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ABSTRACT 

Mining activities, sucb as mining. milling and processing of uranium, thorium and other 

radioactive materials introduce large amounts of material containing naturally occurring 

rad ioactive nucl ides into the environment. l11e activities have the potential of increas ing the 

concentration of natural radionuclides in the environment and may possibly damage the 

agricultural land and environmental species. The radiological health burden imposed to men 

is also a concern. Mobility of the Natura ll y Occurring Rad ioact ive Materia ls (NORM s) into 

the agricultural land and the surface water :,ystc::m is the starting point for ingestion of 

contaminated food and internal radiation exposure. Understanding the mobility of natural 

radionuclides in different species of the environment, wh ich includes plants, anima ls and 

aquatic organisms, have been reviewed in this study to assess the impact of the radionuc lides 

and to enhance the radiologica l protection plan against radiation exposure. l11e transfer factor 

model as a parameter used to quantify the soil to plants transfer of the natural radionuclides 

and other elements from the soil to edible parts of the plants was discussed in the study. 

In this study. the experimental plan to evaluate the soil to plant transfer factors of naturally 

occurring radionuclides from the 13sU, 235U, and 2
·
31Th series and their progeny, from soil to 

some vegetables grown under con trolled condit ions has been outl ined with the intent ion to 

present more realistic soil to plant transfer factors. The usc of contaminated soil from an area 

affected by mining activities and the soil from an uncontaminated area are recommended for 

the study under controll ed conditions. It is also recommended that contaminated water and 

uncontaminated water be used for irrigation purposes in the study. Although recommended 

transfer factors are available in the 1ational Nuclear Regulatory (NNR) document LG I 032, 

thi , research focused on planning the study under controlled conditions as compared to the 

available data obtained under uncontrol led conditions. Furthermore, the results obtained from 

the study will be used to assess the radiological impact on humans whom might be exposed to 

radiation as a result of consuming contaminated food. The techniques of Instrumental 

Neutron Activation Analysis and gamma spectroscopy have been discussed as possible 

methods to be used during the study. 

KEY WORDS 

Transfer factors. Transfer factors under controlled conditions. Mobility or natural 

radionuclides into agricultural land, ORM nuclides in vegetables, Instrumental Neutron 

Act iva tion Analysis, Gamma spectroscopy. 
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CHAPTER I 

I NTRODt:CT ION AND BACKG ROUND 

I . I Transfer Factors 

Transport of Naturally Occurring Radioacti ve Materia ls (NORM s) in the environment from 

soil to plan ts can result in contaminat ion of the human diet and increased health risks as a 

resu lt of excessive exposure to rad ia tion. Pathway analysis of these NORM nuclides using 

transfer factor modelling ass ists in evaluating human exposure to radiation and accompanied 

hea lth risks from NORM; by calculating the amount of rad ionuc lides which have been taken 

up by plant s in agricultural ecosystems and the radioactivity of those nuclides. In assessing 

the hazards from release of radionuclides into the envi ronment, mathematical models are 

used in which the pathways of radionuclides from the release point to humans are 

qualitatively described by their transfers between ··environmental compartments... The 

radionuclidc transfer between these compart ments is usually described by transfer 

parameter • that is either individua l parameters (describes the transfer from one discrete 

environmental compartment to another) or an aggregated parameter (describes a transfer via a 

complete chain of parameters)< '>. Transfer factor modelling is used to estimate the amount of 

radioactivity present in foodstuffs by calculating the concen tration ratios of radioactivi ty in 

the food to that in the soil and as a result of that, the radiologica l effects can be assessed for 

different popu lation groups eating contaminated foods. There arc different methods and 

instrumen ts used for estimat ions of transfer factors of rad ion uclidcs in food-stuffs. 111 this 

study background on Neutron Activation Analys is and gamma spectrometry tech11iques will 

be di scussed as the preferred techniques to be used in the future experimental phase of the 

stud y. 

I .2 Layout of the Study 

The stud) cons i ts of seven chapters which arc brieny di cus ed below: 

Chapter I provides a general ove:view of the study, which includes an introduction and 

background information, the motivation for the study. research problem and research 

objecti ves. 
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Chapt er 2 entai ls a literature review about the soil to plant transfer factors of rad ionuclides 

and food contamination . 

Chapter 3 gives more theoretical infonnation about the transfer factors in all compartments 

and an overview of distribution coefficients and bioconcentration factors . 

Chapter 4 outlines the general overview of the possible radiological effects of radiation to 

people as a result of consuming contaminated foodstuffs. 

Chapter 5 gives an overview of the a1:-rricultural industry in South Africa; a description of 

vegetables and their production is also outlined. 

C hapter 6 gives an overview of Lnstrumental Neutron Activation Analysis. 

Chapter 7 the plan to conduct the future experimental study is outlined. including time-lines, 

collaborating partners and a cost estimate of funding required to embark on the real-time 

study to improve the default transfer factors of ORM nuclides for radiological hazard 

evaluation; the anticipated methodology for evaluating the results is also deliberated upon. 

1.3 Nat urally Occurring Radioactive Material (NORM) 

1.3. 1 Origin of NORM 
Naturally occurring radionuc lides of terrestrial origin are present in various concentrations in 

all media in the environment. including the human body. Only those radionuclides with half­

lives comparable to the age of the earth and their decay products exist in large quantities in 

materials. Extraction and processing of minerals containing nmural radionucl ides result in 

waste '' ith elevated NORM concentrations being left on the eart h's surface<q. Uranium and 

thorium. and their daughter nuclides emit different types of radiations. Table I shows the 

decay series of 238U. 235U and 232Th indicating that naturall y occurring radionuclidcs mainly 

emit alpha, beta and gamma radiation. The radiation emitted can have severe human health 

effects if ingested and/or inhaled. The effects of NORM nuclides from the primordial decay 

series can be evaluated by understanding their characteristics and their natural occurrences. 

1.3.2 T horium 
Thorium occurs naturally in the earth's crust at an a\erage lithospheric concentration of 8-

12 ~g/g (ppm). or 35-50 mBq/g m Th. TI10rium occurs in nature in six isotopic fonns. 

thorium-228 , thorium-230. thorium-232, thorium-234. thorium-231 and thorium-227. Of 

these, thorium-230 and thorium-234 are the decay products of the natural uranium-238 series. 
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while thorium-231 and thorium-227 belong to the uranium-235 series and the others belong 

to the thorium-232 series. TI10rium usually occurs in geological materials as a trace 

constituent in phosphate, oxide and silicate minerals and adsorbed onto clays and other soil 

colloids. It occurs as a major species only in a few rare minerals such as thorianite (Th02), 

and thorite (ThSiO~). A large part of naturally occurring thorium is found incorporated in 

zircon and monazite which contains about 3-9% and up to 20% of ThO~ respectively. Along 

with zircon, monazite is concentrated with other resistant heavy minerals in stream and beach 

sands m. Thorium is released to the environment as Th02 into surface waters from mining, 

milling and processing, and its low solubi lity makes it less concentrated in most water 

sources as compared to other elements such as uranium. 

1.3.3 Uranium 
Isotopes of uranium arc naturally occurring within the two uranium decay series, either as the 

parent (i.e. 238U or 235 U) or as a daughter nuclide within the series (i.e. 234U). Natural decay 

series radionuclides occur ubiquitously in rocks, soil, and water together with potassium-40: 

and together they contribute to most of the naturally occurring radioactivity in the 

environment (3). Uranium is the heaviest element present in almost all minerals, rocks, sand, 

so il , and is important because of its chemica l and radiotoxicity. Natural uranium can be 

detected in low concentrations in nearly all materials from the environment. In radiochemical 

·1·b . . . f I . 214U ' 1' U d .,1sU . I h . . . f I 0 046? eqUJ I num. II COilSISIS 0 11e ISOtopes . , - an .. Wll1 t e aCIIVIIY ratiO 0 : . _ : 

I, corresponding to a mass ratio of0.0054: 0.711 :99.2836 % respectively. All three nuclides 

are alpha emitters, which have a particular biological effectiveness 141. The main component 

of natural uranium is 23NU, and its half-life is 4.5 billion years which is a lmost equal to the 

age of the earth. The mobility of uranium in plant tissue is limited , because of its ability to 

adsorb to cell-wall materials; therefore the concentrations of uranium arc expected to be 

higher in the tissue found in the lower parts of the plants as compared to the upper parts of 

the plants. The radionuclide concentrations in plants are often linearly related to the soil 

radionuclide concentration and as a result of that relationship, the transfer factor parameter is 

adequate to predict not on ly soil to J>lant transfer but al so the concentration in the plant 116
,. 

1.4 NORM Exposure Concerns 

Naturally occurring radioactive material (NORM) exist in large quantities in the envi ronment. 

The concentration and properties of the radionuclides give rise to radiation exposure and this 

creates a scientific interest in NORM studying their behaviour in the environment. their 

olubility and physical properties (half-life). Most countries in the world have industries 
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which produce NORM waste through mining and processing of minerals. The processing of 

these materia ls produces changes in the concentration of these nuclides in the environment. 

The amount of radioactivity released to the environment can increase human exposure and 

can result in harming the environment if the industry· s activities are not regulated. In 2007 

the Lnternational Atomic Energy Agency (LAEA) established a working group to improve the 

modelling of transfer of radionuclides from residues containing naturally occurring 

radioactive material for the purpose of radiological assessment: the study confirmed that 

contaminants have direct effects on the environment, that is direct effects on biota (flora and 

fauna) and envi ronmental degradation, which can result in loss of agricultural land ( 1 
). The 

pathway of these radionuclides to the human body is one of the main concerns. The following 

pathways arc examples of how radioactive nuc lides move from the environment into the 

human body: transport by surface water. transport by groundwater, deposition of the material 

on the ground surface and in the air and uptake into the food chain and drinking water. 

Understanding all pathways and having an emergency plan for any accidental release to the 

envi ronment assists in reducing the radiological effect. Most of the radioisotopes are alpha 

emitters. so when they are ingested or inhaled, they contribute significantly to the radiation 

dose that people receive. On the other hand taking into account that uranium and thorium are 

always present in soi l. their gamma radiation causes also external exposure with the 

consequent absorbed doses 151
• The population is exposed to natural radioactivity at different 

levels depending on natural radioactive minerals concentrations in each region in the world 

161
• Studies on radiation level s and radionuclide distribution in the environment provide vital 

radio logical baseline information. Such information is essential in understanding human 

exposure from natural and man-made sources of radiation and is necessary in establishing 

rules and regulations relating to radiation protection m. Concentration of radioactivity in the 

environment is being monitored to maintain the As Low As Reasonably Acceptable 

(A LARA) principle of environmental and human protection from natural radiation sources. A 

high concentration of radioactivit) in the environment is associated with the mining and 

milling of uranium in most countries. Other long lived radionuclides in the environment are 

associated with weapon testing and nuclear power generation. ll owever. in South Africa 

natural radioactivity is associated with mainly, gold I uranium mining and processing. Other 

major industries associated with NORM are the coal. copper. phosphate and heavy minerals 

sand sectors c~1. 
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Tablcl Decay series of the NORM Nuclides. 
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1.5 Significance of the Study 

The development of the transfer factor model is considered as a tool to assess the radiological 

effects of radiation from NORM nuclides transferred from the biota to foodstuffs and to 

estimate the amount of radioactivity that could be present in foodstuffs or edible parts of the 

plants. The model is based on ca lculation of the concentration rati o of rad ionuclides in the 

soil to that of radionuc lides in the crop. Calculations of the total amount of radioactivity 

ingested can be used to estimate annual interna l exposure for members of the pub lic. Both 

gamma spectrometry (to detect gamma emitting radionucl ides) and Instrumental Neutron 

Acti vation Analysis (INAA) techniques have been used in most radionuclide transfer studies. 

Due to concerns around radioactivity release (particularly waste containing NORM nuclides) 

from mines and process ing industries to the environment , uptake of radionu clides by the 

public via the food chain is a topic of interest. Existing transfers as given in the National 

Nuclear Regu lator licensing document LG- 1 032 111
> do not seem to match with data obta ined 

in the analysis of water. fish and plant materials. and accordingly more realistic transfer data 

of ORM nuclides from the biota into humans will be the main focus of th is stud y. 

1.6 Aim of the Study 

The aim of the study is to do thorough literature study on soil to plant transfer factors and to 

plan an experimental phase tO determine soil to plant transfer fac tors of natu ral ly occurring 

radioactive materia ls (NORMs) under controlled cond it ions. 

I. 7 Objectives 

The objecti ves of the study were: 

• To do a theoretica l investigati on on soil to plant transfer of NORM including their 

daughter nuclides. 

• To design an experimental plan to study soil to plant transfer factors of natura lly 

occurring radioactive materials ( ORMs) in orne major foodstuffs consumed in 

South Africa, on plants grown under controlled conditions in contaminated soil 

affected by min ing and mill ing of gold. 
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CHAPTER 2 

LITERATURE REVIEW ON TRANSFER FACTORS 

2.1 Transfer factors 

In assessing the hazards from the release point of radionuclides into the environment, 

mathematical models are used in which the pathways of radionuclides from the release point 

to humans are qualitati vely described by transfers between ··environmental compartments". 

The radionuclide transfer between these compartments is in most cases described by transfer 

parameters concerned, that is either individual parameters that describe the transfer from one 

part of the environmental compartment into the other part or aggregated parameters that looks 

into all chains of parameters 191
• Both types of parameters have particular applications and in 

most cases are used as the step to eva luate transfer of radionu clides from the environment 

into the human body. The transfer of radionuclides along the food chain has been studied 

extensi,ely over 50 years following nuclear weapon testing, release from military sites and 

civilian uses of nuclear energy; data are compiled by amongst others the IJ\EJ\ 1101
• Many 

authors have reported on radioactive food cont amination in the environment and its transfer 

or pathway mechanism to plants. anima ls and the human population has been reported (l t l. 

The transfer factor of radionuclides is generally defined a the ratio of the radioactivity 

concentration in plants to that in soil 11 ~· 151
. The transfer factor (TF) of radionuclides as 

proposed by the International Union of Radiologists (fUR) can be represented as fo llows 113
• 

14). 

TF = ____ C_o_n_ce_,_H_ra_t_io_n_o_f_ra_d_io_n_u_c_li_d_es_ in.....;p:...· _1ru_1_t (.:....B_q.:....lk_g::::.__d...:ry:...._cr_o.:.p_r_na_s_s.:....) _ _ _ 

Concentration of radionuclides in soil (Bq/kg dry soil rna s in the upper20 em) 

Using the dry weight in thi s regard minimizes the uncertainties. Migration and accumulation 

of contominnnts (including rudionuclidcs) in the soil-p lant system is complex and assessmc::ul 

models such as the transfer factor model are used to estimate the accumulation through the 

food chain . TI1ere are con iderable differences in the uptake and translocation of long lived 

radionuclides among different plant species. Up til l now several investigations on 

mobi lization of natural radionuclides (such as mu and m Ra) in different compartments (soil , 
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plant, and water) as well as the transfer between them have been performed at different 

uranium mining sites around the world using the transfer factor model. The transfer factor 

parameter can also be used as an index for the accumulation of the trace elements by plants or 

as the transfer of element s from so il to plan ts' 11
). 

2. 1.1 Factors influencing transfer factors 

Soil to plant tran fer of radionuclides is innuenced by several factors, which vary 

considerably. The main factors that cause this variability for any radionuclidc are the type of 

soil used for growing plants, climatic conditions, type of plants, part of the plant concerned. 

physico-chemical form of the radionuclides and interfering elements. For example the 

ava ilabi lit y of ca lcium and potassium in the soil for uptake wi ll affect the urani um, thorium 

and radium content of the plant. Soil types that traps potassium in its crystal lattice, and the 

presence of phosphate that fom1s insoluble compounds with thorium, have been observed to 

reduce radionuclidc availability in plants. There are considerable differences in the uptake 

and translocation of long lived radionuclides among different plant species c111
• In 2003 Vera 

Tome eta/. 11 71 in a study to determine the soil to plant transfer of natural radionuclide, noted 

that the uptake of radium is greater than the uptake of uranium or thorium; this difference has 

been innuenced by the solubi lity of these e lements as a resu lt of oxidation states and that the 

element radium has a high affinity for the regular exchange site of the oil. It is generally 

agreed that transft:r factor values of elements in the oxidation state + II are always greater than 

those of elements in the +IV oxidation states. 

2.1.2 Time dependency of radionuclides transfer to plants 

The period (length of time) that the rad ionuclide has been in the so il is important as it relates 

rad ionuclide transfer from soil to plants for equilibrium conditions, this could be because of 

the fact that some radionuclides have short half-Jives and some will decay completely before 

they can be transferred from the soil to the plants, or even after uptake and consumption of 

the foodstuff. This arises because radionuclides transferred to the environment are gradually 

fixed by natural sorbents (soils, bottom edirnents in water ecosystems. etc.) and are 

lixivia ted to lower soil layers and accordingly become less bio logicall y avai lable for 

inclusion into food chains' Hll. 

T ime-dependence of radionuclides is often quanti lied by reference to the ecological half-life. 

which is an intebrral parameter relating to the reduction of activity or activity concentration in 
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a specific medium. According to the definition ecological ha lf-life is equal to the period over 

which the concentration of radionuc lides, in some definite component of a trophic chain, is 

decreased by a fac tor of two, excluding the effects of radioactive decay ' 101
. 

ln general the fo llowing conclusions have been reached with regard to transfer factors: 

• There are no systematic differences between soil-plant transfer factors in temperate, 

subtropica l and trop ical environmen ts. 

• The effect of transfer of a) soil pH, b) nutrient status of the soil and c) time elapsed 

since the soi l was contaminated with radionuclides is generall y independent of the 

c limatic zone. 

• There exist ecosystems with a relati vely high or low uptake (by factor I 0 or even I 00 

times higher or lower than the average va lues). 

• A higher or lower uptake condition is nuclide specific; an ecosystem may show a 

relatively high or low uptake for a particular radionuclide and not at all for other 

rad ionuc I ides. 

2.2 Radioactivity in soil 

Humans have always been exposed to natural radiation arising from within and outside the 

earth . The exposure to ioni7.i ng radiation from na tural sources occurs because of the naturally 

occurring rad ioactive e lements in the ·earth 's crust. cosmic rays entering the ea rth · s 

atmosphere from outer space and the internal exposure from radioactive elements through 

food. water and air. atural radioacti\ ity is widespread in the earth ·s environment and it 

exists in various geologica l fom1ations in soil, rocks, plants, water, and air. The natural 

rad ioactivity in soil comes from the U and Th series and natura l K 11'11
. 

Measurements of natural radioacti,·ity in soi l have been performed. In the studies it was 

observed that most of the naturally radioactive elements pre ent in soil are primordial 

radionuclides from the uranium series, thorium series, actinium series and 4°K. The minimum 

radioactivity was found in sandy soi ls. The radionuclides in the radioactive decay chains 

starting from 23xl J. 235 l J and 228Tb are highly radiotoxic , in particular 230Th. 221'Ra, 210Pb. 

::!WPo, 131 Pa , n~Ac, and 11j\Ra. The radioactive gas (radon) that arises from the disintegration 

of 13"U and 132Th in the earth"s crust is considered the main source of exposure to ionizing 

radiation for humans, representing 40% of the annual accumulated dose 0 0Gamma radiation 

emi tted from naturall y occurring rad ioisotopes such as 226Ra and 232Th and their decay 
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products, and 4°K, which exist at trace levels in al l &>round fonnations represent the main 

ex terna l source of radiation to the human body. More specifica ll y, natural environmental 

radioactivity due to gamma radiation depends primarily on the geological and geographical 

conditions, and appears at different levels in the soils of each region in the world <
21 >. Soils 

are naturally radioactive, because of their mineral content. The natural radioactivity may vary 

considerably from one type of soi l to another. Abbady el a/. 1211 used gamma ray spectrometry 

to determine the activity concentration of naturally occurring 226Ra, 23 ~Th, and 4°K 

radioisotopes in three types of soil (cultivated, reclaimed and under reclamation soil) from 

some areas in Qena Governorate, and Wadi EL-Lagita (Eastern Desert) Upper Egypt. The 

results showed that reclamation soi ls has the highest concentrations of 226Ra. 232Th, and 4°K; 

under reclamation soi I has the lowest concentrations and the cultivated soil samples had 

average activity concentration of ~26Ra, 232Tb and 4°K equa l to 13.2, 13.0 and 181.1 Bq/kg 

respectively. The va lues obtained in the study for :mTh and .JOK fall within the world average 

values of 30, 35 and 400 Bqlkg for 226Ra, 232Th and 4°K respectively except for 226Ra in 

reclamation soil which reached an average value of 41.1 Bq/kg. Typical soils contain 

approx imately 300 kBq/m3 of 4°K to a depth of 20 em. 

2.2.1 Radioactiv ity in soil fertiliz ing materi als 

Tht: soun;~::s of rauiow.:tivity in soil otht:r than thus~:: of natural origin art: mainly uue to 

extensive use of fertilizers rich in phosphate for agricultural purposes. Phosphate rocks 

contain relatively high concentrations of natura lly occurring radioactive material from the 

uranium, actinium, and thorium decay series e38U, 235U, and 232Th). Phosphate rock is the 

starting raw material for all phosphate products. It can be of sedimentary, volcanic or 

biological origin. Concentrations of the decay products of the 232Th series and 4°K in 

phosphate rocks of all types are simi lar to those observed nonnally in soi l, whereas the 

concentration of 238U and its decay products tend to be elevated in phosphate deposits of 

sedimentary origin. A typical concentrat ion of 238U in a sedimentary phosphate deposit is 

1500 Bq/kg. The uranium content of fertilizers can vary according to their phosphate content. 

Rock phosphate contains high levels o(B~u and 226Ra (7). 

