250.53 𝐵𝑞 𝑘𝑔−1 

Sample 2 

Energy 1460.82 keV) 

N = 4164,  = 0.036722786, I = 0.1066 (10.66%), Ts = 86400 second, Ms = 245.1 

gm and 1000 = gram to kg conversion. 

 𝐴𝑐 =
4164×1000

0.036722786×0.1066×86400×245.1
= 50.23 𝐵𝑞 𝑘𝑔−1 
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Sample 3 

Energy 1460.82 keV) 

N = 23568,  = 0.036722786, I = 0.1066 (10.66%), Ts = 86400 second, Ms = 252.1 

gm and 1000 = gram to kg conversion. 

 𝐴𝑐 =
23568×1000

0.036722786×0.1066×86400×252.1
= 276.40 𝐵𝑞 𝑘𝑔−1 

Sample 4 

Energy 1460.82 keV) 

N = 27764,  = 0.036722786, I = 0.1066 (10.66%), Ts = 86400 second, Ms = 353.3 

gm and 1000 = gram to kg conversion. 

 𝐴𝑐 =
27764×1000

0.036722786×0.1066×86400×353.3
= 232.34 𝐵𝑞 𝑘𝑔−1 

Standard deviation (SD) = 103 (estimated using excel program) 

i.e., Grand average Ac = (250.53+50.23+276.40+232.34)/4 = 202±103 Bq kg1 (40K 

activity of the representative sample). 

Calculation of daily and annual intake of radionuclides (226Ra, 228Ra and 40K) due 

to consumption of lady’s finger 

Daily intake of radionuclides were calculated by the following equation: 

𝐷𝑖𝑛𝑡 =
𝐴𝑐 × 𝐴𝑝 × 𝐹

𝑀𝑝 × 𝑌𝑑
 =

𝐴𝑐 × 𝐶𝑟

𝑌𝑑
(𝐵𝑞) 

  and annual intake of radionuclides, Aint = Dint×Yd 
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Where, Dint = daily intake of radionuclides, Ac = activity concentration of respective 

radionuclides, vegetable consumption rate, Cr = (Ap×F)/Mp, Ap = annual production of 

vegetables, F = fraction of the edible part of the vegetables (90% based on local 

knowledge of vegetable consumption), Mp = population of Malaysia and Yd = days in a 

year. 

Calculation of daily and annual intake of 226Ra 

Sample 1 

Ac = 0.66 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
0.66×6.6

365
= 0.012 𝐵𝑞  

And Aint = 0.012×365 = 4.38 Bq 

Sample 3 

Ac = 0.89 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
0.89×6.6

365
= 0.016 𝐵𝑞  

And Aint = 0.016×365 = 5.84 Bq 

 Sample 2 

Ac = 0.47 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
0.47 × 6.6

365
= 0.008 𝐵𝑞 

And Aint = 0.008×365 = 2.92 Bq 

Sample 4 

Ac = 0.44 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
0.44×6.6

365
= 0.008 𝐵𝑞  

And Aint = 0.008×365 = 2.92 Bq 

i.e., Average Dint = (0.012+0.008+0.016+0.008)/4 = 0.011 Bq (11.0 mBq)  

and Aint =  (4.38+2.92+5.84+2.92) Bq/4 = 4.02 Bq. 

Calculation of daily and annual intake of 228Ra 

Sample 1 

Ac = 0.52 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
0.52×6.6

365
= 0.0094 𝐵𝑞  

And Aint = 0.0094×365 = 3.43 Bq 

 Sample 2 

Ac = 0.98 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
0.98 × 6.6

365
= 0.0177 𝐵𝑞 
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Sample 3 

Ac = 0.20 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
0.20×6.6

365
= 0.0036 𝐵𝑞  

And Aint = 0.0036×365 = 1.31 Bq 

And Aint = 0.0177×365 = 6.46 Bq 

Sample 4 

Ac = 0.31 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
0.31×6.6

365
= 0.0056 𝐵𝑞  

And Aint = 0.0056×365 = 2.04 Bq 

i.e., Average Dint = (0.0094+0.0177+0.00036+0.0056)/4 = 0.00908 Bq (9.08 mBq)  

and Aint =  (3.43+6.46+1.31+2.04) Bq/4 = 3.31 Bq. 