2.3 Radioactivity in water 

In agricultural projects, water is considered as one of the most important aspects since it is 

used for irrigation, and the quality of water used contributes significantly to the growth of the 

plants. Concentrat ion of minerals in water has its own way of affecting plant growth. The 
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presence of radioactive material in water doesn't on ly affect the plant growth but also 

contributes to internal exposure of humans to radiation via ingestion of foods that are being 

irrigated with contaminated water. Naturally occtming radioactive materials have always 

been part of the environment and the existence of them in water contributes to the radiation 

dose, contaminated water used for irrigation in thi s case is considered as the main 

contaminator since it contaminates foodstuffs. The conceptual pathways of contaminated 

water into the human body are given below: 

Human 

Water 

Animal; Human 

Radioactive nuclides from uranium and its decay series enter the human body mainly through 

food and drinking water. Water comes into contact with several minerals under the earth's 

surface. and uranium i transferred to water by leaching. The water consumed by li vestock 

and used fo r irrigating purposes can also be a source of this radionuclide. Sea water can be a 

contaminat ion source for sea foods. Water from streams, lakes and ponds should also be 

considered as a source of contamination m>. Surface water, resulting from mining of uranium, 

go ld and processing of other minerals, used for irrigation can be regarded as a major 

contributor of ORM nuclides into foodstuffs since the water can contain large 

concentrations of those minerals. TI1e thermodynamic properties of dissolved 

clements/radionuclides and their concentration in minerals can be used to compute solution­

mineral equilibrium relations. These theoretical calculations provide infonnation about the 

possible conditions for ex tent of the element/radiom1clide mobility. Such infom1ation helps 

us to understand the elcment/radionuc lide concentrations in ground water. and predict the risk 

of their release in leachates from mining activities and rad ioactive waste m. Of the long lived 

radionuclides. uranium is the most soluble; the concentrations of uranium are usually ten 

times higher than those of other NORM nuclides o~>. 
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2.4 Food contamination 

As mentioned in Section 2.2, all soil used anywhere in the world for agriculture contains 

radionuclides to a greater or lesser extent. These radionuclides and other elements can then be 

taken up by crops and transferred to food, leading to a concentration in food and feed of 

between 50 and 150 Bq/kg. The ingestion of radionuclides in food is one of the pathways 

leading to human exposure from natural and man-made sources. Excessive contamination of 

agricultural land. such as may occur in a severe accident, can lead to unacceptable levels of 

radionuclides in food. The radionuclide contaminants of most significance in agriculture are 

those that are relatively highly taken up by crops, have high rates of transfer to animal 

products such as milk and meat, and have relatively long rad iologica l half-lives. However, 

the ecological pathways leading to crop contamination and radioeco logical behaviour of the 

radionuclides are complex and are not only affected by the physical and chemical properties 

of the radionuclides but also by factors which includes soil type. cropping system (including 

tillage), climate. season, and where relevant, biological half-life within animals n 1
• The 

major radionuclides of concern occurring naturally are 238U, 135U, 232Th and their progeny 

since they have long ha lf-lives and exist in large quantities due to uranium mining and 

processing of minera ls. 

In order to understand the radionuclide transfer in agricu ltural lands and semi-natural systems 

it is ideally important to know the mechanisms that determine the radionuclides behaviour 

because these kinds of systems are both complex and various '231
. Transfer factors of 

radionuclides are in most cases obtained under equilibrium conditions. The presence of 

naturally occurring radionuclides in agricultura l foodstuffs increases the internal radiation 

dose and the study of their transfer wi ll a lways presen t interesting scien tific research. ln 

2007, Faanhof et a/. <2 ~ > assessed the potential radiological impact of radionuc lides on 

foodstuffs grown in a catchment area influenced by the mining and mineral processing 

industry. In their study Instrumental Neutron Activation Analysis and gamma spectrometry 

methods were applied. Equilibrium between 1 10 Po and 210Pb was assumed if the samples in 

question were to be tored for a year and equilibrium between tbe two uranium isotopes e38U 

and 234U) was accepted as the samples were obtained from the catchment area dominated by 

the mining and processing of uranium. 230Th was assumed not to be in equilibrium with 238U 

si nce the mobility of thorium is regarded to be low. The results showed high concentrations 

of radionuclides in crops and low concentrations in li h samples. 
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2.5 Soil to plant transfer of natural radio.nuclides 

Many scienti sts in the world have developed an interest 1n the stud y of the transfer of 

radionuclides from soil to plants; transfer factor modelling was utilized in most studies to 

estimate the in gestion dose to the public from radioactivity found in vegetables and other 

foodstuffs such as fruits, meat and mi lk. In one of these studies of interest, an experiment to 

examine the use of the transfer factor to assess the soi l to plant transfer of radionuclides under 

fie ld conditions was perfonned <
151. Irrespecti ve of biologica l necessity, plants have been 

observed to take up many cations present in their root region; primordial radic:muclides are no 

exception since they are present in soil, rocks and other sources in the environment. l n soil, 

each radioacti ve element follows complex dynamics, in which part of it is transported into 

so il so lutions while another part gradually becomes strongly bound to the soil particles and a 

portion of these radionuclides in the so lution can be incorporated via roots into the plants. In 

some cases the radionucli des have chemica l similarities with other elements that plants use 

for the ir growth and therefore it is important to study their transfer to plants, as these are 

basic links in eva luating the transport of the rad ionuclides along the food chain (29>. To 

quantify transfer to plants, transfer factor models are used, which use corresponding transfer 

coeffic ients of each radionuclide. Vera Tome e1 a/. ( J
7

) studi ed the so il to plant transfer factors 

of natural rad ionuclides and stable elements in a Mediterranean area. The transfer factor of 
138U. 234U, 232Th, 230Th , 228Th , and 226Ra were obta ined in plant samples (grass-pasture) 

collected around the soil of a disused mine. In the study it was observed that the transfer of 

radium to plants is greater than the transfer of uranium and thorium and that there was no 

linear relationship between the concen tration in plants and the substrate for the stable 

e lements. The results also showed the preferential uptake of 226 Ra and some essential 

e lements such as Ca, Mn, and P in contrast to uranium and thorium. Shtangeeva (2Sl studied 

the uptake of uranium and thorium by nati ve and cult ivated plants. In the study some of the 

factors affecting the uptake of uran ium and thorium by plants were di scussed and it was 

highl ight ed that the concentration of uranium and thorium in soil differ sign ificant ly as a 

result of soil type, parent rock, c limate and vegetation season. It was also reported that the 

concentration of uranium and thorium is much higher in plant roots than in leaves and seeds 

and the rate of radionuclide transloca tion from roots to shoots is probably species dependent. 

It was also reported th at the concentration of radi onuc lides in plants are not so often linearly 

related to the concentration of radionuclides in the soil. Th is can compl icate the measure of 

bioavailabil ity. The temporal variation of both uranium and thorium in plants was also 
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discussed and it was noted that the concentration of the elements in ti ssues can vary with the 

vegetation season. The concentration of other e lements in plants may be controlled by light 

and the biological c lock; however, this variations maybe specie-specific. It was then 

concluded that the plants grown in radionucl ide enriched soils demonstrate significant 

increases in concentration of uranium and thorium in the roots compare to that in the upper 

plant parts. Thorium was less available for uptake by plants than uranium and that the 

relationship between uranium and thorium in soil and in plants depends significantly on the 

soil type. Chibowski <
16! studied radioactive contamination and heavy metal contents in 

vegetables and fruit s using transfer factor modelling. The study showed that the transfer 

factors of beetroot and leek are much higher than the transfer factor found in grass and com. 
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CHAPTER 3 

THE REVIEW OF TRANSFER FACTOR MODELS 

3.1 Transfer factor models 

The depos ition of radionuclides on vegetation and soil represents the starting point for their 

transfer in the terrestrial environment and food chains. The migration and accumulation of 

contaminants in cultivated soils can be viewed as a complex exercise that involves processes 

such as leaching, capillary rise. nmoff, sorption. root uptake and re-suspension into the 

atmosphere. Assessment models normally make use of a plant/ substrate concentration ratio, 

referred to as the transfer factor (TF), to estimate the transport of radionuclides and other 

elements of interest through the food chain. The ratio describes the amount of 

radionuclides/elements expected to enter the plants from the substrate, under equilibrium 

conditions 11 7
' . To perform an assessment of the impact of the re leased radionuclides in the 

environment, models are developed and applied. Models are a potential useful part of the 

assessment process: they provide more realistic predictions and are the major criterion for the 

quality and the reliability of results. Reliable results of assessment models are essentia l for 

radiological impact sta tements, estimates of dose due to annual releases and estimates of dose 

in the case of accidental releases. Radiological models consist of three compartments, namely; 

(i) the model structure, (ii) radiologica l parameters, for example Transfer factors, and (iii) the 

assumptions on the living habits of man and agricultura l practices CJ!ll. 

3.2 Reliability of tran sfer factor models 

Modelling requires good know ledge on the dynamic behaviour of radionuclides in the 

environment and the reliability of the model's results depends on the aim of the model 's 

applicat ion ' 291
. In this case the soil-plant transfer factor model is developed to predict the 

movement of rad ionuclides from contaminated so il into the plants roots and poss ibly to man 's 

diet. However, the reliability of the model depend s at least on the quality of parameters which 

are necessary to run it. 
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3.3 Transfer factors quantificatjon 

1l1e transfer factors of radionuclides in most cases are quantified by the ratio of their activity 

concentrations in soil to that in plants. ln 1982, the international Union of Radioecology (IRU) 

decided to standardize the depth of soil in defining tbe transfer factor values. Instead of tbe 

real rooting depth, a standardized depth of soil was adopted c
301. All roots and activity present 

in the actual rooting zone are assumed to be present in the standardized zone. For grass, this 

value is I 0 em and for all the other crops including fruit trees the value is 20 em. Transfer 

factors are commonly used to quantify the radionuclide uptake from soil to plants. However, 

the definition is based on the ratio of the activity concentration in plants to soil (all in the unit 

Bq/kg dry weight) within the layer of a standardized thickness. This is not appropriate for 

forest and some other natural and semi-natural ecosystems because of the multi-layer 

characters of the soi ls and the high inhomogeneity of distribution of root systems over the soil 

profi le. ln this case the aggregate transfer factor T ag is used as an alternative to quantify the 

radionuclide availability to various types of natural or semi-natural vegetation, animals or 

other products . The Tag is defined as the ratio of the radionuclide activity concentration in 

plants or any other natural or semi-natural product (Bq/kg fresh or dry weight, depending on 

the product) divided by the total deposition in the soil (Bq/m2
) . Also an alternative method of 

transfer factor quantification is the concentration ratio (CR or CF) which is defined as the ratio 

of the activity density of the radionuclide·s in the receptor compartment to that in the donor 

compartment. It is in most cases used to define the activity concentration in aquatic organisms 

in relation to activity concentration in water; with the intention to include the ratios as feed to 

plant tissue, soil , animal tissue, fish muscle and water. From the radiological point of view, the 

transfer factor of radionuclides regarding environmental exposure pathways is quantified by 

the three factors as described below: 

Nuclide concentration in pI ant t is!;ue ( Bq ) 
ko 

Transfer factors (FJ = "' 
Nuclide concentration in soil ( Bq) 

kg 

Nuclide concentration in biota tissue( Bq) 
ko 

Concentration Factors (CF) = ~ 

Nuclide concentrat ion in filtered water(__g_) 
I 
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Nuclide concentration in pI ant ris9..1e ( Bq) 
ko 

Aggregate transfer factors coefficient (T agg) = o 

Nuclide deposition in soil ( Bq) 
kg 

The factors above have proved to be usef·ul m quantifying the transfer along exposure 

pathways for assessment purposes related to regulations, emergency response, and 

rehabilitatory efforts. Large scale efforts in the evaluation and collection of empirical data sets 

regarding radionuclide transfer as expressed by factors such as those above have resulted in 

compendia published by bodies such as the IAEA tJIJ_ The recorded transfer factors values for 

naturally occurring radionuclides and their progeny are shown in Annexure I. Table 3.1 

provides the compiled information. It wi ll be obvious that due to the large differences in 

maximum and minimum values and the accordingly uncertainty, it ""ill be difficult if not 

impossible to set default data for South African crops based on these values. 

Table 3.1 Compiled soil-to-plant transfer factor values for uranium, thorium, 

radium, lead and polonium. (IAEA Quantification of soil to plant transfer factors) <JJ) 

Element Plant group Plant Soil Min Max 
compartment 

Uranium All All All 3.0xl0"' l.4xl01 

Thorium All All All 1.2x10· 2.7 
Radium All All All 1.1 xI o· 1.3x l0 
Lead Al l AU All l.5xl0.4 2.5x l0 1 

Polonium Al l All All 1.6x10·' 1.0 

3.4 Interaction of radionuclides in soil 

Most published information on the behaviour and movement of radionuclides in soi l reflects 

the pattern observed after deposition to the soi l surface. The residence times for tumover of 

radionuclides in a defined soil layer are derived generally on the basis of the tota l contents of 

radionuclides rather than on the basis of specific fractions extractable with defined extracting 

agents. As a result , models for radioouclide movement in soil can be defined and applied. In 

studies of their interactions, the simple approach in describing the availability of rad ionuclides 

is the apparent half-life concept. The assumption is that after a certain period , half of the 

radionuclides disappear from a certain layer. A refinement of this concept is that of resident 

time. The soi l is assumed to be designed into different layers which serve different purposes, 

the radionuclides move through subsequent layers, staying in each layer for a certain period of 
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time. The advantage of this approach is that processes which cause migration do not have to 

be considered but the disadvantage is that diffusion, dispersion and vertical transport cannot 

be distinguished 1m. The transfer va lues of radionucl ides vary enormously; the main factors 

which cause this variat ion for particular radionuclides are the type of crops and type of soi l. 

Soil properties that are likely to affect the transfer factor va lues include mineralogical and 

particle size distribution. organic matter content. pl-1 and fertility 051. 

In defining the interaction of radi onuclides with other minerals and soi l, the following concept 

and other processes such as the solid-liquid distribution coefficient approaches are used. 

3 .4 .1 T he solid-liquid distribution coefficient concept 

Disso lved radionuclidc ions can bind to solid surfaces by a number of processes often 

classified under the broad term of sorption . The behaviour and ultimate radiological impacts 

of radionuclidcs in soi ls arc largely controlled by their chemical form and speciation, which 

strongly affects their mobility, the residence time within the soil rooting zone, and the uptake 

by biota. The degree of radionuclide sorption to the solid phase is often quantified using the 

sol id-liquid distribution coefficient (K!), which can be used when making assessments of the 

overall mobil ity and likely residence times of radionuclides in soils. The Kd value is an 

important parameter that is used to estimate the potential fo r adsorption of dissolved 

rad ionuclides or contaminants in contact with soil. h is also defined as the ratio of the 

contami nant concentration associated with the solid to the contam inant in the surrounding 

aqueous so lution \vhen the system is at equilibrium. The concentration of the contaminants in 

groundwater is controlled primarily by the amount of the contaminant present at the source, 

the rate of release from the source, hydro logic factors such as dispersion and di lution. It is al so 

con troll ed by geochemical processes which include aqueous geochemical processes, 

adsorption and desorption, and precipitation and diffusion. The Kd parameter is related to the 

partitioning of contaminant between the solid and the aqueous phases, and it can be expressed 

as 001: 

Mass of adsorbate sorbed 
Kd = -----------

Mass of adsorbate in solution 

In this case the mass of the adsorbate sorbed refers to the amount of the adsorbate on the solid 

at equi librium whereas the mass of the adsorbate in solution denotes the total dissolved 

adsorbate remaining in the sol ution at equilibrium. The Ko va lue is given in units of ml/g <471
. 
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3.4.2 Relationship between the ~1 and the root uptake 

The radionuclides soil-to-plant transfer is assessed by measuring the soil to plant 

concentration factor (F,), defined as the ratio of the radionuclide content in the plant to that in 

the soil; (Bq/kg) dry weight plant tissue per (Bq/kg) dry weight soil. The concentration factor 

can be assumed to be mostly controlled by the root uptake, since ot her sources of plant 

contamination are often of lesser s ignificance {except for mosses). 

The radionuclide concentration in plants (C,) is assumed to be lin early correlated to the 

radionuclide level in the soil solution (Css). The relationship is controlled by the selectivity of 

the plant-root system represented by the bioaccumulation factor (Bp) given as: 

Cv=Css·Bp 

Where Bp is the radionuclide plant-soil transfer factor (Bq/kg plant tissue I Bq/C soi l so lution). 

Therefore, the plant to soil solution bioaccumulation factor is assumed to be dependent on th e 

concentrations of competitive radionuclide species in soil solution. 

3.4.3 Transfer factor (Fv) in agricult ural ecosystem 

The transfer factor for the uptake of radionuclidcs from soil to plants in agricultural 

ecosystems is defined as the ratio of the dry weight concentration in plants to the dry weight 

concentration in a specific soil layer. The dry weight is used to reduce the uncertainty. The 

accumulation of radionuclides in farm crops varies considerably for different soils. The 

difference in transfer factors of fann crops for different soils may be one or two orders of 

magnitude. Cultivation of agricultural crops is based on application of various method s of 

processing, different doses and combinations of ferti lizers, irrigation in dry areas, drainage in 

boggy territories, etc. Technologies of crop cultivation or changes in soil properties lead to 

redistribution of radionuclides in the root zone and subsequently change the radionuclide 

accumulation in crops 1341
• As an example the uptake of radionuclides by fruits and wheat is 

discussed. 

3.4.3.1 Transfer to fruits 

Fruit and vegetables form part of human diets and is consumed on a daily basis. The transfer 

of nuclides to fruit is also an important aspect when it comes to monitoring radiation to man. 

Radionuclides accumulated in the fruit as a resu lt of uptake from the soi l or as the resu lt of 
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accumulation on the fruit from nuclide fallout, can contribute towards internal radiation dose. 

Radionuclides find a way into the fruits and other parts of the fruit by mechanisms which 

support their transportation ; this inc ludes retention , absorption and translocation. Above the 

ground contamination may be as an influence of processes such as interception, retention, 

absorption and translocation. Fruits are ei ther directly contaminated or indirect ly 

contaminated. 

• Direct contamination of the fruits 

In thi s method of contamination as a result of rad ionuclide fallout processes such as 

interception, retent ion, and absorption occurs. 

• Indirect contamination of the fruits 

This process occurs as the re:sult of contamination above the ground part of the plant 

and it is fol lowed by translocation of radionuc lides into the fru it body. Absorption and 

translocation plays a major mle in this process of fruit contamination, and is influenced 

by the abilit y of the plant to absorb water, mineral and other substances which may 

include radionu clides in the leaves and other parts of the plant 1351. Figure 3.1 illustrates 

the processes involved in fruit contamination. 

3.4.3.2 Transfer to wheat plants 

The migrations of natural radionuc lides were studied in wheat, by Pulhani el a/.<46> who 

studied the transfer of natural "3
RU . 

2
J

2Th. n 6Ra. and 4°K from soil to wheat gra in as the ed ible 

portion of the wheat plant. ln the study neutron acti vation analysis and gamma-spectrometry 

were used to estimate the activity of uraJli um and thorium. Two study areas were selected to 

study the transfer of natural radionuclides. The accumulation of thorium in the wheat 

seedlings was associated with the v.ariation in the concentration of other nutrients and trace 

elements. It was also observed thall the 238U and 232Th concentrations of the grain in the 

ferti lized soil are reduced by a fac tor of 2 and 1.5 respectively '451
. Shtangeeva et a/.1471 studied 

the thorium uptake by wheat at different stages of plant growth. In the study, seeds of wheat 

Triticum vulgare (vi ii) Horst were genn inated on a moist filter paper and grown in soil 

containing thorium. 

3.4.4 Transfer in natural and semi-·natural environment 

The behaviour of radionuclides in the forest ecosystem differs sign ificantly from other 

ecosystems and as a result the forest ecosystem has to be given speci fie consideration because 
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of the difference in the radionuclide·s geochemistry and exposure pathways from other 

agricultural ecosystems that are more generally considered in assessments. Radionuclides can 

be effectively trapped and recycled in the fores t environment ; which means that the trapped 

radionuclides will have long residence times in that environment, increasing environmental 

exposure and possibly human exposure to radia tion . The radionuclides in the forest stand a 

chance to be transferred to environmental species such as the trees, mushrooms, barriers, etc. 

Transfer of natural radionuclides in forest s has been studied to quantify their transfer to 

vegetables and fruit. In the studies the aggregate transfer factor model was applied . 
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Figure 3.1: Processes involved in the transfer of radionu clides to fruits (ll). 
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3.4.4.1 Transfer to mushrooms 

The increased interest in the forest ecosystem following the Chemobyl accident has been 

assoc iated with a grea ter emphasis on the radiologica l impact of naturall y occurring foods 

(such as mushrooms) which are co ll ected in forest environments. It has been recognized that 

mush rooms are collected in large numbers in the forest and can accumulate radioouclides to a 

considerable degree. Mushrooms grow in the forests and fi elds and have nutritional and 

medicinal values that act as antitumoral, an tiviral and also have the ability to reduce 

cholesterol. The consumption of mushrooms does not only serve as tood but also as medicine. 

Although consumed as foodstuff, miUsbrooms can accumulate toxic elements, which includes 

natural rad ionuclides. Rosa e1 a/. <
37

) determined the presence of natural radionuclides in 

I Tl d I I . 1 . <~3 su '1~u) . d mus 1rooms. 1e stu y eva uated t 1e concentratton o · uraniUm - , -- ISOtopes an 

thorium e32Th , 230Th, and 228Th) isotopes. The concentration of daughter nuclides, that is 

"oR ''8R d ' lOp l . I I . h c -- a, -- a, an - o were also eva uated. Mushrooms as edtble p ants t 1at grow tn 1 e 10rest 

have a tendency of accumulating large amount s of heavy and natural radionuclides. 

3.4.4.2 Accumulation of r·adionuclides in plants 

Soil solutions conta in elements which include natural radionuclides at a certain concentration; 

plants need essentia l e lements for their growth. Although roots serves as the natural ban·ier 

preventin g transport o f many trace e lements inc luding radionuclides to the upper part s of the 

plants; some NORM nuclides still find a way to the upper parts of the plant due to 

translocation. The rate of radionuclide trans location from roots to shots is probabl y species­

dependent and therefore differs with different species. Accumulation of uranium and thorium 

is much higher in plant roots than in leaves and in seeds. The uptake of radionuclides in farm 

crops varies considerabl y (up to thre•e orders) for different soi l types. Uptake of bivalent 226Ra 

is mostly ruled by factors affecting the soil exchange capaci ty. For 21 0Pb and 210Po transfer 

factors are too limited to point to major soil propert ies ruling the transfer. Transfer factor 

values of heavy natural rad ionucli des for different species of plants di ffe r by I 0-1 00 times, 

and for different soil types by up to I 0 ti mes 1341
• 

3.4.5 Transfer factors to animals 

Under normal circumstances, animals eat and dri nk directly from the environment. 

Contaminated grazing land presents a hub of radi ation exposure fo r animals and also increases 

chances of rad iation exposure to lmmans. Understanding the behaviour of radionuclides in 
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animals and the contamination route is therefore important for enhancement of a radiological 

protection plan for human. 

3.4.5.1 Con tamination routes 

Animals can be contaminated by three different routes namely; 

• Through the sk in. 

• By inhalation 

• By ingestion. 

Of the three routes, inhalation and ingestion are regarded as the major routes of 

contamination; inhalation is important since the lung surfaces and the site of the gaseous 

exchange are more permeable to a wide range of elements. Ingestion of contaminated feed, 

soil that adheres to the surface of forage or grass and water also contributes to the animal's 

exposure. However. intake via drinking water is generall y a small contributor to the total 

radionuclide intake in animals due to low intake rates. Radionuclide intake via soil ingestion 

can be significant, but the availability for absorption of soi l-associated radionuclides is often 

low. This makes the ingestion of contaminated feed the primary contributor and usually 

determines the radionuclide content of animals. 

3.4.5.2 Modeling the t ra nsfer in animals 

Activities that occur within the interna l body of the animals, i.e. digestion and absorption of 

radionuclides ingested, detennine the exact contamination of the an imals. However, 

absorption plays a major part as it detennines the amount of radionuclides that is being 

absorbed. The absorption occurs mainly in the gastrointestinal tract ; during these activity 

minerals and other elements are distributed in the body and are measured by the difference 

between dail y intake or the radionuclides and the excretion of those nuclides that were not 

absorbed. The transfer of radion uchdes in animals is enhanced by the transfer coefficient of 

the nuclides of interest. The transfer of radionuclides to animal feed , milk, meat and eggs is 

quantified by the equations given below. The transfer ofradionuclides is also quantified by the 

equilibrium ratio of the activity concentration of the radionuclides concerned to the dietary 

intake. The transfer factor in milk is denoted by F m. and in both meat and eggs Fr 

(dlkg) 
_ Radionucli de Milk Concentration (Bq/ kg) 

Fm -----------------------------~~--=----
Feed Concentration (Bql kg) x Feed Lntake(kg / day) 
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dlk ) Radjonuclide Meat/ egg Concentration (Bq/ kg) 
F f ( g = _F_eed_C_o_n_cen-tra- tio_n_(_B_q=/ k""""g-) _x_F_eed_l_n-tak--'-e (_k.;_g_/ =da-y) 

3.5 Transfer factors of radionu clides in aquatic environments 

Aquatic radioecology as a science of the radionuclide migration m the aquatic ecosystem 

started in 1920 with the discovery of the high accumulation of some natural radionuclides 

e26Ra and 23 U) by aquatic organisms. During the subsequent years tl~e environmental 

behaviour of numerous natural and artificial radionuclides were studied. At present a great 

number of data is available on the radionuclide accumulation by different species of aquatic 

organi sms, both under laboratory and natural conditions. Normally the elemental composit ion 

of organisms is specific lo r each biological species. The degree of element accumulation 

depends on the biological function of a particular element and its amount, which is necessary 

for metabolism. The elemental composition of aquatic organisms may differ considerably 

depending on the composition of the aquatic media and the bottom sediments. 

3.5.1 Modeling the transfer of NORM nuclides in aquatic species 

To quantify the transfer of radionuclides in the aq uatic environment, parameters such as 

bioconcentration facto rs are used. This parameter gives better transfer factor results and is a 

simple approach to determine the contaminant concentration in a given organism as a function 

of its concentration in water. The bioconcentration fac tor (BCF) is calculated as the ratio of a 

contaminant's concentrat ion in the whole body or target tissue o f interest (e.g. muscle) to the 

concentration of the contaminant in water. 

The res~uJt s can be expressed as a unitl ess ratio if the radionuclide concentrations are expressed 

on a mass basis (i.e. Bq/kg wet ti ssue + Bq/kg of water) or it can be expressed in units of C/kg 

(i.e. Bq/kg wet ,.,eight in tissue + Bq/ ( of water.). Therefo re the BCF is a parameter that 

represents the net effects of all the bioaccumulation and elimination processes affecting the 

transfer of radionuclides to food. Three idealized patterns of BCF's have been described as 

follows: 

• The BCF of rad ionuc lides in biological material is constant 

• The BCF of nuclides is inversely proportional to its concentration in water 

• The BCF for the nucl ides is inversely proportional to the concentration of a non­

isotopic carrier element. 
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3.5.2 Bioconcentration factors for naturally occurring radionuclides 

Naturally occurring radionuclides in the marine environment contribute significantly to the 

background doses received by some marine organisms. Dose rates calculated for a series of 

natural radionuclides in phytoplankton, zooplankton , molluscs, crustacean and fishes indicate 

that significant doses were contributed from 4°K and 210Po. The radi onuclide 4°K is of limited 

interest because it is an isotope of an essential element that is under homeostatic control and 

its concentrations are determined primarily by body bui ld and type. 210Po is of special interest 

because it is the decay product of 210Bi, which is the daughter nuclide of nctturally occurring 
210Pb, and has a relativel y short half-life of about J 40 days. Data available indicate that 210Po 

is accumulated in different tissues of marine organisms to levels greater than those resulting 

fi·om the decay of its long li ved precursor 210Pb.(43
> 

Generally, radionuclide uptake by biota and sorption to particles are modelled with the aid of 

bioconcentration factors and the distribution coefficients (K.J) values. ln natural systems the 

bioconcentration factors arc influenced by processes such as physical, chemical and biological 

processes which may change the environmental conditions and natural variability 145>. 

3.5.2.1 Transfer in the freshwater environment 

Rad ionuclides which are scattered in the environment finds a way to the water system , either 

they are deposited in the ground water or on the surface of the watershed. Deposition of such 

nuclides may result as a long term source of radionuclides in the fresh water ecosystem. 

Radionuclides which are trapped in the water system somehow find a way to the agricultural 

environment and possibly to humans. Radionuclides are deposited in the water stream by 

different mechanisms which include direct deposition from the source (this process can be 

easi ly simulated by a relevant input model parameter) and indirect deposition which invo lves 

sets of processes. In this deposition, different processes such as radionuclide dissolution and 

dispensation occur. Radionuclidcs in water can either be adsorbed by the solid particles 

positioning them between the solid and the liquid phases. Solid particles in this case settle out 

to the bottom of the lake or the river, whereas the radionucl ides dissolved in water can also be 

adsorbed in the bottom sediments and be transferred to deeper sediment layers <JIJ 

Radionuclide wash-offs from the watershed is not a major process that enhances the 

contamination of the water ecosystems. The removed amount of radionuclides and the 

removal rate are not significant enough to be considered in the food chain models, but from 

the aquatic point of view one can view the route of contamination as an important one. This 
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route has the potential of collecting a small number of rad ionuclides from potentially 

contaminated areas that remain affected by precipitation of radionucl ides. 

Transportation of radionuclides by the flowing of water (wash-off) is generally distinguished 

by the following pathway <3 '>: 

Liquid wash-off, when radionuclides are transported to the soluble phase with water and solid 

wash-off, which occurs when radionuclides are transported in particulate form with suspended 

matter. Wash-off is significantly lower for larger delays after deposition, but is still active 

years and decades after deposition. This stage is referred to as long tenn wasli-off. 

3.5.5.2 Physical processes involved in the freshwater ecosystem 

I lydraulic processes are ma inly responsible for the transport of toxic substances by water, 

whereas geochemical processes influence the interacti on of dissolved radionuclides with 

suspended matter and bottom sediments. Sedimentation and re-suspension are of importance 

for controlling the two-way migration of radionuclides from the water column to the bonom 

sediments and vice versa 1311
• Thus, the main physica l processes controlling the migration of 

radionuclides in water bodies are described below: 

• Diffusion and di spersion caused by gradients of concentrat ion and the turbu lent motion 

of water; 

• Transport caused by the water current: 

• Exchange of contaminants between the dissolved and solid phases: 

• Deposition and re-mobilization of the radionuclide following the interaction with 

suspended matter and bottom sediments. 

The first two processes are independent of the radionuclide characteristics, whereas the last 

two are related to the physical and chemical properties of the pollutant. and therefore depend 

on the radionuclide <J I l. 
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CHAPTER4 

RADIATION AND INTERNAL DOSE CALCULA TlONS 

4.1 Radiation 

Radiation was discovered 111 1895 by the German physicist Conrad Roen_tgen. During his 

study of the properties of cathode rays and electric current he discovered that the cathode tube 

is em itting some rays and he called them X-rays. Just over three months after Roentgen's 

discovery of X-rays, radioactivity was discovered by Henri Becquerel. He experimented with 

crystals of a uranium salt called potassium uranyl su lphate, which were known to be highly 

fluorescent. Jn his experiment Becquerel wrapped a photographic plate in black paper and 

placed uranium crystals immediately outs ide the covered p hotographic plate, he first ly 

exposed the plate and crysta ls to sunlight for several hours and found that the dark spots which 

were placed in the plate corresponded with the position of the uranium crystals. Interest in the 

existence of radiation grew from the wrong conclusion made by Becquerel that the radiation 

which had passed through the wrapping and exposed the photographic plate was due to 

phosphorescence produced by the effects .of sunlight on tbe uranium crystals. Following the 

conc lusion made by Becquerel, Marie C urie reasoned that other elements may also give out 

the new type of rays discovered by Becquerel and soon found that the substance thorium 

emitted these rays as well and she coined the term radioactivity to describe the new form of 

energy produced by uran ium and th or ium <
38

). Since the discovery of radioactivity both 

uranium and thorium and their progeny have become known to be natural radiation sources 

and are described as natural radioactivity s ince they are found naturally in the earth 's crust. 

Their natural abundances in the earth 's crust as described in the chart of nuclides <
24

> are as 

follows; 235U has a natural abundance of0.72%, 238U is 99.275% anci 232Th is 100%. 

4.2 Radioactive decay 

An atom, defined as the smallest unit of matter, consti tutes both chemical and physical 

properties. It consists of a nucleus surrounded by electrons. The nucleus has protons and 

neutrons which bring about nuclear stabil ity by balanc ing the proton-neutron rat io. The nuclei 

that have an imbalance in the ratio of neutrons and protons tend to undergo changes within the 
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nucleus 10 ach ieve a more stable configuration of protons and neutrons. The changes are 

accompanied by the emission of electromagnetic radiation from the nucleus together with the 

release of a substantial amount of energy related to the binding energy of the nucleons in their 

fina l nuclear configurations. These changes are referred to as radioactive decay of the nucleus 

and the whole process is described as radioactivity. The decay route for primordial 

radionuclides and their progeny are given in Table I of Chapter 1. 

4.3 Pathways to humans 

Being part of the environment, radiation exists in many different types of materials and it has 

different ionizing capability, i.e. ionizing radiation and non-ionizing radiation. Ionizing 

radiation has the ability to knock-off an electron from any material, non-ionizing radiation is 

weak and it can be deflected easi ly compared to ionizing radiation. Radiation from materials 

existing nat urally results from the primordial radionuclides such as 238U, 235 U, 232Th and their 

progeny. ln the environment naturally occurring radiation is more concentrated in rocks and 

soil. Natural radiation in foodstuffs is due to contamination of agricultural ecosystems. IJ1 

agricu ltural ecosystems crops take up radionuclides li·om contaminated soil and contaminated 

water, while fish takes up radionuclides from contaminated sea water or fresh water. The 

exposure pathways of radionuclides from the source into the environment, including NORM 

from mining and processing of minerals into agricultur:.ll ecosystem , to humans are illustrated 

in Figure 4. 1. 

4.4 Effects of ionizing radiation in body cell s 

The effects of ionizing radiation arc characterized either as stochastic or non-stochastic (also 

known as determin istic) effects. A stochastic effect is one in which the probability of 

occurrence increases with increas ing dose, but the severity in affected indi viduals does not 

depend on the dose. T here is no threshold dose for effects that are truly stochastic because 

these effects arise in single cells and it is assumed that there is always some small probability 

of the event occurring even at very small dose. A deterministic effect is one that increases in 

severity with increased dose, usually above a threshold dose in affected individuals 1391
. The 

non-stochastic effects can be controlled by setting the annual dose limits lower than the 

acceptable threshold and in the process thi s threshold will not be reached; also the stochastic 

effects can be minimized by applying annual dose limits which are acceptable. Figure 4.2 

describes the stochast ic and non-s tochastic effects of radiation dose to living cells. 
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Figure 4.1 Schematic representations of exposure pathways (321
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Figure 4.2 General graphs depicting the characteristics of ionizing radiation in cell s. 
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4.5 Health r isks related to ionizing radiation 

Health risks at the lower doses are associated with environmental radioactivity mainly from 

NORMs (238U, 235U and 232Th nuclides and their progeny) and low occupationa l exposure due 

to the sources, and are extrapolated from the high dose data. The estimation of the human 

health risks associated with radiation exposure are based mechanistically on the view that the 

detrimental effects of irradiation have their origin in exposed cells or, in the case of heritable 

effects, in cells directly descendent from them. The effects considered include radiation­

induced genomic instability, bystander effects, abscopal effects, induced clastogenic factors 

and hereditary effects 140). The effects are briefly explained below. 

• If a s ingle cell is irradiated and survives, it may produce daughter cells that over 

generations have increasing numbers of alterations in their genomes, even though the 

daughters themselves were not irradiated. This effect is called induced genomic 

instabil ity. The alterations in genomes of the daughter cells can include alterations in 

their chromosomes, mutation of their genes and other deoxyribonucleic acids (DNA). 

• The bystander effect is the ability of the irradiated cells to convey manifestations of 

damage to neighboring cells not directly irradiated. The bystander phenomenon has 

been tentatively linked to an elevated risk of health effect at low dose in humans 

(cancer, congenital abnonnalities, neurological disease and hereditary effects) but none 

of these health effects has so far been scientifically shown to be associated with such 

radiation induced effect. However, the possibility cannot be excluded but remains 

purely speculative. The major concern in the low dose exposure range is the increased 

risk with increased radiation dose. The conventional approach is to consider that at low 

dose only some ce lls in the human body are hit by the ionizing radiations, that their 

total number is dose dependent and that the probability to get a cell transfonned into a 

cancer cell depends on the number of cells being hit or ionized . Bystander effect 

suggests that the target fo r radiation is larger than the individual ionized cell and that a 

linear extrapolation of risks from high to low doses could underestimate the risk at low 

dose. The bystander effect has been demons trated especially after high-LET (high 

linear energy transfer) exposure. 

• An abscopal effect is said to occur if there is a significant response in a tissue that is 

physicall y separated from the region· of the body exposed to radiation. The abscopal 

effect is also described as a reaction that occurs outside the irradiated part of the cell 
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and efTects have been observed in cells which get exposed during activities related to 

radiation therapy. 

• Blood plasma from irradiated anima l or human cells can contain clastogenic factors 

capable of inducing chromosomal damage in an unexposed cell. 

• Heritable effects are those effects observed in offspring born after one or both parents 

have been irradiated prior to conception. Trans-generational effects are those that arc 

expressed beyond the first generation. 

• Finally, some of the manifestations of non-targeted and delayed effects noted above 

can arise spontaneously and after exposure to other toxic agents. 

The impact of ionizing radiation on the immune system can be assessed by estimating the 

changes in ce ll numbers or by using a variety of functional assays. A high dose of radiation 

produces immune-suppression mainly due to the destruction of cells. 

4.6 Internal radiation dose 

Estimation of internal radiation doses due to inhalation or ingest ion of radionuclides is in most 

cases based on assumptions and calculations. To make it simple and convenient different 

models such as the gastric internal (GI) tract model (Figure 4.3) have been developed to 

describe the paths of the radionuclides in the body and how they are excreted . The lA EA 

Safety Standard Series <41 >, describe the pathways of radionuclides tah:n directly and indirectly 

in to the humans body by inhalation and ingestion . In the process where the radionuclide is 

taken by ingestion, the gastro internal tract model is used, the model describes a human as a 

composite of difTerent compartments. Each organ and tissue of deposition is assumed to 

consist of one or more compartments and from each of these compartments the radionuclides 

are translocated at an appropriate rate to the excretion pathways. In understanding the internal 

dosimetry and dosimetry models some tem1s arc defined: intake, uptake, deposition and 

content. Intake refers to the quantity of radionuclides incorporated into the body through 

inhalation, ingestion or injection, whi le uptake refers to the quantity of radionuclides that is 

absorbed in to systemic circulation by injection directly into the blood or by absorption via the 

respiratory or Gl (Gastric lntestine) tract. Deposition is that quantit y of radionuclides that is 

deposi ted into an organ; and content refers to the quantity of radionuclides that resides in the 

compartment of mterest. The uptake and excretion of radionuclides from the human body is 

described in Figure 4.3, the gastro intestine track model. It is a four compartment model 

comprising of the stomach, small intestine, upper large intestine and lower large intestine. The 
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mean residence time of radionucl ides in each G I compartment is I , 4, 13, and 24 hours 

respectively. Absorption of radionuclides is usually assumed to occur from the small intestine. 

For the estimation of equivalent dose to the wall of the GI track from radionuclides in the 

lumen, doses arc ca lculated to the mucosal cell layer (421
• 

I INGESTION 

Stomach (ST) 

Residence t ime = I h 

Small intestine (SI) 

Residence time = 4 h 

Upperlar~ intestine (ULI) 

Res idence t ime = 1-3 h 

Lower large int erst ine (LLI) 
Res idence time = 24 h 

I Excretion 

Bodv fluids 

Figure 4.3 Mathemat ical model used to describe the kinetics of radionuclides in the Gl tract 
{42 ) 
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4. 7 Theoretical calculation of the internal dose 

lngesti on of contaminated foodstuffs depends on the dietary habit s of the affected indi vidual 

or group, and the concentration of the radi onuclides concerned . Equivalent dose and 

committed effective dose are used in the radiological assessment of internal radia tion. In 

achieving the results, dose conversion factors for ingestion are used, which vary with age 

!,>rOups. The va lues are calculated by using the different age-dependent models for respiratory 

tract, gastrointestina l tract and other systemic biokinetic behaviour of radionucl ides. 

The annua l e ffecti ve ingest ion dose to man due to consumption of contaminated foodstuffs is 

given by: 

Dose(Sv/a) = Concent ration (Bq/kg) x Annual intake (kgta) x Dose convers ion fact or (Sv/Bq) 

To calculate or estimate the ingestion dose, th e concentration of radionuclides in different 

crops or food stu ffs and the consumption rate of the foodstuffs are used. The committed dose 

is calculated as fo llows: 

D; <,g ) = J dt 'La,, ( g ) .C,1, . K 11, .UF"f ; ( g ) 

I ' 

n.ou Represent dose committed for li fetime to ind ividual of age group g from the ingestion of 

radionuc lide i 

c,,, Concentra tion of radion uclide i in product p (Bq/kg or Bq/1) 

a, !g) Consumption rate (kg or I per day) of product p by individual of age group g 

DFt , < ~) Effecti ve dose eCJuivalent factor (Sv/Bq ingested) for radionuclide i, and age f,•Toup 

g 

J.:'l' Correction factor that takes into account the reduction in the content ofradionuclides i in 

product p resulti ng from processing and delay from harvest to consumption. The general 

A*.e-.-V.t 
equation for thi s factor is , where A is the reduction in processing and td is the 

dela y time due to storage and treatment and is the decay constant of the radionuelide. 

The contribution of these products to the collective dose is calculated by: 

C D ; f d ,.LJY".C;p ·K ;,.CDFI; (P) , 
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Where 

CD, Collecti ve close from ingestion o f radionuclicle i. 

>',, Annual production (Kg or I per year) of product p in the area of interest. 

CDFI, (Pl collective dose factor (Sv. man/ Bq) for radionuclide i and product p; the calculation of 

the collective dose factor CDFI, (Pt can be made by weighting the indi vidual age dependent dose 

factors with the population fractions in each age group and with the consumption fraction of 

each product by members of each age group. 

II 

CD, (g) = L L·',,(g ).C,, (h_. ). A·,/'./)/· /, lg) 
.\t'at • l I ' 

Where: 

r·,, (h, > Concentration of radionuclides i in crop pat harvest time of year y (Bq/kg fresh 

weight). 

A, (g) Ingestion rate (kg fresh weight per year) of crop p by individuals of age group g. 

Si milarly the collective dose may be attained by th e fo llowing equation; 

/1 

c ·o , L: L: Y,. .c,,. < 11_. ). K,, .c ·oFt, 
\ V ar I I' 

Where: 

c,,, {It, ) Concentration radionuclidcs i in crop p at harvest time of year y (Bq/kg fresh weight). 

)' 
" Ingestion rate (kg fresh weight per year) of crop p by indi viduals of age group g. 

To illustrate the process the following example is given for the consumption of maize as one 

of the staple foods in South Africa. 

As outlined above we need three basic pieces of information, 
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1. The activities of the radionuclides of interest. This infonnation is available from the 

laboratory analysis. In principle one only needs the activity of the longer-lived nuclides 

and can assume radioacti ve equilibrium with their shorter-li ved daughters. Thus 

basically one needs to know the concentration of 238U, 230Th, 226Ra, 210Pb, 210Po, 23 1Pa, 
227 Ac, 232Th, m Ra and m Th. Of these 230Th and 23 1Pa are not readily available as their 

ana lyt ical sensiti vi ty is low. ln thi s case one may assume equi librium between 

m u;2J0Th and 227Th-Ad 11 Pa. 