Calculation of daily and annual intake of 40K 

Sample 1 

Ac = 250.53 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
250.53×6.6

365
= 4.53 𝐵𝑞  

And Aint = 4.53×365 = 1653.45 Bq 

Sample 3 

Ac = 276.40 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
276.40×6.6

365
= 4.998 𝐵𝑞  

And Aint = 4.998×365 = 1824.27 Bq 

 Sample 2 

Ac = 50.23 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
50.23 × 6.6

365
= 0.908 𝐵𝑞 

And Aint = 0.908×365 = 331.42 Bq 

Sample 4 

Ac = 232.34 Bq kg1, Cr = 6.6 kg y1  

and Yd = 365 days 

𝐷𝑖𝑛𝑡 =
232.34×6.6

365
= 4.201 𝐵𝑞  

And Aint = 4.201×365 = 1533.40 Bq 

i.e., Average Dint = (4.53+0.908+4.998+4.201)/4 = 3.66 Bq  

and Aint= (1653.45+331.42+1824.27+1533.40) Bq/4 = 1335.63 Bq. 

Calculation of committed effective dose to man due to intake of radionuclides 

(226Ra, 228Ra and 40K) for the consumption of lady’s finger 

Committed effective doses were calculated by the following formula:  
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𝐷𝑒𝑓𝑓 = 𝐴𝑐 × 𝐶𝑟 × 𝐷𝑐𝑓 

Where, Deff = annual committed effective dose to an individual (µSv y1), Ac = 

activity concentration of respective radionuclides, Cr = annual consumption rate of 

vegetable, Dcf = ingestion dose conversion factor (adult) for the radionuclides of interest 

(2.8 × 107 Sv Bq1 for 226Ra, 6.9 × 107 Sv Bq1 for 228Ra and 6.2 × 109 Sv Bq1 for 

40K). 

Calculation of annual committed effective dose of 226Ra 

Sample 1 

Ac = 0.66 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 2.8 × 107 Sv Bq1 

Deff = 0.66×6.6×2.8 × 107 = 1.22 µSv y1 

Sample 3 

Ac = 0.89 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 2.8 × 107 Sv Bq1 

Deff = 0.89×6.6×2.8 × 107 = 1.64 µSv y1 

 Sample 2 

Ac = 0.47 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 2.8 × 107 Sv Bq1 

Deff = 0.47×6.6×2.8 × 107 = 0.87 µSv y1 

Sample 4 

Ac = 0.44 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 2.8 × 107 Sv Bq1 

Deff = 0.44×6.6×2.8 × 107 = 0.81 µSv y1 

i.e., Average Deff for 226Ra = (1.22+0.87+1.64+0.81)/4 = 1.14 µSv y1. 

Calculation of annual committed effective dose of 228Ra 

Sample 1 

Ac = 0.52 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 6.9 × 107 Sv Bq1 

Deff = 0.52×6.6×6.9 × 107 = 2.37 µSv y1 

Sample 3 

Ac = 0.20 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 6.9 × 107 Sv Bq1 

 Sample 2 

Ac = 0.98 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 6.9 × 107 Sv Bq1 

Deff = 0.98×6.6×6.9 × 107 = 4.46 µSv y1 

Sample 4 

Ac = 0.31 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 6.9 × 107 Sv Bq1 
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Deff = 0.20×6.6×6.9 × 107 = 0.91 µSv y1 Deff = 0.31×6.6×6.9 × 107 = 1.41 µSv y1 

i.e., Average Deff for 228Ra = (2.37+4.46+0.91+1.41)/4 = 2.29 µSv y1. 

Calculation of annual committed effective dose of 40K 

Sample 1 

Ac = 250.53 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 6.2 × 109 Sv Bq1 

Deff = 250.53×6.6×6.2 × 109 = 10.25 µSv y1 

Sample 3 

Ac = 276.40 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 6.2 × 109 Sv Bq1 

Deff = 276.40×6.6×6.2 × 109 = 11.31 µSv y1 

 Sample 2 

Ac = 50.23 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 6.2 × 109 Sv Bq1 

Deff = 50.23×6.6×6.2 × 109 = 2.06 µSv y1 

Sample 4 

Ac = 232.34 Bq kg1, Cr = 6.6 kg y1  

and Dcf = 6.2 × 109 Sv Bq1 

Deff = 232.34×6.6×6.2 × 109 = 9.51 µSv y1 

i.e., Average Deff for 40K = (10.25+2.06+11.31+9.51)/4 = 8.28 µSv y1. 

Calculation of total committed effective dose 

The total committed dose via consumption of vegetables was calculated by the 

following equation: 

𝐷𝑒𝑓𝑓
𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐷𝑒𝑓𝑓,𝑖

𝑖=226𝑅𝑎,    228𝑅𝑎,   40𝐾

 

The total committed effective dose, Deff  = 1.14+2.29+8.28 = 11.71 µSv y1. 