2. The annual consumption of the mai ze. This depends on the dietary habit and age 

category of the person exposed. Default consumption rates can be obtained from the 

licensing guide LG I 032 issued by the Council for Nuclear Safety <
91

, currently named 

the National Nuclear Regulator. Data extracted from this document are given in Table 

4.1. 

3. The dose conversion factor. This depends on the nuclide of interest and the age 

category of the person exposed. These data can be extracted from the IAEA 's Safety 

Series I I 5 <751
. The relevant data are given in Table 4.2. 

Table 4.1 South Afr ican default va lues for intake via ingestion<7!11• 

Consumption per year in kg fresh weight 
Age 

< I a 1-2 a 2-7 a 7-1 2 a 12-1 7 a > 17 a 

Freshwater Fish 0.5 I 5 10 10 25 
Meat 10 20 50 75 100 100 
Poultry 7.5 15 35 60 75 75 
Eggs 3 6 15 25 30 30 
Cereals and Grains 45 60 75 90 128 150 
Root crops 51 68 85 102 145 170 
Other Vegetables Fruits and Nuts 39 52 65 78 Ill 130 
Water (Litres) 200 260 300 350 600 730 
Milk (Litres) 300 300 300 300 300 250 

h will be obvious that one now needs a type of matrix approach to perform the required dose 

calculation , which is a function of the type of food and its age dependent consumption rate, 

the age dependent dose conversion factor and the concentration of the radionuclides in the 

foodstuff. 
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Table 4.2 Dose conver sion factors176l for ingestion by members of th e public (in Sv/Bq) 

< -1 a I - 2 a 2-7a 7 - 12 a 12-17a > 17 a 

U-238 3.4E-07 1.2E-07 8.0E-08 6.8E-08 6.7E-08 4.5E-08 
Tll-234 4.0£-08 2.5E-08 1.3£-08 7.4£-09 4.2£-09 3.4E-09 
Pa-234m 
U-234 3.7£-07 1.3£-07 8.8£-08 7.4£-08 7.4£-08 4.9£-08 
Th-230 4.1 E-06 4.1 E-07 3. I E-07 2.4E-07 2.2£-07 2.1 E-07 
Ra-226 4.7E-06 9.6E-07 6.2E-07 8.0E-07 1.5E-06 2.8E-07 
Rn-222 
Po-2 I 8 
Pb-214 2.7E-09 I.OE-09 5.2£-10 3.1E-10 2.0E-10 1.4E-1 0 
Bi-214 1.4E-09 7.4E-1 0 3.6£-10 2.1 E-10 1.4£-10 I. I E- 1 0 
Po-2 14 
Pb-2 10 8.4£-06 3.6E-06 2.2£-06 1.9E-06 1.9E-06 6.9£-07 
Bi-2 10 1.5£-08 9.7£-09 4.8E-09 2.9E-09 1.6E-09 1.3E-09 
Po-210 2.6E-05 8.8E-06 4.4£-06 2.6£-06 1.6E-06 1.2£-06 

U-235 3.5£-07 1.3£-07 8.5E-08 7.1 E-08 7.0£-08 4.7E-08 
Th-231 3.9£-09 2.5E-09 1.2£-09 7.4£-10 4.2E-1 0 3.4£-10 
Pa-23 1 I.J.E-05 1.3E-06 1.1 E-06 9.2£-07 8.0E-07 7.1£-07 
Ac-227 33£-05 3.1 E-06 2.2£-06 1.5£-06 1.2£-06 1.1 E-06 
Th-227 3.01£-07 7.0£-08 3.6E-08 2.3£-08 1.5£-08 8.8£-09 
Ra-223 5.3·£ -06 1.1 E-06 5.7£-07 4.5E-07 3.7E-07 l.OE-07 
Rn-219 
Po-215 
Pb-211 3.1 E-09 1.4E-09 7.1£-10 4.1 E- 10 2.7E- 1 0 1.8E-IO 
Bi-211 
Tl-207 

Th-232 4.6E-06 4.5E-07 3.5£-07 2.9E-07 2.5£-07 2.3£-07 
Ra-228 3.0£-05 5.7E-06 3.4£-06 3.9£-06 5.3£-06 6.9£-07 
Ac-228 7.4E-09 2.8E-09 1.4£-09 8.7E- 10 5.3£- 10 4.3£- I 0 
Th-228 3.7£-06 3.7E-07 2.2£-07 l.SE-07 9.4£-08 7.2£-08 
Ra-224 2.7E-06 6.6E-07 3.5£-07 2.6E-07 2.0£-07 6.5£-08 
Rn-220 
Po-216 
Pb-212 I .5E-07 6.3E-08 3.3£-08 2.0E-08 1.3E-08 6.0£-09 
Bi-212 3.2£-09 1.8£-09 8.7E-10 S.OE-10 3.3E-I 0 2.6E-10 
Po-2 I 2 
Tl-208 

Blank data are not availa b le and assumed "zero" in dose calculatio ns 
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Accordingly. let us take the example o f the consumption o f maize. 

I . The activities of the radionuclides of interest. Given the following results from the 

laboratory analysis given in mBq/g (Bq/kg): 

238U I 0 (As 230Th is not known we assume all daughters of 238U to be I 0 mBq/g) 

(Take 235U and its short -lived daughters as 1/20,9 times 10 mBq/g) 

230Th Below detection limit 

226Ra 20 (Take all daughters of 226Ra up to 1 10 Pb as 20 mBq/g) 

1 10Pb 5 (As 210Po is not known we assume all daughters of 210Pb to be 5 mBq/g) 

210Po Not determined 

23 1Pa Not determined (As 231Pa is not known take it to be 0,5 mBq/g as for 227Ac) 

227Ac 0,5 (Take 23 1Pa a lso as 0,5 mBq/g) 

m Th 0,25 (Take the rest of the daughters a lso as 0,25 mBq/g) 

232Th 0,75 (Take the value as is: 0,75 mBq/g) 

21 Ra I ,5 (Take its short-lived daughter also as I ,5 mBq/g) 

m Th 0,75 (Take the rest of the daughters also as 0 ,75 mBq/g) 

2. The annual consumption of the maize is taken from the default values in Table 4.1. 

Con sumption p er year in kg fresh w eight 

Cereals and Grains 

< Ia 

45 

1-2 a 

60 

Age 

2-7 a 7-12 a 
75 90 

3. The dose conversion factors are taken as given in Table 4.2. 

12-17 a 
128 

> 17 a 
150 

Table 4.3 gives the worked-out radiological exposure to te various age groups of th e public. 

The data manipulation is best done in a spread-sheet (Excel, QPR O or alike) as for ot her type 

of foodstuffs the category may change (intake per year) and the radionuclide concentrations of 

the foodstuff concerned will also vary. However. once the database is set-up some simple 

adaptions will provide immediate result and avoid going through otherwise time consuming 

ca leu !at ions. 
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T a ble 4.3 Dose calculation example of cons umption of contaminated 
m:aize (io m Sv/a ) 

Cer eals a nd Grains Consumption in kilogram per· year 

Consumption x Activity x Dose per unit intake = Yearly Dose Average LifcHime 
Activi ty < I a I -2 a 2 -7 a 7- 12 a 12- 17 a > 17 a Exposure 
mBq/g 45 60 75 90 127.5 150 mSv/a 

10.00 0. 153 0,072 0,060 0.061 0,085 0.068 0,069 
10.00 0.018 0.015 0.010 0.007 0,005 0.005 0,006 
10,00 
10.00 0. 167 0,078 0,066 0.067 0,094 0,074 0,075 
10,00 1,845 0,246 0,233 0.2 16 0,28 1 0,3 1:5 0,3 19 
20,00 4,230 1, 152 0,930 1,440 3,825 0 ,840 1, 160 
20,00 
20.00 
20.00 0.002 0,00 1 0.001 0.001 0,00 1 0,000 0,00 1 
20,00 0.001 0,001 0.001 0.000 0.000 0,000 0,000 
20,00 
5.00 1.890 1.080 0.825 0.855 1.2 1 I 0.5 18 0.649 
5.00 0.003 0.003 0.002 0.001 0.00 1 0.00 1 0,00 1 
5,00 5.850 2,640 1,650 1.170 1,020 0.900 1, 102 

0,48 0.008 0,004 0,003 0,003 0,004 0.003 0,003 
0,48 0,000 0,000 0,000 0,000 0,000 0,000 0,000 
0 ,50 ·0 ,293 0,039 0,04 1 0,041 0,05 1 0,053 0,054 
0.50 0 ,743 0.093 0,083 0.068 0,077 0.083 0.09 1 
0.25 0.003 0.001 0.00 1 0.001 0.000 0.000 0.000 
0.25 0.060 0,017 0.0 1 I 0.0 10 0.0 12 0.004 0.006 
0.25 
0.25 
0,25 0,000 0.000 0.000 0.000 0.000 0,000 0.000 
0,25 
0,25 

0,75 10,155 0,020 0,020 0,020 0,024 0,026 0,027 
I ,50 2,025 0.5 13 0,383 0,527 1,0 14 0, 155 0,296 
1.50 10,000 0.000 0,000 0,000 0.000 0.000 0,000 
0.75 10. I 25 0.017 0,0 12 O.OJO 0.009 0,008 0,0 1 I 
0.75 0.09 1 0.030 0.020 0.0 18 0.0 19 0.007 0 ,0 12 
0.75 
0.75 
0.75 0,005 0,003 0,002 0.001 0,001 0.001 0,001 
0,75 0.000 0.000 0,000 0.000 0.000 0.000 0,000 

Total mSv/a 17,67 6,02 4,35 4,52 7,73 3 ,06 3,88 
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CHAPTERS 

AGRICULTURAL INDUSTRY 

5.1 Agricultural sector in South Africa 

South Africa as a developing country has a vibrant economy that relies 01~ the mining and 

agricultural sectors and other industries. The mining of uranium, gold, platinum and other 

minerals contributes significantly to the growth of the economy and job creation. The 

agricu ltural sector also contributes to the same economy through production of good 

agricultural foodstuffs; primary agriculture contributed 3% to gross domestic product (GOP) 

of the country in 2009/2010. In the past five years the economy has improved si~:,rnificant ly 

from the contribution made by the mining and the agricultural sectors. The agricultural sector 

created about 8% of the jobs. The export of agriculture products has been slower co**mpared 

to import and the major imports in this sector include product such as wheat, rice, vegetable 

oils and poultry meat. Only 12% of South African land is suitable for rain fed crops, with 

only 3% of land ferti le for agricultural food production, while 69% is suitable for grazing; 1.3 

million ha of land is under irrigation (48>. Since both industries (mining and agriculture) 

contribute significantly to the economy of the country, it is vital to quantify the effects of 

mining activities, particularly gold mining, on tJ1e agricultural land. To minimize possib le 

damage of the agricu lt ural land due to mining activities, the released radionucl ides should be 

monitored. ln terms of export activities of agricultural products. South Africa has exported 

about 20.3% of its products in 20 10/2011 to the Netherlands and United Kingdom as 

compared to the export percentage of 20.7% in the 2009/2010 period. An increase of 6.9% in 

the export va lue was observed in the 2010/201 1 period as compared to the previous year (49
• 

50) 

5.2 Production of agricultural produ cts (2009/ 2010) 

In 2007 to 2008 the price of agricultural products increased by 14.3% as compared to tbe 

increase of about 24.6% during the previous year. In 20 I 0/ 11 , the producer price of 

agricultural products decreased on average by 14.3%. Prices of vegetables decreased by 7.2% 

while the prices of fresh fruits increased by 13.3%. The producer prices of anima l products 
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were increased by 3.6%. Generally the 2010/ 20 II report noted that the gross value 

agricultural production increased by 6.9% <H>. Table 5.1 shows the trend of vegetable 

production in South Africa for the past five years. 

Table 5.1 Production table for vegetables in South Africa for the past five years <SO). 

Year 

2006 

2007 

2008 

2009 

2010* 

* Indicates preliminary values 

5.3 Vegetables grown in South Africa 

Product ion ('000 tons) 

4205 

4239 

4530 

43 11 

4558 

Vegetables play an important role in the human diet as a result of their nutritional aspects; 

they contain carbohydrates, proteins, v itami ns, minera ls and other important trace elements. 

Consumption of vegetables has increased gradua ll y due to the fact that they fo rm part of the 

dnily diet for humans and animals. Their production in the market has increased remarkably 

based on their demand. The Food and Agl-iculture Organization (F AO) defines vegetables as 

plants cultivated both as field crops and garden crops, both in the open and under glass. Table 

5.2 list the vegetable produced in South Africa. Main production was for white maize, yellow 

maize, potatoes, tomatoes. onions, green mealies, pumpkins, carrots and cabbage with the 

quantity of white and yellow maize dominating other vegetab le production. 

5.4 Classification of vegetables. 

Vegetables can be categorized according to respective groups based on the edible part: i.e. 

leafy vegetables, shoot vegetables, pot and seed vegetables, root and bulb vegetables, flower 

vegetables and fruit vegetables. Vegetables can also be classified by family, i.e. Cole crops or 

Crucifers, Cucurbits, Legume Vegetables, Lilies , Solanaceous crops and Mushrooms (S I). The 

basic approach in this regard, is classifying vegetab les on the basis of their commonalities 

among their groups, this include the edible part (tissues and organs consumed), the ecological 

adaptation and the taxonomy respectively <52>. 
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Table 5.3 and Table 5.4 give the general classification of vegetables on the basis of edible part 

and family respectively. 

Table 5.2 List of vegetables J:,rrown in South Africa and the production quantity va lue <SO>. 

Vegetable 
White maize 
Yellow maize 
Potatoes 
Tomatoes 
Onions 
Green mealies 
Pumpkin 
Squashes 
Cabbage 
Carrots 
Other vegetables 
Sweet potatoes 
Beetroot 
Lettuce 
Gem squash 
Green beans 
Cucumbers 
Amadumbe 
Cauliflower 
Mushrooms 
Green peas 
Asparagus 

Quantity produced ('000 tons) 
6052 
4308 
2072 
544 
518 
339 
230 
171 
149 
142 
110 
63 
57 
38 
27 
24 
21 
15 
15 
12 
12 
I 
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Table 5.3 Classification of the "egetables based on edible part (FAO) 1521 

Vegetable group Definition Examples 

I. Leafy vegetables Crops grown main ly for their Malabar nightshade (nlughnte), 

leaves. Rich in vitamins and amaranth (kulitis), lat ti ce, jute 

minera ls. (saluyot) and malunggay (horse 

radish tree) 

II. Shoot vegetables These are plan1s grown Asparagus, Bamboo, Celery 

primarily for their edible 

shoots, main ly the young 

succulent stem. 

Ill. Pot and seed These vegetables belong to Snap bean, pole si1ao, winged 

vegetables 1he Leguminosae or bean. okra, sweel corn. 

Fabaceae fam ily, and are 

grown for their young pods 

and seeds. 

IV. Root and Bulb Plan ls grown for their Carrot, potato, onion, radish, 

vegetables shal low underground roo1s tannia. 

and slem 

V. Flower vegetables Generally described as Horse radish tree (Malunggay), 

edible flowers katuray (sesbania grand [flora), 

squash, rose, sun flower. 

VI. Fruit vege1able These are the vegetables Ampalaya, eggplant , tomato, 

grown for their fleshy, peppers, melon. 

succulenl fruit s. 
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Table 5.4 Classification of vegetables on t.be basis of family (FAO) (!il> 

I. 

II. 

111. 

IV. 

Vegetab le Description by family Example 

Cole Crops or 

Crucifers 

Cucurbit 

Legume 

vegetables 

Lilies 

Vegetable crops belong ing to Cabbage, cauliflower, 

the Cruciferae or 

Brassicaceae (mustard) 

family. with edible leaves or 

heads 

mustards, pechay, radish and 

Chinese cabbage. 

Vegetables belonging to the Bottle gourd, charantia, 

Cucurbitaceae (ground and cucumber, luffa, melons and 

sq uash) family. They grow squash. 

mainly on their fruits but 

some have edible young 

shoot s and flowers, and they 

are also called Vine crops. 

Members of the Bush sitae, katuray, kidney 

Leguminosae or Fabaceae bean, lima bean, pea, po le 

(Bean) family and are rich in sitae. 

protein. 

The vegetables are classified Asparagus, garlic, onion 

under the Liliaceae (Lily) 

family 

v. Solanaceous crops Vegetables belonging to the Eggplant, tomato, peppers, 

VI. Mushrooms 

Solanaceae (nightshade or white potato. 

Eggplant) family and with 

the exception of wh ite potato 

are ca lled fruit vegetables. 

Edible fungi belonging to the Straw mushroom, puffball , 

division Basidiomycota (club 

fungi), the edible part 

commonly consist of an 

upright stalk and umbrella 

shaped cap 

tem1ite mushroom. 

·'kabul ing -h igante'· 

Annexure 2 g ives the data base of vegetables and their botanical names; the data is adopted 

from the world programme for th e census of agriculture 2010 (Sl)_ 
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CHAPTER6 

I.NSTRUMENTATION AND DATA COLLECTION TECHNIQUES 

6.1. Neutron Activation Analysis 

6. 1.1 Introduction 

Neutron Activation Analysis (NAA) is an analyt ical techn ique based on the measurement of 

characteristic radiation from rad ionuc lides fonned direct ly or indirectly by neutron irradiation 

of the material of interest (531. NAA is primari ly a method of trace element determination 

(concentrations ppm-ppb range) although minor and major elements may be determined in 

some applications. The method originated with Hevesy and Levi in 1936, but did not become 

a practical method of analysis until the development of the nuclear reactor in the 1940s as a 

high intens ity neutTon source. The introduction of the Nai(TI) scintillation y-ray detector in the 

1950s and the hi gh resolution Ge(Li) y-ray detector ( 1960s) established NAA as a major 

method of trace elemen t determination in biological materials 1541
• Current ly NAA is accepted 

as an important technique lor elemental analysis of different materials 1551
. Jn the last three 

decades NAA has been found to be extremely useful in the detennination of trace elements in 

many disciplines, which include nutritional and health related studies, geological as well as 

material science studies 1531
. 

6. 1.2 Concept and principles of NAA 

The concept ofNAA is to produce radioactive isotopes by exposing the sample to a high nux 

of neutrons in a nuclear reactor. The produced isotopes decay, mostly through beta decay, and 

in the process gamma rays with discrete energies are emitted. The process is schematically 

shown in Figure 6. 1. In the process an incident neutron hits the target nucleus resulting in 

neutron capture; the captured neutron interacts with the target nucleus via non-elast ic collision 

forming a compound nuc leus in an exc ited state. The compound nucleus decays into a more 

stable configuration through emission of one or more characteris tic prompt gamma rays. The 

new configuration yields a radioactive nucleus which also decays by emission of one or more 
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characteristic delayed gamma rays but at much slower rate according to the half-life of the 

radioactive nucleus. The reaction is known as the (n, y) reaction. 

Target 
Nucleus 

Incident e• 
Neut~ •••~ 

~, .. - / ..... 
•••••• -· ..... -

Figure 6. 1 Concept ofNAA 1661 

·····t... , •• 'I. .... 
I 

Compound 
Nucleus 

Nucleus 

• Beta I Particle 

Oelayec 
Gamma ray 

In principle neu tron activation analysis fa lls into two categories, namely prompt gamma ray 

neutron activat ion analysis (PGNAA) and delayed gamma ray neutron activation analysis 

(DGNAA). Both activation analysis methods consist of the following steps: 

• selection of the optimum nuc lear reaction, 

• preparati on of the sample for irradiati on , 

• irradiation of the samples, 

• counting the irradiated samples, and 

• analysis of the coun ting results. 

6.1.2.1 Prompt gamma ray neutron activation analysis (PGNAA) 

Prompt gamma ray neutron activation analysis is a non-destructive radioanalytical technique 

capable of rapid or simultaneous " in-situ' ' multiple elemental analyses across the entire 

periodic table, from hydrogen to uran1um. The method is valuab le for measurement of 

elements that do not form neutron capture products with delayed gamma ray emissions; only 

the prompt capture gamma rays are measured. The elemental coverage of PGNAA 

complements that of conventional instrumental neutron activation analysis (DGNAA). 

PGNAA can measure a ll elements except for oxygen in most common materials. Because 

nearly every neutron capture results in an (n,y) reaction. the yields of prompt gamma rays per 
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neutron is greater than that of delayed gamma rays. However, PGNAA has poor sensitivity 

compared to DGNAA c561
. Limitation of the PGNAA technique with reactor neutrons are 

related to the background and relatively low neutron nuxes at a beam station close to the 

reactor. 

6.1.2.1 Delayed ga mma neutron activation analysis (DGNAA) 

T he delayed gamma neutron activation analysis method measure the radioactive decay of the 

product's nucleus while PGNAA only measures the prompt captured gamma rays. It is 

applicable to elements that fonn artificial radioisotopes. The delayed rays are analyzed over 

seconds, hours, days, weeks, or even months. The DGNAA improves the sensit ivity for long 

lived radionuclides as it a llows short lived ones to decay and effectively eli minate 

in terferences. This category ofNAA is characterized by long irradiation periods. 

6.1.3 Interaction of neutrons with matter 

T he reaction of neutrons \.vith materials can be elastic or inelastic. In an elastic collision the 

total energy of the neutron before collision is conserved, that is the total kinetic energy before 

coll ision equals the total kinetic energy after collision; with inelastic coll ision the kinetic 

energy is not conserved, that is some of the kinetic energy of the neutron is absorbed by the 

mater ial. During activat ion, the neutron enters the nuc leus of an atom to form what is 

genera lly known as a compound nucleus. T he compound nucleus may release some of its 

energy by emitting a gamma photon or other elementary particle such as a neutron, proton or 

alpha particle. When a neutron interacts with the nucleus three interaction reactions may 

occur, namely compound nucleus formation , potential scattering and direct interaction. 

6 .1.3.1 Compound nucleus 

In compound nucleus formation , the incident neutron is absorbed by the target nucleus. The 

neutron· s kinetic energy is shared among all the nucleons. If the target nucleus is ~X where Z 

is the number of protons. A the mass number and X the chemical symbol of the element, then 

the compound nucleus fonnation can be represented as 

The compound nucleus is highly unstable, since it is in an excited state, and for it to be stable 

it undergoes a de-excitation process. 
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Radiative capture, the (n,y)-reaction, involves absorption of a neutron followed by emission of 

gamma rays. This reaction is the most common neutron reaction. It is ca lled radiative capture 

because th e nuc leus of the material captures the neutron and radiates a gamma photon. It can 

occur for almost any nucleus and all neutron energies. 

6.1.3.2 Potential scattering 

Potential sca ttering is a type of elastic scattering that can take place for any energy of the 

incident neutron. TI1is mode o f interaction does not involve the formation of a compound 

nucleus; it appears s imply as the result of the presence of the nucleus. The scattering is a 

funct ion of the forces which act on the neutron in the vicinity o f the target nucleus and these 

forces depend on the dimensions and the shape of the nucleus. 

6.1.3.3 Direct interaction 

High energy neutrons can also interact with nuclei directly. In this type of interaction a direct 

collis ion between the neutron and the nucleus results in the absorption of the incident neutron 

and the ej ection o f one or more nuc leons, either protons or neutrons. However, few neutrons 

in a research reactor have enough energy for this reacti on. 

Interactions of neutrons wi th matter are described in tenns of the so-ca lled cross sections (o). 

which can be thought of as the measure of the probability for a reaction to occur. There are 

three common types of reaction cross sections, namely absorption, fi ssion and scattering. The 

total cross section ( cr) which is a dimension of an area, is the sum of the cross sections for 

scattering and for absorption denoted by ( u, ) and ( u ., ) respectivel y. 

a = a +a 
I S t l 

The cross section depends on the energy of the incident neutron and the dependency is very 

complex, it results from the structure of the target nuclei and the type of interaction. 

In nuclear reactors, neutrons vary with energy and fluence rate, and can be categorized as 

thermal neutrons, ep ithermal neutrons and fast neutrons. The cross section for thermal 

neutrons is inversely proport ional to the neutron velocity and also inversely proportional to the 

square root of the neutron energy. Neutrons cross sections in the epithennal region can be high 

and as a resu It the neutron cross neutrons section versus neutron energy relationship may show 

resonance peak. Most of the proced ures associated with NAA use the thennal neutrons for 
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activation, whereas activation with epithermal neutrons is preferred to enhance the activation 

elements with a high ratio of resonance neutron cross section. Figme 6.2 below describes the 

variation of neutrons in a reactor with regard to their fluence rate and energy (S7J. 

Fest ne:;r·on5 

lQ-10~------~'----~----------~--~----' ~----~--~ 
Io-3 :o-1 101 103 10 5 

Neutron energy. eV 

Figure 6.2 Schematic representation of the neutron fluence rate spectrum in a nuclear reactor 
(57) 

6.2 Instru mental Neutron Activation Analysis (INAA) 

In strumental neutron activation analysis is the most commonly used technique in neutron 

activation analysis. The technique is sometimes referred to as non-destructive neutron 

activation ana lysis. ln this method , the product nuclides produced during activation are 

quantified on the basis of its decay mode and its half-life. The emitted y-rays are detected by 

high resolution gamma ray spectroscopy using intrinsic Ge, Ge(Li) or Si(Li) detectors or in 

some cases by using Nai(TI) scintillation spectrometry. Other techniques used include P-r and 

y-y coincidence spectrometry. In princ iple INAA is an absolute method of analysis and the 

concentration of an element can be calculated if the absolute disintegration rate (A, ) is 

measured and if rp (the neutron flux) and a are known 1541• The INAA method is 

characterized by (i) activation via irradiation with reactor neutrons, (ii) measurement of 

gamma radiation after one or more decay intervals, and (iii) interpretation of the resulting 

gamma spectra in tenns of the elements present and their concentrations. INAA is widely used 

because of the advantage that it has, the samples do not have to undergo any chemical 

treatment, neither prior, nor after activation and because of limited sample handling 

operations. Sample contamination is limited as compared to sample analysis methods in which 
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the sample has to be dissolved 1581
. Also INAA is unique in several important aspects such as 

being largely independent of matrix effects, being suitable for analysis of materials that are 

difficult to dissolve, being relatively insensitive to sample contamination and ha ing specific 

means of detection. Due to these advantages, sensitivity and accuracy, it has a special role as a 

reference technique for other annlyt ical methods <
531

. The signals in INAA are related to the 

properties of the atomic nucleus, and the results are not affected by the chemica l or physical 

properties of the element. The method is well described by physical laws and selectivity is 

ambiguous for all elements, since the combination of the nuclear properties such as the decay 

constant and the energies and intensities of the gamma radiation is uniquely characterized for 

each rad ionuclide <581
. All contribute to a high degree of accuracy that makes fNAA the 

method of choice in many areas of material analysis. 

6.2. 1 Application of INAA 

Instrumental neutron activation analysis has found use in many fields of science. Particularly. 

advantage is taken of the fact that the samples do not have to undergo chemical treatment 

before and arter activation/ neutron irradiation and again light elements such as H, C, N, 0 , 

and Si, which in many materials belong to the major matrix components do not produce 

radioactive products upon neutron acti vation; therefore these e lements do not interfere with 

the determ ination of tht:: activity of the nucl ides of interest. The non-destructive nature of 

INAA makes the technique attractive for application in geochemistry and related sciences 15s1. 

Advances in semiconductor detector systems coupled with improvements in nuclear reactors 

have widened the scope of neutron activation analysis. Instrumental neutron activation 

analysis has made high sensit ivity non-destructive determinations possible. Neutron activation 

analysis has been used successfu lly in research as diversified as nutrient uptake in plants, 

petro-genet ic model ling of geologic phenomena, identification of impurities in new metal s and 

a lloys, environmental monitoring, and analysis of forensic evidence for criminal and civil 

cases 159J. 

6.2.2. Current trends in INAA 

It is genera lly accepted that INAA is a mature technique, the principles of the method are well 

understood and there are almost no fundamental aspects in the method that imply further 

development, innovation or for which techno logical breakthroughs are foreseen, that would 

change the role of neutron activation analysis dramatically 155
l. Its application is widely known 

in the following fields of science, of which only a few examples are given. 
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6.2.2. 1 Archaeology 

fNAA has been used for chemical composition analysis of ancient pottery from the Buddhist 

sites of Andhra P radesh. Pottery samples were collected from seven different locations for 

analysis using INAA to determine their elementa l concentrations. The concentration of 20 

elements which included aluminium, alkali, a lka line earth and transition elements were used 

for grouping the pottery. The method has also been used in the study of Caribbean ceramics, 

where eight ceramic samples were studied and analyzed for the development of the 

compositional Caribbean ceramics database <60
•
6 1>. 

6.2.2.2 Biomedicine 

In medica l research the INAA method has been used to analyze the effects of age and gender 

on trace element mass frac tion in human iliac crest wi th the objective to use the intact bone 

samples and bones commonly used for biopsies-i liac crest <621
. ln the study human iliac crest 

samples were collected from the forensic laboratory and analyzed for trace elements (Co, Fe, 

Rb, Sr, Zn, Cs, Eu, Hg, Sb, Sc, and Se) and it was concluded that there is no statistical age 

variation in the samples. 

6.2.2.3 Environmenta l sciences 

The INAA method has grown enormously, in environmenta l analysis research. It has been used 

for air pollution studie . biological monitoring, environmental pollution. and soil sample 

analysis (.5J) _ The method has also been used to determine uranium and thorium concentrations 

in Egyptian monazite prepared from the beach sand of the Abu-Khashaba area in Egypt 1541
. 

6.2.2.4 For ensics 

Because of its detection sensitivity INAA has found an important application in forensic 

chemistry. lt is used for the detection of gunshot res idues. which involves analysis of 

moistened swabs of the back of the hands of the suspect for the detennination of barium and 

antimony. A prominent example is the use of fNAA in the John F. Kennedy assassination 

investigation, where bullet-lead specimen samples were analyzed using the INAA technique 

(63) 
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6.2.2.5 Geological and geochemistry 

rNAA has been used for detennination of major, minor and trace elements present in clays, 

rocks, soils and other geological materials. For example, it has been employed in the study of 

soil samples from different parts of the Ahuja metropolis to assess the effects of elements 

found in soil in the area <M>. The application of the technique has grown enormously and it can 

be justified by the number of papers being published in this field. 

6.2.2.6 Nutrition 

Neutron activation analysis has been applied in nutrition studies in a wide variety of food 

products; for example, in the study conducted by Faanhof e1 a/. <
281 where food products grown 

in a catchment area affected by mining and mineral process ing industries were analyzed, and 

has also been used to determine the elements present in plasma and egg yolk of the Bothrops 

jararaca snake species <651
. 

6.2.3 Ad\'antages and limitations of the INAA method 

As mentioned earlier, INAA has many advantages over other analytical techniques. However, 

int erference can sti ll occur when different compound or product nuclei produce similar 

gamma rays. This problem can be circumvented by choosing alternate gamma rays or making 

use of the half-lives of the nuc lei; for example by counting only after the short li ved 

radionuclides has decayed. Other interferences can occur if another type of nuclear reaction 

concurrently produces the radionuclide of interest in addition to the sample neutron capture 

process, for example the 27 Al(n.a)24Na and the 23Na(n.y)24Na reactions. Sensitivity and 

accuracy depend on the concentrations of the elements and radionuclide parameters; 

sensiti vities vary from I 0'3 to I 0 .ro gram per gram of sample. Accuracy is usually between 

two and ten per cent of the reported value, depending on the element analyzed and its 

concentration in the sample. The detection limit for a particular element depends upon the 

measured count-rate (R) of the gamma ray being monitored and the background radiation (i .e. 

the Compton continuum underneath the gamma-peak in the spectrum). The sensitivity of the 

measurement can be improved by increasing the measurement time which also improves the 

overall signal or tota l number of counts. Another limitat ion is when the instrumental neutron 

acti vation analys is produces a large background that masks the signal of interest, during that 

process the signal to noise ratio (SIN) becomes very low and the detection limit is also 
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reduced (S
9>. This is the case when biological samples contain large amounts of phosphorus 

(especially bone, teeth). 

6.3 Fundamental equations for the INAA metbod 

Considering the fonnation of a compound nucleus in a reactor through the activation process, 

the nucleus of the stable atom (A) will capture/ absorb an incident neutron from the neutron 

tlux (¢)and form or yield an acti ve isotope (A*) of the same element but with a heavier mass 

number. The production of the compound nucleus or radioactive nucleus is given by the 

activation equation written as follows: 

A = ¢.cr.N.(I -e·'· '') 

Where: 

A the activity of a particular radionuclide in the sample (Bq), 

¢ the flux density of the neutrons at the irradiation position (cm·2.s-1
) , 

u the cross-section of the reaction and the target atom being used for activation (cm.2) , 

N the number of (stable) atoms of the element in the sample 

e the decay constant of the radionuclide in the sample that is activated, and e (s"1
) can be 

represented as ln2/ T 111 and Tw is the half-life (s) of the nuclides, 

the irrad iation period in seconds (s). 

The maximum induced activity, AMa.x obtained for an irradiation time much longer than the 

half-life of the product nuclide is given by 

AMa.x = NCJ¢ 

After the irradiation process. some of the radionuclides will decay according to their 

individual half-lives before the counting process and in that case the activity at the start of the 

counting period is represented by the following equation. 

Where: 

11 the irradiation time in seconds (s) 

td the decay time in seconds (s) 
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6.4 Neutron source for INAA 

The most commonly used neutron source for instrumental neutron activation analysis is the 

nuclear reactor. Over the past fifty years, research reactors have progressed thro ugh a variety 

of tasks. These have included material research us ing neutron scattering and diffraction, 

material characterization by activat ion analysis and radiography, isotope production, 

irradiation testing, as well as training and ser·vices as cen tre of excellence in the science and 

technology industries 153>. The development of the nuclear reactor in the 1940s made it 

possible for the instrumental neutron act ivation analysis method to be exploited . In South 

Africa the SAFARI-I reactor is mainly used for research projects, which incorporates neutron 

tomography, neutron diffrac tion, neutron scattering, neutron radio1:,rraphy, nuclear techno logy 

products (NTP ) such as the production o f radioisotopes for medica l appl ications and Neutron 

Transmutation Doped (NTD) si licon. It is a lso used for neutron activation analysis. In support 

of the safe operation and commercial needs of NTP, SAFARI-I applies an integrated ISO 

200 I accredited management system incorporating quality. health and the environment <66>. 

6.4. 1 South African Fundamental Atomic Research Insta llation (SAFARI - I ) 

The SAFARI- I reactor is a 20 MW tank in pool type materials testing reactor owned and 

operated by the South African Nuclear Energy Corporation (Necsa) at its Pelindaba s ite near 

Pretoria, South Africa. An 8 x 9 &rrid houses 28 fuel e lements, 5 control rods, I regula! ing rod, 

in-core irradiation facilities and reflector elements (Figure 6.3). The core is fuelled with MTR 

type fuel elements with 19 plates. The reactor vessel is cylindr ical in shape except for one 

flattened s ide which is also the wall of the rectangular core box adjacent to the pool side 

facility. This large ex-core poolside facility allows irradiat ions to be perfom1ed in re lati vely 

h igh neutron fluxes s ince it is directly adj acent to the fuel e lements. The reactor is also 

eq uipped with a number of beam tubes, which are used for neutron radiography, neutron 

scattering and prompt gamma neutron activation fac il ities, while hydraulic and pneumatic 

rabbit facilities provide for the irradiation of various material samples 167>. T he reactor is 

housed inside an aluminium vessel with fuel in the form of plates that are about 50 mm wide 

and 500 mm long whereby each plate t:ousists uf a uranium/aluminium alloy that is 

sa ndwiched between two pure aluminium pla tes. The reactor was designed for 90% enriched 

235U, but has been operated for years at about 40% enrichment due to strategic reasons and has 

recently been converted to run on low enriched uranium (LEU ) of about 20% enrichment. A 

number of plates are mounted inside a long square tube of pure aluminium and couplings are 
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attached to each end of this tube to form a.fuel element. At the bottom of the reactor vessel is a 

rectangular metal grid into which the fuel elements are fitted to fom1 the reactor core. Three 

edges of the core are covered by aluminium and beryllium renee tor plates whereas one edge is 

close to the cut-away side of the vessel to keep the row of fuel e lements close to the poo lside 

face. Figures 6.4 and 6.5 give a view of the reactor ti·om the top of the pool and a graphic 

layout of the dlesign respectively. 

2 34 56789 

Pool SK~e Facility 

Figure 6.3 2-D Sketch of the SAF ARJ-1 core <67
> 
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Figure 6.4 A view ofthe SAFARI- I reactor facility <66> 
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6.4.2 The irradiation facilities used for Neutron Activation Analysis 

6.4.2.1 Pneumatic Rabbit System (PRS). 

The pneumatic transfer system is used for relatively long irradiation periods of up to 30 min. 

The pneumatic transfer system consists of many devices and assemb lies for sending and 

loading of irradiation capsules also known as rabbits <
68>. Bas ically the pneumatic transfer 

system consists of: 

• an irradiation and transfer system that pneumatically transfers the rabbits to an 

irradiation position outside the reactor core, but within the reactor vessel; 

• transfer tubes, a loader-receiver bay and photo-sensors to locate the movement 

of the rabbit ; 

• an emergency rabbit recovery system; and 

• high purity and high density polyethylene irradiation capsules (rabbit). 

The pneumatic transfer system is mainly used for long-lived radionuclide measurements. The 

samples are placed in vials which in turn are placed in special capsules called rabbits for 

irradiation. After irradiation the samples are unpacked from the rabbits and transferred to the 

gamma counting faci lities. 

Figure 6.6 Example of rabbits and sample vials for irradiation (681 
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6.4.2.2 RINGAS (Routine Inst rumental Neutro n a nd Gamma Ana lysis System) 

The main purpose of the RINGAS pneumatic tran fer system is to tTansport rabbit assemblies 

from the rabbi t feed station to the desired in-core positions in the reactor, one a t a time, to be 

irradia ted with neutrons for a predetennined time. There are two irradiation positions, one 

where samples can be irradiated under th e full neutron energy spectrum and one position that 

is shielded with cadmium to allow irra diation of the samples w ith ep i-thermal and fast 

neutrons. This last facility is mainly used for the determination of heavier elements as the 

activation of the lighter elements is relative suppressed and accordingly their interference in 

the gamma-ray spect ra is reduced and the sensitivity of the heavier (toxic) e lements is 

enhanced . 

The rabbit assem blies are then extracted from the reactor and counted at a delay s ta tion to 

determine their activity. If this exceeds a predetermined level the rabbit wi ll be sent to the 

waste station to avoid possible over-exposure of personnel at the counting station. If the 

act ivity is acceptable, the rabbit assemblies are tran sported to a separator gate where the 

samples are separated from the rabb it body to lower background gamma-ray interferences. 

The rabbit and sample are then counted and thereaft er transported to the waste stat ion. The 

rabbit bodies can be re-used approximate ly five times before they become brilllc due to the 

high gamma-dose at the irradiation posit iops. 

RINGAS is operated through a computer controlled system, which is able to detect fai lures 

and/or errors during the sample analysis. TI1is RlNGAS computer control system indicates the 

position of the rabbits and samples at vari•ous positions in the pneumatic transfer system. 

6.4 .3 Gener al procedure for· n eutron a Citiva tion an a lysis 

There are five steps that c learly defi ne the procedure of neutron activation analysis, that is 

sample preparation. the irradiation step, the post irradiation step. the counting step and the 

nuc lide identification and acti' ity detennination. 

1. Sampl e pn:paration: In this step samples are collected, cleaned, dried and 

homogenized, followed by encapsulation in polyethylene capsules to be prepared for 

irradiation. 

2. Irradia t ion : The prepared samples undergo irradiation in a flux of neutrons; the 

nuclides in the sample absorb neutrons and become activated. 
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3. Post irradiation: This step depends .on the matrix used and the elements of interest. 

There are basically three considerations, namely 

a) the elements of interest and the matrix concerned detennines the choice of the 

irradiation position (bare-tube of the cadmium shielded one), 

b) the half-life of the nucl ide of interest determines the decay- and counting-time, and 

c) chemical separation techniques can be used to improve the sensitivity and sometime the 

specificity for nuclides with overlapping gamma peaks. This , however, is not commonly 

used as it may pose radiation risk to the operator/analyst and could introduce errors 

common to chemical manipulations. 

4. The counting step: Since most neutron induced reactions lead to gamma emitting 

radioisotopes which can be easily detected by sc intillation detectors, this step follows to 

distinguish between nuclides in the samples. The identified nuclides are detected and 

depicted in a spectrum showing energies of each radionuclide in the sample. 

5. The nuclide identification and activity calculation step: Sophisticated software 

programmes are used nowadays to determine the energy of the gamma-lines in the 

spectrum, allocate possible nuclides to the energies and calculate the induced activity at 

the end of the irradiation period. 

Lastly it should be mentioned that in the majority of cases neutron activation analysis is based 

on a comparator technique, whereby, along with the samples known quantities (masses) of the 

elements of interest are irradiated and measured for the induced neutron reactions. One thus 

el iminates unknown or ill-defined parameters like the neutron flux and neutron energy 

distribution at the various irradiation positions, which will vary with the time due to burn up in 

the reactor fuel. 
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CHAPTER 7 

STUDY PLAN T O EVALUATE SOIL TO PLANT TRANSFER FACTORS 

7.1 Defini tion of concepts 

The Transfer factor of radionuclides is generally defined as the ratio of tl_1e radioactivity 

concentration in plants to that in soil. 

General description ofTransfer factor: 

TF 
Concentratio of radionuclides in plant (Bq/kg dry crop mass) 

Concentration of radionuclides in soiJ (Bq/ kg dry soil mass in the upper 20 em) 

7.2 Background and rationale 

As discussed in Chapter 2 the transfer factor is a useful parameter to determine the migration 

of radionuclides from the soil into the plant. It relates the concentration of the substrate in the 

plant to the concentration in the soil through concentration ratios using the dry weight of the 

plant and the soil to minimize uncertainties m>_ Detennination of the transfer factor can be 

helpful when detem1ining the radiological impact of natural radiation to the environment and 

thus can be used for better monitoring of the movement of radionuclides in the environment. 

Mining activities may introduce large amounts of naturally occurring radioactive materials 

(NORMs) to the environment. The existence of large quantities of this material induces a 

radiological burden to man and possible damage to agricultural land and water resources. Crop 

production as part of agricultural practices utilizes both soil and water. Therefore it is 

compulsory to use suitable soil and water to produce good vegetables. As mentioned in 

Section 2.1.2, factors which have the ability to influence the transfer of radionuclides have 

been recorded and include 01 >; 

• The type of soil used for growing the plant, 

• Climate conditions, 

• Type of plants used, 

• Part of the plant concerned, 
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• Physico-chemical form ofthe radionuclides and; 

• Other elements which have a tendency of interfering with the processes. 

Contaminated water can also be a major contributor of radionuclides in food products if the 

water used for irrigation has an excessive concentration of natural radionuclides (see Section 

2.3). 

7.3. Literature review on NORM transfer to vegetables 

A detailed literature review on soil-to-plant transfer factors has been given in Chapter 2 of this 

study. This section highlights some studies concerned with accumulation/uptake of natural 

radionuclides by vegetables. 

In 2005 Pulhani et a/. <"61 conducted a study to evaluate the uptake of natural radioactivity in 

wheat plants from soil. In the study two morphologically different soils were used and 

comparable transfer factor values were observed. The uptake of uranium was less than the 

uptake of radium by plants and it was also observed that under natural field conditions the 

concentration of radionuclides tends to reach a constant va lue in the receptor compartment. 

Shtangeeva and co-workers <471 also studied the uptake of thorium by wheat at different stages 

of plant growth, applying greenhouse techniques. In this study the accumulation of thorium in 

the plant affected uptake of other elements including essential minerals required by the plant. 