Calculation of excess lifetime cancer risk (ELCR) 

Excess lifetime cancer risk due to intake of radionuclides via the consumption of 

foods was estimated using the following formula: 

ELCR = Air × Als ×Rc 

where, Air = annual intake of radionuclide (Bq), Als = average span of life (74 y) and 

Rc = mortality risk coefficient (Bq1) for the ingestion of food, respectively. The 
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ingestion mortality cancer risk coefficients are 9.56 × 109 Bq1 for 226Ra, 2.74 × 108 

Bq1 for 228Ra and 5.89 × 1010 Bq1 for 40K). 

Calculation of lifetime cancer risk (ELCR) for 226Ra 

Sample 1 

Air = 4.38 Bq, Als = 74 y  

and Rc = 9.56 × 109 Bq1 

ELCR = 4.38×74×9.56 × 109 =3.1× 106  

Sample 3 

Air = 5.84 Bq, Als = 74 y 

and Rc = 9.56 × 109 Sv Bq1 

ELCR = 5.84×74×9.56 × 109 = 4.13× 106 

 Sample 2 

Air = 2.29 Bq, Als = 74 y  

and Rc = 9.56 × 109 Bq1 

ELCR = 2.29×74×9.56 × 109 = 1.62× 106 

Sample 4 

Air = 2.29 Bq, Als = 74 y 

and Rc = 9.56 × 109 Sv Bq1 

ELCR = 2.92×74×9.56 × 109 = 1.62× 106 

i.e., Average ELCR for 226Ra = (3.1+1.62+4.13+1.62) × 106/4 = 2.6×106. 

Calculation of lifetime cancer risk (ELCR) for 228Ra 

Sample 1 

Air = 3.43 Bq, Als = 74 y  

and Rc = 2.74 × 108 Bq1 

ELCR = 3.43×74×2.74 × 108 = 6.95×106  

Sample 3 

Air = 1.31 Bq, Als = 74 y  

and Rc = 2.74 × 108 Bq1 

ELCR = 1.31×74×2.74 × 108 = 2.66×106  

 Sample 2 

Air = 6.46 Bq, Als = 74 y  

and Rc = 2.74 × 108 Bq1 

ELCR = 6.46×74×2.74 × 108 = 1.31×105  

Sample 4 

Air = 2.04 Bq, Als = 74 y  

and Rc = 2.74 × 108 Bq1 

ELCR = 2.04×74×2.74 × 108 = 4.14×106 

i.e., Average ELCR for 228Ra = (6.95×106 +1.31×105 +2.66×106 +4.14×106)/4 = 

6.7×106. 
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Calculation of lifetime cancer risk (ELCR) for 40K 

Sample 1 

Air = 1653.45 Bq, Als = 74 y  

and Rc = 5.89 ×1010 Bq1 

ELCR = 1653.45 ×74×5.89 ×1010 = 

7.2×105  

Sample 3 

Air = 1824.27 Bq, Als = 74 y  

and Rc = 5.89 ×1010 Bq1 

ELCR = 1824.3×74×5.89 ×1010 = 

7.95×105  

 Sample 2 

Air = 331.42 Bq, Als = 74 y  

and Rc = 5.89 ×1010 Bq1 

ELCR = 331.42 ×74×5.89 ×1010 = 

1.4×105 

Sample 4 

Air = 1533.4 Bq, Als = 74 y  

and Rc = 5.89 ×1010 Bq1 

ELCR = 1533.4 ×74×5.89 ×1010 = 

6.68×105 

i.e., Average ELCR for 40K = (7.2 + 1.4 + 7.95 + 6.68) ×105 /4 = 5.8×105. 

Calculation of soil-to-plant (rice grain) transfer factor (TF) of radionuclides (226Ra, 

228Ra and 40K) at Kampung Sakan, Kedah 

Soil-to-rice transfer factor (TF) of radionuclides was estimated using the following 

relationship: 

𝑇𝐹 =
𝐶𝑖

𝑟(𝐵𝑞 𝑘𝑔1, 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)

𝐶𝑖
𝑠(𝐵𝑞 𝑘𝑔1, 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)

 

where, TF is transfer factor of soil-to-rice; Ci
r is the concentration of radionuclides in 

Bq kg1 dry rice weight, and Ci
s is the concentration of radionuclides in Bq kg1 dry soil 

weight in the upper 20 cm layer of soil. 