The study showed more accumulation of thorium in the root zone as compared to other parts 

of the plant; this accumulation was associated with the variation of the concentration of other 

nutrients and trace elements. In another study conducted by Shtangeeva 051 uptake of uranium 

and thorium by native and cultivated plants was examined. It was found that plants grown in 

radionuclide enriched soils have a significant increase of thorium and uranium concen trations 

and that thorium was less available for uptake by plants as compared to uranium. 

Lauria eta/. 1691 evaluated the level of radium and uranium in vegetables grown using different 

farming management systems. The fanning systems employed examined the difference in the 

use of phosphate fertilizers and manure fertilizer. No difference in concentration of radium 

and uranium were found in the vegetables for both management systems. The concentration of 

uranium and radium were genera lly low. 

llegazy et a/.1101 studied the accumulation of radionuclides and soil -to-plant transfer of 

radionuclides in the Nile Delta Coastal black sand habitats with more emphasis on the transfer 

61 



of uranium and thorium. Complex issues associated with the transfer of uran ium and thorium 

was noted. The findings suggested that at least a 50% increase of organic matter and clay 

content of the so il decreases the uptake of uranium and thorium by plants by more than 50%. 

In 2002. Lozano et a/.(11) investigated the distribution of long-lived radionuclides of the 

uranium-238 series in sediments and a small river in a uranium mineralized region. In this 

investigation the behaviour of radium, thorium and uranium was associated with their mobility 

in the environment. 

Santos 1!1 a/. (72) determined the concentrations of natural radionucl ides e32Th, 238U, 216Ra, 

m Ra and 210Po) in vegetab les, particularly in leafy vegetables, fruit s, roots, bean and rice and 

other foods consumed on a daily basis. The studies showed that 228Ra and 210Pb contribute 

signi ficantl y to the radiation dose for the populat ion and the contribution to dose was 

(obviously) also inOuenced by the intake rate. The dose as a result of naturally occurring 

radionuclides correlated with the UNSCEAR value. In a similar study, Jha et a/. (?
6>, also 

determined the concentration of the natural radionuclides in different food products including 

vegetables in an area close to mining. Instrumental Neutron Activation analysis was used in 

this study. 

7.4 Research problem and objectives. 

The main aim of thi study was. to do a tliorough literature study and to plan an experimental 

phase to determine soil-to-plant transfer factors of naturall y occurring radioactive materials 

(NORM s). It is envisaged that contaminated soil from an area affected by mining and milling 

of uranium and gold will be used. Contaminated water from the ca tchment area around these 

activiti es will be used for irrigation. For better eva luation or the transfer factors, 

uncontaminated so il and uncontaminated water will also be used for control purposes. 

All experimen ts will be performed under controlled condit ions, which include the use of 

greenhouse techniques. The major aim of the study is to design, to develop and to make use of 

controlled techniques for studying uptake of natural radionuclides. 

• To investigate the transfer of ORM nucl ides from the 13sU. 235U and 232Th decay series 

and their progeny nuclides in some vegetables grown under controlled conditions in 

contaminated soi l affected by mining and milling of gold and uranium ores. 
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• To estimate the potential differences in the annual radiation dose for members of the 

public using the experimentally obtained transfer factors compared to the modeled dose 

using existing literature transfer factors. 

It is ex pected that the plants to be used in the study wi ll be those that are most produced and 

consum ed in the Republic o f South Africa (see Tab le 5.2), and that they will re nect the 

seasonal variation in the vegetation growth-periods of the plants. This is encouraged by the 

findings in the literature that plants have preferences on planting seasons and that the mobility 

of some radionuclides are crop specific. Obvious ly one wants to target the staple foods 

consumed by the larger South African population . However, one should also include specific 

foodstu ffs suspected of poss ible high uptake of NORM nuclides as e.g. mushrooms, which are 

rich in calcium and accordingly can be expected to be enriched in radium as well , or in other 

words investigate which foodstuffs are rich in elements with s imilar chemical properties to 

NORM-elements. 

7.5 Research methodology, material and methods 

ln attempting to achieve the objectives outlined above, two analytical techniques will be 

applied, Instrumental Neutron Activation Analysis ( INAA) and Gamma Spectroscopy. The 

Neutron Activation Analysis protocol that will be employed in the study is shown in Figure 

7. 1. The technique is described in more detai l in C hapter 6. NAA is useful for the 

dctem1ination of the uranium and thorium concentrations and elements that are chemically 

analogues to the NORM nuclides, whi le other radionuclidcs will be determined using gamma 

ray spectrometry. ln case INAA is not readily accessible or appears to be too costly, IC P-MS 

may offer a feasible a lternative. 

The samples will be measured with a broad energy gamma ray spectrometric system 

consisting o f an n-typc coaxial high purity germanium (HPGe) detector (Canberra BE5030) 

with 2 keY resolution at 1.33 MeV. The detector is mounted within a lead castle with an ins ide 

dimension of 40 em x 40 em x 40 em cubic. The lead castl e is made of I 3 em thick lead with 

less than 50 Bq/kg of 210Pb activity and it is lined with a 2 em layer of lead with an activity 

less than I 0 Bq/kg ins ide. The lead castle is lined with I mm of cadmium, 2 mm of copper and 

4 mm of Perspex used to reduce x-ray formation. The lead cast le has a Perspex ' ·shie ld'' which 

is shaped around the entire setup. A perspex "shield" allows flushing with nitrogen which 

traps and prevents the radon gas to enter the cavity of the lead castle. Before counting can be 

done energy calibration, peak width calibration and efficiency calibration will be perfom1ed. 
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Data will be acquired using Genie-2000 software <?4
). The gamma-ray spectra wil l also be 

evaluated using VOLA software developed by STUK for analysis of airborne particulates 

within the regime o f the Comprehensive Nuclear Test-ban Treaty Organization (CTBTO). 

7.5.1 Phase 1 -Analysis and quantification of source material 

After an agreement has been reached between all the stakeholders foreseen (see Section 7.8.3) 

in this research, an area affected by mining and milling of uranium and gold will be identified ; 

the soil from this area will be analysed for existence and concentration of naturally occurring 

radionuclides. Another area which has been used for agricultural activities and not affected by 

mining activities will be identified; its soil will be analysed for the same substances and their 

concentration respectively. The activity concentrations of all the soils will be recorded and 

filed as they will be used during the interpretation of the results. The physical and chemical 

properties of the soi ls (as mentioned in Section 3.4) from the two areas will be studied fully to 

evaluate the possible effects which can influence the outcome of the study. An acceptable 

quantity of the soil required for cultivation of the envisaged crops wil l be collected and 

transported to the Agricultural Research Council (ARC) to commence the project. Once the 

study has been concluded the contaminated soil will be returned to its place of origin, to avoid 

leaving ARC witl1 a burden of contaminated soil. Two types of water will be used for 

irrigation purposes, contaminated water and uncontaminated water. A catchment area that 

contains water with s ignificant concent~ations of NORM nuclides will be identified and 

analysed for concentration of such elements; tap water will also be analysed and used for 

control purposes. The contaminated water (adequate to complete the study) will be transported 

from the resource to the ARC for use. The concentration of other elements which are not of 

specific interest in the study, but which can assist in knowing the preference of the plant \Vith 

regard to the uptake of essentia l elements will be recorded. 

Fertilizers which will be used in the study to increase fertility of the soil for agricultural 

purposes will be analysed for the natural radionucl ides content. This process is important 

because most ferti lizers are made from rock phosphate which contains a significant 

concentrat ion of natural radionuclides that can also have an effect on the outcome of the 

results. Excessive concentrations of natural radionuclides wi ll increase the concentration of 

the same elements in the soil. 
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7.5.2 Phase 2 - Designing of the test beds 

Eight beds of the same standard size will be designed using the soils as identified in 

Phase !.The content of each bed will be analysed thoroughly before cultivation can start. Four 

beds will contain only soils whereas the other four will contain the same soil with added 

ferti lizer. Soils will be mixed thoroughly to ensure that radionuclides are homogeneously 

distributed in the bed. The process of bed preparation will be followed by cultivation of 

selected vegetables (Phase 3). analysis and detem1ination of the transfer of radionuclides. 

• Bed 1 wi ll contain contaminated soil, and will be irrigated with contaminated water. Th is 
process wi ll quan til'y the effect of using both con tam inated so il and water for agricultural 
practice. 

• Bed 2 wi ll conta in contaminated soil , and wi ll be irrigated wi th tap water. Thi s acti vity 
will clearl y show the effec t of contaminated soi l in plants. 

• Bed 3 wi ll contain uncontaminated soil and wi ll be irrigated with contaminated water. 
The aim is to depict the effect of usi ng con tam inated water in cu ltivation and results will 
be used to advice farmers accordingly. 

• Bed 4 will con tain uncontaminated soil and uncontaminated water will be used. This bed 
serves as a contro l study for the research. 

As already mentioned, another four beds similar to the first four beds, as indicated above will 

be prepared. but they will contain fertilizer. The main aim is to demonstrate the effects of 

fertilizers in soil and plants and also to advice the farmers to be selective when it comes to 

choosing the right lcrtilizers during ploughing. Figure 7.2 gives a clear simulation of all the 

steps to be taken when conduct ing the study. 

7.5.3 Phase 3 - Select ion of Vegetables 

In selecting vegetab les, farmers of the areas of concern wi ll be req uested to adv ice in tem1s of 

the vegetables grown there; thi s will make it easier to grow vegetables which favour the 

selected soi ls. Although plants wi ll be selected on the basis of the cultivation period, the idea 

of conducting a seasonal study will also be considered. since evaluation of the transfer of such 

nuclides on the basis of seasonal change is also important. This is encouraged by the fact that 

some vegetables are grown throughout the year and can adapt to all seasons. The selection of 

appropriate vegetables will also depend on the part of the plants that we wish to study, that is, 

root, stem or leafy parts of the vegetable. Information regarding vegetable production and 

consumption in Chapter 5 of the sllldy will also be used in selecting vegetables consumed in 

South Africa. 
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• lt is recommended that the plants be given enough time to grow as this will allow 

better mobili ty ofradionuclides from soi l to pans of the plant , a period of three months 

sholUid suffice. 

• Agricultural good practice should be adhered to; this will give specific root depth and 

conditions of growth for all vegetables. 

• Greenhouses are to be used to avoid any fall out of natural radionuclides to the surface 

of the plants. as this may influence the outcome of the result s. 

• Avoid all activit ies that may lead to plant death, as this will delay the study. 

___ II, _ _ ..... 

Bed 1 

Contaminated soil 

I -
Cultivation of plants 

lrrigaticon with 
contaminated water 

Analysis for the 
transfer of 

radionuclides 

Simulation of soil to 
plant transfer factors 

r Bed 2 

Contaminated soil 

Cultivation of plants 

Irrigation with 
uncontaminated water 

Analysis for the 
transfer of 

radionuclides 

I 

C Bed3 
Uncontaminated soil 

Culttvation of plants 

Irrigation with 
contaminated water 

Analysis for the 
transfer of 

radionuclides 

Bed 4 

Uncontaminated soil 

1 
CultJVatoon of plants 

Irrigation with 
uncontaminated water 

Analysts of the 
nuclides present and 

the concent ration 
transferred 

\....__ ___.) 

Figure 7.2 Steps of the design to evaluate soil to plants transfer factors in vegetables 
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7.5.4 Phase 4 - Irrigation and monitorin g of plants. 

Irrigation will be conducted as required and plants will be monitored. 

7.5.5 Phase 5 - Harvesting 

Once all vegetables are mature enough, they will be harvested and transported to an analytical 

laboratory for analy is, e.g. of the South African 1uclear Energy Corporation (Necsa). The 

laboratory should have all the equipment needed for the analysis of the activity concentrations 

of the required radionuclides as well as other elements of interest by neutron activation and/or 

ICP-MS. 

7.5.6 Phase 6 - Ana lysis of samples 

During analysis, a ll intermediate steps wi ll be recorded . This includes sample preparati on 

(drying, milling, ash ing), irradiation of the samples and counting. 

7.5.6. 1 Sample Preparation . 

Vegetables will be washed properly so that the activity of adhering soil particles is not 

accidentally included in the analysis. Samples will be dried in an oven and homogenized. The 

dry samples will be compressed using a hydraulic press and will be packed in a prescribed 

container for gamma-spectrometric ana lysis. Another portion will be prepared to be irradiated 

in the SAFARI-I reactor tor neutron activation analysis. 

7.5.6.2 Measurement of th e ga mma ray spectra using a IIPGe detector 

A I ligh Purity Germanium detector (HPGe) as described in paragraph 7.5 of the study wi ll be 

used for counting. Counting periods of around 12 h per sample arc envisaged, although the 

required sens itivity has to be established based on the mass of the samples after compression. 

7.5.6.2 Neutron activation analysis 

Proper irradiation/decay/counting regimes will be employed to optimise the sensitivity of the 

elements of interest. These include the possible chemical analogues to the NORM nuclides, 

i.e. Ba!SrtCa for Ra, Sc /La/CefPr d for ActTh/PaiU, Ge/Sn for Pb, and Sc/Te for Po. 
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7.6 Calculations of the activities and the errors involved 

The mathematical errors and uncertainties will be evaluated and reflected m the results 

accordingly. 

7.7 Calculations of the transfer factors 

As described in the previous chapters, the lransfef factors of the natural radionuclides will be 

calculated based on element/radionuclide concentration relationship, that is, calculating the 

ratio of the concentration in the plant to that of the same element/radionuclide in the soil. Dry 

weight masses will be used to minimize errors. 

7.8 Hypothesis on the outcome of the planned research 

lt is expected that the results obtained from Bed- I will present significantly higher values of 

natural radionuclide concentrations in the vegetables as compared to the other beds. High 

concentrations are also expected for the beds containing contaminated soi l and fertilizers, 

which are iJTigated with contaminated water (Bed 3 and Bed 7). Although Bed 4 is used as a 

control in the study, a sign ificant change may be observed in the control bed that contains 

fertilizer (Bed 8). This change will indicate the effect of the fertilizers on the soi l-to-plant 

transfers and can be used to deduce the difference brought by fertilizers in other beds. Tt is also 

expected that a high concentration of the radionuclides wi ll be observed in the root zones of 

the plants in all beds. Any significant value observed in the upper part of the plant will be as a 

result of translocati on from roots to leafs for the concerned plants. Finally it is expected that 

the soil-to-plant transfer factors of radionuclides calculated for this study, perfonned under 

controlled conditions, will provide more realistic transfer factors in addition to the default 

values recorded in the NNR Licensing guide 11 0>. 

7.9 Possible benefits to be gained by the study. 

A better environmental monitoring plan can be developed for areas around mining 

activities. 

Radioactive waste release plans for mining and associated industries can be reviewed 

and improved. 

Protection plans for agricultural la11d and water resources from the mining activities 

can be enhanced. 
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Members of the public will be protected against radiation from intake of contaminated 

food products. 

Nuclear analytical techniques wi ll be seen as an alternative to strengthen the 

agricultural research methods for research outpu t in South Africa. 

Possible scient ific publi cations on transfer factors will be attained. 

7. 10 List of stakeholders envisaged 

It is obvious that the proposed study cannot be done in isolation and requires good 

collaboration between all participating institutions and individuals. The following major 

stakeholders are envisaged: 

Nort h-West Uni versit y (Mafi keng Campus) 

Agricul tural Research Counci l 

Soutb African Nuclear Energy Corporation 

Mining Industries in the Mooi river catchment area 

Department of Water Affairs 

ational Nuclear Regulator 

Stati stics South Africa 

7. 11 Budgetary requirements 

As many stakeholders are envisaged to participate in the study it will be mandatory to 

implement in the actual project proposal the estimated budgetary requirements of the study. 

The following budget items arc to be envisaged, which obviously are only indicative and have 

to be worked out in more dctai I in the project proposal to be tabled for approval by all major 

stakeholders. 

Costs of the primary researcher (typical ly a PhD-bursary) 

Jdentification of areas of interests (mainly travel costs) 

Collection of soil and transport to the ARC (or other collaborating stakeholder) 

Transportation of water to the test beds (continuous process) 

Meetings with swkeholders, including consultants 

Costs of consu !tat ions 

Cultivation costs (seed lings, fertilizer. implements, etc.) inc luding labour 

Transportation of the materials to the laboratories for analysis 
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Analysis of soil, fertilizers, water and plant materials (e.g. roots, stems, leaves) for 

NORM nuclides and chemical analogues 

7.12 Time frame and activities 

Again as many stakeholders are envisaged to participate in the study it wil l be mandatory also 

to implement in the actual project proposal the estimated time-lines of the study. The 

following structure given in Table 7. 1 may be envisaged, wh ich obviously is only indicative 

and has to be worked out in more detail in the project proposa l to be tabled for approval by all 

major stakeholders. The anticipated activities and time- lines are also graphicall y represented 

in Annexure 3. 
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Table 7. 1 

Year 

2 

3 

Anticipated acti\'ities and time-lines 

Number of Activities 

months 

4 months 

2 months 

5 months 

4 months 

5 months 

5 months 

5 months 

3 months 

3 months 

Identification of the study areas and classification of the soils. 

Identification and analysis oftl1e water resources. 

Revision of the literature study. 

Meeting with a ll stakeho lders. 

Transportation of soil and water to test bet location. 

Preparation of beds and cultivation. 

Evaluation of the results concerning the soil and water to be 

used. 

Cultivation & plant growth processes continues. 

First harvesting of the vegetables. 

Transportation to laboratory and analysis for the first season. 

2"d Cultivation of vegetab les growing during that period. 

Ana lysis and conclusion of the first results. 

Publication/ issuing of the first results. 

3rd Cultivation of vegetables growing during that period. 

Analysis and conclusion of the second results. 

Publication/ issuing of the second resu lts. 

Cultivation of the last set of vegetab les occurs. 

Analysis and conclusion of the 3rd cultivation results. 

Publication/ issuing of the 3rd results. 

Intensive analysis of the overa ll results. Comparison with the 

exist ing data on transfer factors. Resu lts compared with those 

of the NNR and IAEA publications. 

Scientific publication of the study. 

Final draft of the report and thesis. 

Transportation of the con taminated soil and contaminated 

water back to the original source. 

Decontamination process of the surface at ARC. 

Submission of the thesis/ reports with future suggestions. 
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7.13 Conclusion and recommendations 

Based on an in-depth review of the literature and understanding the importance to evaluate the 

soi l-to-plant transfer factors of primordial radionuclides and their progeny in agricultural 

practices, a programme has been drafted to embark on a study to better quantify these transfer 

factors. This will eventually lead to a better evaluation of the radiological impact on humans 

and the environment associated with the release of radioactive waste from uranium and gold 

mining and mineral processing activities. 

The proposed experimental phase is recommended as an appropriate subject for a PhD study 

in order to obtain more realistic data on soil-to-plant transfer factors. This will a lso provide a 

better insight in the much debated and speculated radiological impact of mining activities 

where NORM nuclides are present in appreciable amounts in South Africa. 

It should also be noted that the soil-to-plant transfer factors are only part of the pathway of 

NORM nuclides to humans and animals and the associated radiological impact. There are 

much more pathways for which the default transfer factors are to be investigated, one of them 

being the water-to-fish transfer factors as this is also one of the more direct pathways to 

humans, especially where people are living in areas affected by the wastes generated by 

mining and mineral processing where NORM is involved . 
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Annexure 1 Soil to Plant transfer factor values for uranium. (IAEA Quantification of soil to plant transfer factors) <J t ) 

Plant group Plant Soil N GM GSD AM SD Min Max 
com~artment 

All 781 2.3xl o·2 9.1 2.1x 1o·' 9. 1x lo·' 3.0xto·) 1.4x I 01 

Cereals Grain All 59 6.2x I o·3 7.7 5.0x l o·2 1.4x I o·' 1.6xl0.4 8.2x 10·1 

Sand 6 8.9x I o·3 1.1 x 1 o' 2.8x I o·2 2.5x I o·2 1.9xl0 -4 6.2xl0"2 

Loam 20 7.7xlo·3 5.1 1.8xl 0"2 1.9x l 0-2 1.6x I o·4 6.2x I o·2 

Clay II 3.8xlo·3 4.0 9.4x I 0"3 1.5x I 0"2 7.6x l 0.4 5.0x I o·2 

Stems and shoots All 55 2.7xlo·2 7.5 1.4x l0-1 4.8x lo·' 3.0x I 0"5 3.5 

Sand 6 3.4x 1 0"2 6.0 7.5x lo·2 6.5x 1 0"2 2. 1 x l 0"3 1.7x lo·' 
Loam 25 5.4x I o·2 6.30 2.5xlo·1 7.0x lo·' 7.4x lo·4 3.5 
Clay 8 l.Ox I o·2 3.6 2.3x l 0"2 3.4x I o·2 2.8x I o·3 9.8x I o·2 

Maize Grain All 9 I.Sx I o·2 1.2x I 01 1.2x I 01 2.3xlo·' S.Ox I o·4 7.1 xl o· ' 

Stems and shoots All 11 7.8xl 0"3 1.4xl 0"1 1.1 x 1 o· ' 2.9xl0"1 1.6x l 0.4 9.6x i0-1 

Leafy Leaves All 108 2.0x 1o·2 7.3 2.2x 10·1 1.1 7.8x I o·5 8.8 
Vegetables 

Sand 7 1.7xl0.1 1.5xl01 1.5 3.3 1.5x l0"3 8.8 
Loam 14 4.3x I 0"2 3.9 8.7x I o·2 8.8x I o·2 7.7xlo·3 2.7x lo·' 
Clay 9 3.6x lo·3 4.2 l .Ox 1 o·2 1.6xl0·2 7.6x10-4 4.3x 1 0"2 

Peat 6 l.8x I o·1 9.7 1.5 3.2 7.9x I o·3 8.0 
Non-leafy Fruits. heads, Al l 38 1.5x 1 0"2 4.2 3.6x 1 0"2 5.3x I 0"2 5.2xl 0-4 2.0x! 0-1 

Vegetables berries. buds 
Sand 7 1.9xl0.2 5.5 4.9x l 0"2 6.0xl o·2 1.3xl 0"3 1.6x I o· 1 

Loam 4 2.3x I o·2 2.2 2.8x I o·2 1.7xlo·2 7.6x I o·3 4.7x10"2 

Clay 7 1.8xl 0"2 4.2 4.8x I o·2 7.4x I o·2 5.0x I o·3 2.0x 10·1 

Stems and shoots All 6 5.3x I o·2 9.9 2.6x lo·1 3.5x lo·' 4.3x 10"3 7.lx 10.1 

Leguminous Pods All 19 2.2x l 0"3 1.2x I 01 2.2x1 o·2 4.6x I o·2 5.4x I o·5 1.5x I o·1 

Vegetable 

Compiled from the IAEA-TECDOC-1616 as a rel iable source C31) _ 
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Soil to plant transfer factor values for uranium (continued) 

Plant group Plant Soil N GM GSD AM SD Min Max 
com~artment 

Loam 4 3.0xl 0"3 1.8x I 01 I.Sx I 0"2 2.2x I o·2 5.4x 1 u·~ 4.7xl0"1 

Clay 7 5.5x 10·4 4.7 1.4x I 0"3 1.9xl 0"3 5.7x I o·5 5.0x I o-3 

Leguminous Stems and shoots All 21 6.4x I 0"2 1.4x 101 8.4x I o·• 2.0 7.4x I O"" 8.7 
Vegetables 

Sand 6 2.8xl o·• 2.0xl 01 2.4 3.5 5.3x I o·J 8.7 
Loam 6 1.2x1o·2 6.2 3.5xl0"2 5.1x I o-2 7.4x I o·4 1.4x I o· • 

Root crops Roots All 46 8.4xl0"3 6.2 3.6x I o-2 6.5x I o-2 4.9x I 0"4 2.6xlo·• 
Sand 9 7.8xl 0"3 5.9 3.8xl0"2 7.6x I o-2 9.9x I 0"4 2.3x I o·• 
Loam 10 2.5xl0"2 3.2 4.3x I o-2 4.3x I o-2 2.6x l 0"3 1.2x l 0"1 

Clay 5 6.8x I 0"3 6.2 2.3x I 0"2 3.9x I o·2 7.9xl0"4 9.2x I o·2 

Stems and shoots All 37 2.8xl 0"2 5.4 9.5x I o·2 l.6xlo·• 2.0x I 0"3 7.0xl0"1 

Sand 9 2.5x I 0"2 5.6 6.7x 10"2 8.3xl 0"2 2.0x I 0"3 2.4x I o·• 
Loam II 5.0x I 0"2 3.0 8.6x I o·2 9.8x I o-2 1.3xl0"2 3.2x l0"1 

Clay 5 1.1 xl 0"2 4.3 2.2x I o·2 2.3x I 0"2 2.ox ro·3 5.8x I o·2 

Tubers Tubers All 28 5.0x l0"3 6.4 1.7x I 0"2 2.4xl 0"2 1.8x I o·4 8.0x I 0"2 

Sand 4 1.9x I 0"2 3.8 3.3x I o·2 3.4xlo-z 4.3x I o·3 7.8x I 0"2 

Loam 3 2.8xl 0"2 3.2 4.0x I o·2 3.6xl0·2 8.2x I 0"3 8.0x I o·2 

Clay 6 9.2x I 0"4 3.0 1.5x I 0"3 1.7xl 0"3 1.9x I O"" 4.8x I 0"3 

Stems and shoots All I 1.9x I 0"1 

Fruit Fruit All II 1.2x I o-2 5.9 5. 7x I o·2 1.2x I 0"1 1.3x I o·3 3.7x l0"1 

Leaves All 66 3.5x I o·' 3.6 6.7x l0"1 1.1 3.6x I o·4 7.5 
Herbs All 9 3.6x I 0"2 4.9 l.lxi0-1 1.6xl 0"1 8.6x l 0"3 4.1x l0"1 

Other crops Leaves sunflower All 39 7.1xl0"2 3.9 3. 1xlo·• 1.2 8.9xl 0"3 7.8 
Sand 5 4.1x I 0"1 5.3 1.7 3.4 1.6x I 0"1 78 
Loam 22 7.1 X I 0"2 2.9 1.2xl0-1 1.4x I o-1 I. Ox I o·2 6.4x I 0"1 

Clay II 2.7x I o-2 2. 1 3.5x I 0"2 2.8x I o·2 8.9xl 0"3 I.Oxi0-1 

Compiled from the IAEA-TECDOC-1616 as a reliable source (31). 
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Soil to plants transfer factor values for uranium (continued) 

Pla nt group Plant compartment Soil N GM GSD AM so Min Max 

Grain (flowers) All 2 I.Sx I 0"2 2.4 1.8x I 0"2 I.Sx I 0"2 8.2x I o·3 2.9x l0"2 

Grasses Stems and shoots All 147 1.7x I o·2 9.4 1.2x I o·' 4.9xlo· ' 2.0x I o·~ 5.5 
Sand 19 1.6x I o·2 1.7xl01 2.Sxlo·' S.Oxlo· ' S.Sx I o·4 1.8 
Loam 34 9.8xl 0"3 8.4 S.Sx I 0"2 I. Ox I o· ' 3. 1 x 1 o·~ 4.6xl0"1 

Pasture Stems and shoots All 53 4.6x I 0"2 5.3 4.2xl0"1 2.0 1.3x I 0"3 1.4x I 01 

(natural) 
Sand 3 2.7xl0"3 1.8 3.0x I o·3 1.5xl0"3 1.3x I o·3 3.9xl0"3 

Loam 7 7.2xl 0"2 3.3xl01 2.7 5.2 1.8x I o·3 1.4x I 01 

Fodder Stems and shoots All 15 I.Sxl o·z 4.2 1.2x l0"1 4.0xl0"1 2.0x I 0"3 1.6 
leguminous 

Sand 12 I.Ox I o·Z 2.0 1.2x 10·2 5.9x I 0"3 2.0x I o·~ 2. 1x l0"2 

Compiled from the IAEA-TECDOC-1616 as a reliable source C31)_ 
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Soil to plant transfer factor values for thorium 

Plant group Plant Soil N GM GSD AM so Min Max 
compartment 

All All 335 3.4x I o·3 1.5x I 01 5.8x 10·2 2.4x o·l I .2xl o·6 2.7 
Cerea ls Grain All 36 2. lx I o·3 3.39 3.80x l 0"3 4.5x o-J I .6x I o·4 2.2x l 0'2 

Sand 4 4.4x I o·3 1.35 4.5xl o·3 1.3x 0'3 3.0x I 0'3 6.0x I o·3 
Loam 18 2.7xl0'3 3.38 4.8x I o·3 S.Sx 0'3 2.1 X I 0-1 2.2xl 0'2 

Clay 9 1.2xl0'3 1.56 1.3xl 0'3 6.Sx o-'~ ?.Ox I o-'~ 2.6xl0'3 

Stems and shoots All 28 6.1x I o·3 2.43 9.0x 10'3 9.0x 0'3 1.6xl0'3 3.7x l0'2 

Sand 4 1.4x I 0'2 1.26 1.4x10-2 3.3x 0'3 1.1 X I 0'2 1.8xl0-: 
Loam II 6.6xl 0'3 1.94 7.8xl0'3 4.0x 0'3 2.4x I o·3 1.3xl0'2 

Clay 8 3.6x I o·3 1.57 3.9xl0'3 1.1x o·3 2.0x I o·3 G.Ox 10'3 
Organic 3 2.0x I o·3 1.49 2. lxi0-3 9.2x 0'4 1.6x I 0'3 3.2x I 0'3 

Maize Grain All 18 6.4x I o·5 9.23 8.5xl0-l 2.6x o·3 1.2x l0'6 l . lxiO.: 
Loam 10 2.0xl o·4 9.34 1.5xl 0'3 3.4x 0'3 1.4x I 0'5 1.1 x 1 o·2 

Clay 7 l .Sx I o·5 3.70 2.5xl 0'5 2.1x 0'5 1.2xl0.6 5.4x I 0'5 

Stems and shoots All 2 1.8xl o·3 I. 7x 0'3 5.4x I 0-1 J .Ox I 0'3 

Leafy Vegetables Leaves All 24 1.2x1o·3 6.03 1.18xl 0'2 4.3x 0'2 9.4x I 0'5 2.1xl 0' 1 

Loam 13 8.6x I o-'~ 3.32 1.5x I o·3 1.6x 0'3 9.4x I o·5 5.8xl 0'3 
Clay 7 4.9x I 0-4 2.81 9.1 X I 0-4 1.4x I o·3 1.9xiO"' 4.1 x 1 o·3 

Non-Leafy Fruits. heads, All 17 7.8x I o-'~ 6.76 3.4x I o·3 S.4x I o·' 6.2X 1 0·5 1.6xl0' 2 

Vegetables berries, buds 
Loam 10 2.0x 1 0"4 9.34 I.Sx I o·3 3.4x I o·3 1.4x l0'5 l .lx\0'2 

Clay 7 1.5x I 0'5 370 2.5x to·5 2. 1x l 0'5 1.2x I 0'6 5.4x I o·5 

Stems and shoots All 6 2.2x I o·3 5.1 6.1 x 1 o·3 9.2x 1 0'3 3.3x I 0"1 2.4x I o·2 
Leguminous Pots All 22 5.3x I o-'~ 9.4 2.3x 10'2 I. Ox I o·' 2.5x I o·5 4.8xl0'1 

Vegetable 
Loam 14 1.8x 1 0'3 3.9 4.4x I o·3 1.1 x 1 o·3 1.7xl0-4 2.4x I o·2 
Clay 10 4.1x I o-'~ 2.3xl01 4.9xl 0'2 1.5x I o· ' 2.5x I o·S 4.8xl0' 1 

Organic 4 4.5x I 0-4 7.6 1.4xl0'3 1.9x I 0'3 8.0x I 0'5 4.0xl 0'3 
Stems and shoots All 7 4.3x I 0'3 4.0 8.5x I o·3 9. I xl0'3 5.3x I 0-1 2.4x 10'2 

82 



Soil to plant transfer factor values for thorium (continued) 

Plant group Plant Soil N GM GSO AM so Min Max 
com~a•·tment 

Root crops Roots All 33 8.0x I 0'4 1.3x I 01 9.3x I o·J 2.0x I o·2 8.2x I o·6 9.5xl0'1 

Loam 14 1.1 x 1 o·3 1.6x I 01 9.1 x l0'3 1.5x I 0'2 8.2x I 0-6 5.3x I 0'2 

Clay 14 2.6x I 0'4 5.4 2.0xl 0'3 6.1xl0'3 4.5x I o·5 2.3x I 0'2 

Stems and shoots All 8 8.7x I o·3 4.4 2.1x10·2 2.8x l 0'2 2.1xl0'3 7.8x I 0'2 

Tubers Tubers All 24 2.0x I o·4 9.9 1.6xl0.3 3.7x I 0'3 1.3x I o·5 1.8x I 0'2 

Loam 10 2.5x I o-'~ 6.4 8.3x I o-'~ 1.2xl0'3 1.3xl0'5 3.6xl 0'3 

Clay 12 9.6x I o·5 l . lxl01 1.7xl0'3 5.0x I 0'3 1.3xl0-5 1.8x I 0'2 

Stems and shoots All 2 1.9x l0'1 1.9xl0'2 4.8x I 0'3 3.2x I 0'2 

Fruit Frui t All " 6.3x I 0'3 5.3x I o·J 2.5x I o·3 I.Oxl0'2 

Other crops Tea Leaves I 3.4x I 0'3 

Grasses Stems and shoots All 64 4.2x I 0'2 3.1 7.4x I 0'2 I. Ox I o· ' 7.4x I 0'4 6.5x I o·' 
Pasture (Natura l) Stems and shoots A ll 36 9.9x I 0'2 5.5 3.7x 10'1 6.4x I o·' 2.9x 1 o·3 2.7 
Fodders Stems and shoots All 5 2.6x I o·3 1.6 2.8x I o·3 1.2xl0'3 I.Sx I 0'3 4 xl0'3 

Soil to plant transfer factor values for potassium 

Plant group Plant Soil N GM GSO AM so Min Max 
com~artment 

Cereals Grain All 2 7.4x I o·• 3.3x I o·3 7.3x I o· ' 7.4x I o·' 
Leafy Vegetables Leaves All 2 
Pasture Stems and shoots All 

I .3 I .2x I o·' I .2 1.3 
7.3x I o·' 

Cereals Stems and shoots All 2 1.1 2.0x I o·' 9.3x I o· ' 1.2 

Compi led from the IAEA-TECDOC-1616 (Ji l 
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Soil to plant transfer factor values for r adium 

Plant group Plant Soil N GM GSD AM SD Min Max 
com~artment 

All All 561 4.0x I o-2 8.6 6.9xlo·1 6.1 1.1 X I 0"' 1.3x 102 

Cereals Grai n All 24 1.7x I o-2 1.20xl 0"2 l.lxl0"1 1.9x I o·• 8.0x I o-5 6.7x10-1 

Loam 7 2.9xl 0"2 9.70 1.6xlo·• 2.6x I o·• 8 x 1 o·"' 6.7xlo-• 
Clay 10 3.9x I 0"2 9.88 1.3x l0"1 1.8x I o·' 2.40x I 0-4 5.00x I o·• 

Stems and shoots All 20 3.6x l0"2 4.78 9.4x I 0"2 1.3x I o·• 1.60x 10"3 4.3xlo-• 
Loam 10 5.2x l0"2 4.44 1.3x l0"1 1.6x l o·• 7.20x I 0"3 4.3xl 0"1 

Maize Grain All 28 2.4x 10"3 5.43 1.1 x 1 o-2 2.3xt o-2 1.2x I 0-4 1.1 xl 0"1 

Loam 4 1.7x I 0"3 I. 78 1.9x 10"3 I.Oxi0-3 9.0xl0-l 3.0xJ 0"3 

Clay 16 1.4x I 0"3 4.81 9.2xl 0"3 2.8x I o-2 1.2xl0-l l.lxl0"1 

Stems and shoots All 6 1.8x I o-2 5.24 3.7xlo-2 3.3x l 0"2 9.6x I 0-4 8.5xlo-2 

Leafy Vegetables Leaves All 77 9.1xl0"2 6.7 2.6 1.5xl01 1.8x I 0"3 1.3x I 02 

Loam 10 1.2xl0 1 2.5 1.6xl0-1 1.2x 1 o· ' 1.6x I o-: 4.44x l0"1 

Clay 20 
. 2 

4.5 9.2xl 0"2 I. I X I 0- 1 1.8xl 0"3 4.2x I o·' 4.0xl0" 
Organic 9 4.9xl0"2 2.1 6.2xl 0"2 4.60xl o-~ 2.0x I o-~ J.4x 1 o·' 

Non-Leafy Fruits. heads. All 44 1.7xl0"2 8.4 2.6xto-1 1.0 2.4x I 0-l 6.3 
Vegetables berries, buds 

Sand 3 2.2x I 0"3 2.1 2.70xl 0"3 2.0x 10"3 1.1 Ox I 0"3 5.00xl 0"3 

Loam 4 4.8x I 0"2 5.6 1.2x 10-1 1.5x I o·' 6.9x I 0"3 3.40xl o·' 
Clay 17 2.2x I 0"2 2.8 4.lxl0"2 6.00x I 0"2 3.9xl 0"3 2. 10xl0- 1 

Stems and shoots All 13 6. 1xl0"2 6.4 3.1x l0"1 5.7x lo-• 6.7xl0-3 1.8 
Leguminous Pots All 40 1.4x!0"2 8.2 2.4xl0"1 1.0 3.20x I 0-4 6.2 
Vegetable 

Loam 12 9.8xl0"3 4.5 2.2xl 0"2 2.6x I 0"2 4.80x I 0-4 8.7xto-2 

Clay 15 9.3x I 0"3 4.2 2.2x l o·2 3.0x I 0"2 8 x l0"4 1.1 Ox I o·' 
Stems and shoots All 18 2.8x I 0"2 1.1 xl 01 1.4xl0"1 ' I I. I X I 0"5 1.50 3.5x I o· 

Loam 6 1. 1 x 1 o-2 3.2xl01 4.8x l 0"2 4.6x l 0"2 I. I xI 0"5 1.1 Ox I 0"1 
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Soil to plant transfer factors for radium (continued) 

Plant g rou p Plant Soil N GM GSD AM so Min Max 
com~a t·tment 

Root crops Roots All 60 7 x 1 o·1 9.2 1.9 7.8 2.0x I o·3 5.6x l01 

Sand 3 4.8x I o·3 2.3 6 x l0"3 4.5x I o·3 2.0x I o·3 I. I xI 0·2 

Loam 8 9. 1xl0-2 1.9 I. I X I o·' 5.9x I o·2 2.9x I o·2 2 xl 0"1 

Clay 23 3.9x I o·2 2.9 5. 1x I o·2 5.20x I o·2 3.2x I o·3 2.2x lo·' 
Stems and shoots All 22 7. 1 x 1 o·2 4.6 1.8x I o· t 2.2xto· ' 2.5x I o·3 7.1x to·' 

Loam 6 1.5x I o·' 5.6 3.lxto· ' 2.8xto· ' 9.6xl 0"3 7.1xl0-1 

Tubers Tubers All 45 1.1 x 1 o·2 6.8 1.4x I o·' 5.9xto· ' 2.40xl o~ 3.9 
Loam 8 1.20x I o·2 l.lxl 01 9.2xto·2 2.1x10·1 2.40x I 0~ 6.20x10"1 

Clay 24 5.40x I o·3 2.5 9.Sx I o·3 1.6xl0-2 1.3x 1 o·3 8.00xl 0"2 

Shoots All 6 1.6x I o·' 2.2 1.9x l0-1 l.lxi0-1 4.3x I o·2 3.3x I o·' 
Herbs Herbs All 20 6.9x lo·2 4.2 2.6x 1o·' 7.3x10"1 5.30x I o·3 3.3 
Fruit Fruit All 12 1.2x I o·2 3.7 2.7x l0"2 4.6x I o·2 1.4x lo·3 1.7xl0"1 

Other crops Suntlowcr-3/ All 4 4.2x I o·' 3.0 5.8x I o· ' 4.2xto·' 8.50x I o·2 1.10 
peanut-! 
Tea Leaves All I 3.3x 1 0"2 

Grasses Stems and shoots All 62 1.3x 1 o·' 4 2.6x I o·' 3.20xl0"1 3.6x 1 o·3 1.6 
Sand 24 1.4x I o· t 4.2 3. 1x to· ' 4 xl0" 1 5.4x 1 o·3 1.6 
Loam 14 :!.6x I o· ' 2.00 3.2xl0"1 2.1xl0"1 9.6x I o·2 7.2x lo·' 
Clay 3 4.20x l 0"2 1.5 4.4x I o·2 I. 70x I o·2 2.70x l o·2 6. I x I 0"2 

Pasture (Natural) Stems and shoots All 42 7. 1 Ox I o·2 7.6 1.9x l0"1 2.8xto·' 5. I X I 0"5 1.60 
Sand .... 

.) 8 x 1 o·3 3.8 1.2x 10·2 I .I x l o·2 1.80x I o·3 2.3xl 0"2 

Loam 6 8.8x I o·3 1.9x I 01 3.9xl 0"2 4 xl0"2 5. 1 x 1 o-s I. I X I 0"1 

Fodders Stems and shoots All 16 1.7xl0"1 3.1 3.0x to·' 3. 70x I o·' 3.40x I o·2 1.5 
Legum inous 

Sand 5 I. 70x I o·' 2.5 2.4x I o·' 2.20xt o· ' 8.00x 10·2 5.7xt o·' 
Loam 8 1.2x l0"1 3.9 3.1x to·' 5.1xto·' 3.40x I o·2 1.5 

Compiled from the IAEA-TECDOC-1616 as a re liable source 131 >. 
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Soil to plant transfer factor values for lead 

Plant group Plant Soil N GM GSD AM SD Min Max 
com~artment 

Al l All 208 2.0x I 0"2 1.4xl01 6.3x1o·' 2.9 1.5x1004 2.5xl01 

Cereals Grain All 9 I. I X I 0"2 3.6 1.8xl 0"2 t .6x lo·2 1.9x 1 0"3 4.8x to·' 
Stems and shoots All 4 2.3xto·2 3.5 3.8xto·2 4.lx1 0"2 5.1xt0·3 9.6x I 0"2 

Maize Grain All 9 1.2xto·3 2.3 1.7xl 0"3 1.4x I 0"3 5.2x I 0-l 3.8x 1 0"3 

Stems and shoots All 3 2.8x I o·3 6.6 8.5x to·3 1.3x l 0"2 6.0x I o·4 2.3x 1 0"2 

Leafy Vegetables Leaves All 31 8.0xl 0"2 1.3x I 01 2. 1 6.1 3.2x I 0"3 2.5x101 

Sand 4 7.3xt o·2 1.5 7.8xl 0"2 3.3xl0"2 4.9x I 0"2 1.1 xl0"1 

Loam 3 8.2x l o·' 1.0 8.2xl0"1 3.5x I o·2 7.9xlo·' 8.6xto·' 
Clay 7 2.8x1 0"2 4.1 5.1xl0"2 4.8xl o·2 4.lxl0"3 1.2x 10·1 

Non-Leafy Fruits. heads, All 5 1.5x I o·2 2.6x101 7.8xto·' 1.7 1.5x10"3 3.9 
Vegetables berries, buds 

Stems and shoots All 2 8.8x 1 0"3 4.2xl 0"3 3 1.2x 1 0"2 5.8xto· 
Legum inous Pots All 17 5.3xl 0"3 1.2x I 01 3.3xlo·' 1.20 4.4xl 0-fl 4.9 
Vegetable 

Sand 3 2.7x to·3 3.2 4.2x I o·3 3.4x10"3 6.5x I o-'~ 8.9xl 0"3 

Loam 5 1.4x10"3 4.4 4.2x I o·3 3.4x to·3 6.5x I o-'~ 8.9x I 0"3 

Clay 4 8.0x tO-'~ 1.0 3.3x 10"3 4.7x to·3 4.6x I o-'~ I.Oxl0"2 

Stems and shoots All I 8.0x I o-'~ 
Root crops Roots All 27 1.5xl 0"2 1.6xl 01 4. lxl0"1 9.8xl0"1 2.4x I O-'~ 3.3 

Sand 5 6.4xl 0"2 1.6 7.3x to·2 3.4xl 0"2 4.2x I o·2 1.2x I o·' 
Loam 5 2.3x 1 0"3 4.7 5.0xto·3 6.8xl 0"3 2.4x l 0"4 t.7xto·2 

Stems and shoots All 12 6.3xl 0"2 1.5xl 01 2.5 5.7 3x I o·3 1.6xl 01 

Tubers Tubers All 30 I.Sxl o·3 7.4 9.1xlo·2 4.8xto·' l.Sx I 04 2.6 
Sand 5 6.4x I o·3 3.5 1.2xl 0"2 1.6xl0"2 1.6x I 0"3 3.9x l 0"2 

Loam 17 5.20x I 0"4 2.4 7.3x l 0"3 6.2x:10·4 1.5xl0"4 2.3xl 0"3 

Fruits Fruits All 5 7.7x I o·3 2.6 I.Oxl0"2 6 xto·3 I.Sxto·3 1.7x l0"2 

Leaves All I 2.5xlo·' 

Compiled from the IAEA-TECDOC- 1616 as a reliable source l31l_ 
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Soil to plant transfer factor values for lead (contin ued) 

Plant group Plant Soil N GM GSD AM SD Min 
compartment 

Grasses Stems and shoots All 
Stems and shoots All 
Stems and shoots All 

17 
34 
I 

3.lx10-1 1.8 3.6x 10-1 2.2xlo-1 l.lxi0-1 

Pasture (Natural) 
Fodders 

9.2x I o-2 4.8 2.3x I o-1 2.9x I o- 1 2.2x I o-J 
1.6xl o-2 

Compiled from the IAEA-TECDOC- 1616 as a reliable source ol). 