Calculation of soil-to-rice TF for 226Ra 

Sample 1 

Rice activity, Cr = 2.67 Bq kg1 

Soil activity, Cs = 7.26 Bq kg1 

 Sample 2 

Rice activity, Cr = 1.64 Bq kg1 

Soil activity, Cs = 5.08 Bq kg1 
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TF =
2.67

7.26
= 0.37 

Sample 3 

Rice activity, Cr = 2.46 Bq kg1 

Soil activity, Cs = 9.16 Bq kg1 

TF =
2.46

9.16
= 0.27 

TF =
1.64

5.08
= 0.32 

 

i.e., Average soil-to-rice TF of 226Ra = (0.37 + 0.32+ 0.27)/3 = 0.32. 

Calculation of soil-to-rice TF for 232Th 

Sample 1 

Rice activity, Cr = 4.72 Bq kg1 

Soil activity, Cs = 9.64 Bq kg1 

TF =
4.72

9.64
= 0.49 

Sample 3 

Rice activity, Cr = 6.43 Bq kg1 

Soil activity, Cs = 11.77 Bq kg1  

TF =
6.43

11.77
= 0.55 

 Sample 2 

Rice activity, Cr = 5.26 Bq kg1 

Soil activity, Cs = 13.48 Bq kg1 

TF =
5.26

13.48
= 0.39 

i.e., Average soil-to-rice TF of 232Th = (0.49 + 0.39+ 0.55)/3 = 0.48. 

Calculation of soil-to-rice TF for 40K 

Sample 1 

Rice activity, Cr = 87.04 Bq kg1 

Soil activity, Cs = 70.47 Bq kg1 

TF =
87.04

70.47
= 1.24 

 

 Sample 2 

Rice activity, Cr = 91.56 Bq kg1 

Soil activity, Cs = 81.69 Bq kg1 

TF =
91.56

81.69 
= 1.12 
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Sample 3 

Rice activity, Cr = 97.86 Bq kg1 

Soil activity, Cs = 77.26 Bq kg1 

TF =
97.86

77.26 
= 1.27 

i.e., Average soil-to-rice TF of 40K = (1.24 + 1.12+ 1.27)/3 = 1.21. 

Calculation the concentration and daily intake of heavy metal in lady’s finger 

sample collected from Kuala Selangor 

Daily intake (body weight-bw) of heavy metal (DIM) was calculated by the following 

formula: 

DIM (bw) =
Cmetal × Dcr

W 
 (µg day1) 

where, Cmetal is the concentration of heavy metals in lady’s finger vegetable Dcr 

represents daily consumption (rate) of vegetable and W is the adults body weight (70 

kg). 

 

Calculation of Daily intake for Manganese (Mn) 

Sample 1 

Concentration of Mn (CMn) was found 

from ICP-MS = 1035 ppb (parts per 

billion) 

1 ppb = 0.001 mg kg1 

 1035 ppb = 1.035 mg kg1 

Lady’s finger consumption rate,  

Dcr = 6.6 kg/y = 0.0181 kg/day 

Adult body weight, W = 70 kg 

1 mg = 1000 µg 

 Sample 2 

Concentration of Mn (CMn) was found 

from ICP-MS = 847.9 ppb (parts per 

billion) 

1 ppb = 0.001 mg kg1 

 847.9 ppb = 0.8479 mg kg1 

Lady’s finger consumption rate,  

Dcr = 6.6 kg/y = 0.0181 kg/day 

Adult body weight, W = 70 kg 

1 mg = 1000 µg 
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DIM (bw) =
1.035 × 0.0181 × 1000

70
 

              = 0.268 µg day1 

Daily intake equivalent to a 70-kg adult 

= 0.268 × 70 = 18.8 µg day1 

Sample 3 

Concentration of Mn (CMn) was found 

from ICP-MS = 874.2 ppb (parts per 

billion) 

1 ppb = 0.001 mg kg1 

 874.2 ppb = 0.8742 mg kg1 

Lady’s finger consumption rate,  

Dcr = 6.6 kg/y = 0.0181 kg/day 

Adult body weight, W = 70 kg 

1 mg = 1000 µg 

DIM =
0.8742 × 0.0181 × 1000

70
 

         = 0.226 µg day1 

Daily intake equivalent to a 70-kg adult 

= 0.226 × 70 = 15.8 µg day1 

DIM (bw) =
0.8479 × 0.0181 × 1000

70
 

              = 0.219 µg day1  

Daily intake equivalent to a 70-kg adult 

= 0.219 × 70 = 15.3 µg day1 

 

i.e., Average concentration of Mn = (1.035+0.8479+0.8742)/3 = 0.92 mg kg1  

Average daily intake (bw) of Mn = (0.268 + 0.219+ 0.226)/3 = 0.24 µg day1 bw. 

Average daily intake of Mn equivalent to a 70-kg adult = (18.8 + 15.3+ 15.8)/3 = 16.6 

µg day1 

  

 