Soil to plant transfer factor values for polonium 

Plant group Plant Soil N GM GSD AM SD Min 
com~artment 

All All 57 5.6x I o-3 1.3x I 01 5.6x 10-2 l.6xl0- 1 1 .6xlo-) 
Cerea ls Grain All 2 2.4x I o-4 2.6x l o-5 2.2x I 0-4 
Maize Grain All 2 2.4x 1 o-4 3.2x1 0-4 1:8xl0-5 

Leafy Vegetables Leaves All 12 7.4x I o-3 6.9 1.9xl o-2 1.7x10-2 

Non-Leafy Stems and shoots All 2 1.9x 1 o-4 2.5x l 0-4 1.6x I o-5 

Vegetables 
Leguminous Pots All 4 2.7xl o-4 3.9 4.8xl o-4 4.6xl o-4 6.0x I o-5 

Vegetable 
Root crops Roots All 10 5.80xl0-3 4.3 1.2x I o-2 1.7xl o-2 2.4x I o-s 

Stems and shoots All 2 7.7xlo-2 2.7xl o-2 5.8x l o-2 

Tubers Tubers All 9 2.7x I o-3 5.8 8.0xl o-3 J .2xl o-2 I .4x I o-4 

Pasture (Natural) Stems and shoots All 10 1.2x I o-t 4.2 2.6x l o-t 3.2xto-t 2.2x l o-2 

Fodder Stems and shoots All 2 I. I xI o-2 2.0 2.6x l o-5 

Leguminous 

Compiled from the IAEA-TECDOC-161 6 as a reliable source <Jil. 

87 

Max 

1.0 
10 

Max 

1.0 
2.6x I o-4 

4.7x 10-4 

3.7x 10-4 

I. Ox I o-3 

4.9x I o-2 

9.7xl o-2 

3.4x I o-2 

1.0 
2.2x1 o-4 



Annexure 2 Data base of crops (Sl) 

ALPHABETICAL LIST OF CROPS WITH BOTANICAL NAME AND CROP CODE 

Crop name Botanical name ICC Previous 
code code I 

Abaca (Manila hemp) Musa textilis 9213 2.2.4.1 
Alfalfa for fodder Medicago sativa 911 1.7.1.1 
Alfalfa for seed Medicago sat ira 911 1.8.2 
Almond Prunus dulcis 361 2. 1.7 .I 
Anise seeds Pimpinel/a anisum 6212 1.4.3 .4 
Apple Malus sylvesrris 351 2. 1.2.1 
Apricot Prunus armeniaca 352 2.1.3.1 
Areca (betel nul) Areca catechu 992 2.2.7.6 
Arracha Arracacia xanthorrhiza 59 1.2.9 
Arrowroot Mara/1/a arundinacea 59 1.2.5 
Artichoke Cynara sco~vmus 21 1 1.5.1.0. 1 
Asparagus Asparagus qflicinalis 212 1.5.1.0.2 
Avocado Persea americana 311 2.1.6.0.1 

Bajra (Pearl millet) Penniserum americanum 18 1.1.5.1.2 
Bambara groundnut Vigna subrerranea 79 1.3.9 
Banana Musa paradisiaca 312 2.1 .6.0.2 
Barley Hordeum vulgare 15 1.1.4 
Beans, dry, edible, for grains Phaseolus vulgaris 71 1.3.1 
Beans, harvested green Phaseolus and Vigna spp. 71 1.5.4.1 
Beet, fodder (mangel) Beta vulgaris 81 1.7.5.0.5 
Beet, red Beta \'ulgaris 81 1.5.3.5 
Beet, sugar Beta rulgaris 81 1.4.1.2 
Beet. sugar for fodder Beta vulgaris 81 1 .7.5.0.6 
Beet , sugar for seeds Beta mlgaris 81 1.8.1 
Bergamot Citrus bergamia 329 2.1.1.6 
Betel nut Arc>ca ccuechu 992 2.2.7.6 
Black pepper Piper nigrum 6221 2.2.3.1 
Black wattle Acacia mearnsii 992 2.2.5.2 
Blackberries of various species Rubus spp. 349 2.1.5.7 
Blueberry Vaccinium spp. 346 2.1.5.1 
Brazil nut Berthol!etia excelsa 369 2.1.7.6 
Breadfruit Ar1ocmpus alrilis 319 2.1.6.0.3 
Broad bean. dry Vi cia faba 72 l.3.2 
Broad bean, harvested green Vicia(aba 72 1.5.4.3 
Broccoli Brassica oleracea var. bouy ris 214 1.5.5.1 
Broom millet Sorghum bicolor 18 1.4.5.4 
Broom sorghum Sorghum bicolor 14 1.4.5.4 
Brussels sprouts Brassica oleracea l'ar. g<'mmifera 219 1.5.1 .0.3 
Buckwheat Fagopyrum esculemum 192 1.1.9 

Cabbage (red. white. Savoy) Brassica oleracea var. capitata 213 1.5.1.0.4 
Cabbage. Chinese Brassica chinensis 213 1.5.1.0.7 
Cabbage. for fodder Brassica .']Jp. 213 1.7.5.0.1 
Cacao (cocoa) Theobroma cacao 614 2.2.1.2 
Cantaloupe Cucumis melo 225 1.5.2.0.1 
Caraway seeds Carum can'i 6219 1.4.3.4 
Cardamom Eleuaria cardamomum 6222 2.2.3.7 
Cardoon Cynara cardunculus 219 1.5.1.1.5 
Carob Ceratonia siliqua 39 2.1.6.1.5 
Carrot, edible Daucus carota ssp. satil ·a 231 1.5.3.1 
Carrot, for fodder Daucus carota ssp. satil'(l 231 1.7.5.1.0 
Cashew nuts Anacardium occidentale 362 2. 1.7.2 
Cassava ('nanioc) Mani /z ot e sc ule nto 53 123 
I. Crop codes used in 2000 agricultural census programme. 
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Annexure 2 (continued) 

C rop name 

Castor bean 
Caulinower 
Celeriac 
Celery 
Chayote 
Cherry (all varieties) 
Chestnut 
Chickpea (gram pea) 
Chicory 
Chicory for greens 
Chili, dry (all varieties) 
Chili, fre~h (all varieties) 
Cim1amon 
Citron 
Citronella 
Clementine 
Clove 
Clover for fodder (all varieties) 
Clover for seed (all varieties) 
Cocoa (cacao) 
Coconut 
Coco yam 
Coffee 
Cola nut (all varieties) 
Colza (rapeseed) 
Com (maize). for cereals 
Com (maize), for silage 
Com (sweet), for vegetable 
Com for salad 
Cotton (all varieties) 
Cottonseed (aJI varieties) 
Cowpea. for grain 
Cowpea. harvested green 
Cranberrv 
Cress • 
Cucumber 
Currants (all varieties) 
Custard apple 

Dasheen 
Dates 
Ommstick tree 
Durra (sorghum) 
Durum wheat 

Eanh pea 
Edo (eddoe) 
Eggplant 
Endive 

Botanical name 

Ricinus communi.~ 
Brassica oleracea mr. hotn•tis 
Apium graveolens mr. rap;Jceum 
Apium graveolens 
Sechium edule 
Prunus :ipp. 
Castanea sativa 
Cicer arietinwn 
Cichorium inrvhus 
Cichoriwn intvbus 
Capsicum spp. (a11111111111) 
Capsicum spp. (ammu111) 
Cinnamomum t·erum 
Ci1rus medica 
Cymhopogon citratesl Cy111hopogon nardus 
Citrus reticula/a 
Eugenia aromalica (Syzygiu111 aromaticum) 
Tr[(olium spp. 
Trifolium spp. 
Theobroma cacao 
Cocos nucifera 
Colocasia esculenta 
Co.ffea spp. 
Cola acummata 
Brassica napus 
Zea mays 
Zea mays 
Zea mavs 
Valerir;~1ella locusw 
Gossypium spp. 
Gonvpium spp. 
Vigna unguiculata 
Vigna unguiculala 
l'accinium spp. 
Lepidium satit ·um 
Cucumis satit'IIS 
Ribes spp. 
Annona reticulale 

Colocasia esculenw 
Phoenix dactyl{(era 
Moringa ole[f'era 
Sorghum bicolour 
Triticum durum 

Vigna subterranea 
Xrmthosoma spp. ; Colocmia spp. 
Solanum melongena 
Cichorium endivia 

Fennel Foeniculum t•ulgare 
Fenugreek Trigonella.foenwn-graecl/111 
Fig Ficus caricc1 
Fi lbert (Hazelnut) C01ylus Ot'ellcma 
Fique Furcraea macrophylla 
Flax for fibre Linum usiwtissimum 
Flax for oil seed (linseed) Limon usitatissimum 
f ormic (Neur Zealand Oax) PJ,o nniunz 1ena1~ 

I. Crop codes used in 2000 agricultural census programme. 
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ICC Previous 
cod e co del 

431 1.4.2.1.0 
214 1.5.5.1 
239 1.5.3.8 
219 1.5. 1.0.5 
229 1.5.2.1.2 
353 2. 1.3.2 
363 2. 1.7.4 
73 1.3.4 
217 1.4.5.2 
217 1.5. 1.0.6 
6211 1.4.3.1 
6211 1.5.2.0.2 
6223 2.2.3.2 
329 2.1.1.6 
992 2.2.7.1 
324 2.1.1.2 
6224 2.2.3.3 
911 1.7.1.2 
9 11 1.8.3 
614 2.2.1.2 
441 2.2.2.1 
59 1.2.8 
611 2.2.1.1 
619 2.2.1.6 
435 1.4.2.0.5 
12 1.1.3 
12 1.7.3. 1 
12 1.5.5.2 
219 1.5. 1. 1.5 
921 1 1.4.4.1 
921 1 1.4.2.0.8 
74 1.3.6 
74 1.5.4.3 
349 2.1.5.2 
219 1.5. 1.0.8 
221 1.5.2.0.3 
341 2.1.5.3 
319 2.1.6.0.4 

59 1.2.8 
313 2. 1.6.0.5 
6229 2.2.3.8 
14 1.1.5.2 
II 1.1.1.1.1: 

79 1.3.9 
59 1.2.8 
222 1.5.2.0.4 
219 1.5.1.0.9 

219 1.5.1.1.5 
79 1.3.9 
314 2. 1.6.0.6 
364 2.1.7.5 
9219 2.2.4.6 
9213 1.4.4.2 
9213 1.4.2.0.3 
92)4 2244 



Annexure 2 (continued) 

C rop nam(' Botanical name ICC Previous 
code code I 

Garlic. dry A Ilium sativum 233 1.2.7 
Garlic, green Allium sativum 233 1.5.3.2 
Geranium Pelargonium spp. ; Geranium ·'PP· 931 J .4.3.2 
Ginger Zingiher officinale 6225 2.2.3.4 
Gooseberry (all varieties) Ribes spp. 342 2.1.5.4 
Gourd Lngenaria 5pp; Cuc:urhita spp. 226 1.5.2.0.5 
Gram pea (chickpea) Cicer arietinum 73 1.3.4 
Grape Viris 1•inijera 33 2.1.4 
Grapefruit Cirms paradisi 321 2. 1.1.4 
Grapes for rai~ins Viris ''inifera 33 2. 1.4.3 
Grapes for table use l'iris ''inifera 33 2. 1.4.2 
Grapes for wine l'iris ,·inifera 33 2.1.4. 1 
Grass esparto Lygeum spartum 991 1.4.5.4 
Grass. orchard Dacrylis glomerata 911 1.7.2. 1 
Grass. Sudan Sorghum bico/or ,·ar. 'udmw11se 911 1.7.2. 1 
Groundnut (peanut) A rachis hypogaea 42 1.4.2.0. 1 
Guava Psidium guajam 319 2.1.6.0. 7 
Guinea corn (sorghum) Sorghum bicolor 14 1.1.5.2 

Hazelnut {lilbert) Con ·lus m ·ellana 364 2.1.7.5 
Hemp fibre Cm;nabis satim ssp. indica 9213 1.4.4.3 
Hemp. Manila (abaca) Musa textilis 922 21.4. I 
Hemp. sun Crow/aria JUncea 9213 I .4.4.5 
Hempseed Cannabis sarim (mar(iuana) 439 1.4.2. 1.1 
Henequen Aga,•e.fourcroydes 922 2.2.4.2 
Henna Lawsonia inermis 911 1.4.5.4 
Hop Humulus lupulus 619 2.2.1.4 
Horse bean l'icia.faba 72 1.3.2 
Hor eradish Armoracia rusticana 239 I .5.3.8 
Hybrid maize Zea mays 12 I .1.3. 1 

Lndigo lndigofera rinctorio 991 1 .4.5.4 

Jasmine Jasminum spp. 952 2.2.6.2 
Jerusalem artichoke Heliamlws 111berosu., 2 11 1.7.5.0.2 
Jowar (sorghum) Sorghum bicolor 14 1.1.5.2 
Jute Corclwrus spp. (over 30 sp.) 9212 1.4.4.4 

Kale Brassica oleracea rar. acephala 219 1.5. 1.1.0 
Kapok Ceiha pentandra 922 2.2.4.3 
Kenaf Hibiscus cannabinu.\ 9212 1.4.4.5 
Kohlrabi Brassica oleracea \'{/r. gong1·/odes 239 1.5.3.6 

Lavender Lamndula spp. (over 15 sp.) 931 1.4.3.2 
Leek Allium ampeloprasum: Allium pormm 235 1.5. I. I. 1 
Lemon Cirms limon 322 2.1.1.3 
lemon grass Cymbopogon citrmu' 922 2.2.7.7 
Lentil Lens culinaris 75 1.3.5 
Lespedeza (all varieties) Lespedeza spp. 91 I 1.7. 1.3 
lettuce Lac:ruca sariva Far. capiww 215 1.5. 1. 1.2 
Lime. sour Citms aurantifolia 322 2.1.1.5 
Lime. sweet Cirrus limetta 322 2.1.1.6 
Linseed (flax for oil seed) Limon usirmissimum 432 I .4.2.0.3 
Liquorice Glycyrrhi:a glahra 931 I .4.3.3 
Litchi Lirchi chinensis 319 2.1.6. 1.5 
Loquat Eriohouy a japonica 359 2.1.2.5 
1 11pine (a II vade• ies) f unin"S snn 

$ J 1 76 !39 

I. Crop codes used in 2000 agricultural census programme. 
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AJmexure 2 (continued) 

Crop name 

Macadamia (Queensland nut) 
Mace 
Maguey 
Maize (com) 
Maize (com) for silage 
Maize (hybrid) 
Maize. ordinary 
Mandarin 
Mangel (fodder beet) 
Mango 
Manioc (cassava) 
Maslin (mixed cereals) 
Medlar 
Melon (except watennelon) 
Millet broom 
Millet, bajra 
Millet, bulrush 
Millet, finger 
Millet, foxtail 
Millet. Japanese 
Millet. pearl (bajra, bulrush) 
Millet, proso 
Mint (all varieties) 
Mulberry for fruit (all varieties) 
Mulberry for silkwom1s 
Mushrooms 
Mustard 

Nectarine 
New Zealand flax (formio) 
Niger seed 
Nutmeg 

Oats. for fodder 
Oats, for grain 
Oil palm 
Okra 
Olive 
Onion seed 
Onion, dry 
Onion, green 
Opium 
Orange 
Orange. bitter 
Ornamental plants 

Botanical name 

Macadamia spp. temifo/ia 
Myristica fragrans 
Agm·e atrovirens 
Zea mays 
Zea mays 
Zeamays 
Zea mars 
Citrus ;.eticulma 
Beta l'uigaris 
Mangifera indica 
Manihot escu/ema 
Mixture of Triticum spp.: Seade cereale 
Mespilus germanica 
Cucumis nu!lo 
Sorghum bicolor 
Pennisetum americanum 
Pennisetum americanum 
Eleusine coracana 
Setaria italica 
Echinochloa esculenta 
Pennisetum americcmum 
Panicum miliaceum 
Mentha spp. 
Montsspp. 
Mon1s alba 
Agaricus spp.; Pleurotus spp.: rotmriella 
Brassica nigra: Sinapis alba 

Pnmus persica I'Or. necwrina 
Phormium tenax 
Gui:otia abvssinica 
Myristica iagrans 

Al'ena spp. (about 30 sp.) 
A1·ena spp. (about 30 sp.) 
Elaeis guineensis 
Abelmosclws esculentus 
Olea europaea 
Allium cepa 
Allium cepa 
Allium cepa 
Papaver somn!ferum 
Citrus sinensis 
Citrus aurcmtium 
Various 

Palm palmyra Borassus jlabe/lifer 
Palm. keme l oi l Elaeis guineensis 
Palm, oil Elaeis guineensis 
Palm. sago Metroxy/on sagu 
Papaya (pawpaw) Carica papaya 
Parsnip Pastinaca satim 
Pea. edible dry. for grain Pisum sativum 
Pea. harvested green Pisum satirum 
Peach Prwws pe1·sica 
Peanut (groundnut) Arachis hypogaea 
Pear Pvms communis 
Pecan opt Canut jllinaen sjs· 

l. Crop codes used in 2000 agricultural census programme. 
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ICC Previous 
code cod e ] 

369 2.1.7.6 
6222 21.3.5 
922 21.4.6 
12 1.1.3 
12 1.7.3.1 
12 1.1.3. I 
12 1.1.3.2 
324 2.1.1.2 
81 1.7.5.0.5 
315 2.1.6.0.8 
53 11.3 
191 1.1.8 
359 2.1.2.4 
225 1.5.2.0.1 
18 1.4.5.4 
18 1.1.5.1.2 
18 1.1.5. 1. 1 
18 1.1.5. I. I 
18 1.1.5. 1.2 
18 1.1.5. 1.2 
18 1.1.5.1. 1 
18 1.1.5.1.1 
6219 1.4.3.2 
39 2.1.6.1.5 
39 21.1.2 
24 1.6.2.2 
433 1.4.2.0.6 

354 2.1.3.5 
922 21.4.4 
434 1.4.2.1.1 
6222 21.3.5 

17 1.7.3.2 
17 1.1.6 
443 21.2.2 
229 1.5.2.0.6 
442 21.2.3 
234 1.8.5 
234 11.6 
234 1.5.3.3 
931 1.4.3.3 
323 2.1.1. 1 
323 2.1.1.6 
95 1 1.6. 1.2 

992 21.7.4 
443 21.2.2 
443 21.2.2 
992 21.7.3 
316 2.1.6.0.9 
239 1.5.3.8 
77 13.3 
77 1.5.4.2 
354 2.1.3.3 
42 1.4.2.0.1 
355 2.1.2.2 
369 '> 1 7 6 



Annexure 2 (continued) 

C rop name 

Pepper, black 
Pepper. dry 
Persinm1on 
Pigeon pea 
Pineapple 
Pistachio nut 
Plantain 
Plum 
Pomegranate 
Pomelo 
Poppy seed 
Potato 
Potato. sweet 
Prune 
Pumpkin. edible 
Pumpkin, for fodder 
Pyrethum 

Quebracho 
Queensland nut 
Quince 
Quinine 
Quinoa 

Botanical name 

Piper nigrum 
Capsicum spp. (over 30 sp.) 
Diospyros kaki; Dimpyro~ rirginiana 
Cajanus cajan 
A nanas comosus 
Pistacia 1·era 
Musa sapientum 
Pnmus domestica 
Punica granatum 
Citms grandis 
Papm•er somniferum 
Sulamum tuberosum 
Ipomoea bataras 
Pnmus dumestica 
Cucurbita spp. (over 25 sp.) 
Cucurbita spp. (over 25 sp.) 
Chi )'Santhemum cinerariaefol i11111 

Aspidosperma spp. (more than 3 sp.) 
See Macadamia 
Cydonia oblonga 
Cinchona spp. (more than 6 sp.) 
Chenopodium quinoa 

ICC 
code 
6221 
6211 
319 
78 
317 
365 
312 
356 
39 
32 1 
439 
51 
52 
356 
226 
226 
991 

992 
369 
355 
932 
192 

Radish 
Ramie 

Raphanus satims (in c. Cochlearia armorocia) 239 
Boehmeria nil•ea 
Brassica napus Rapeseed (colza) 

Raspberry (all varieties) 
Red beet 

Rubus spp . (over 360 sp.) 
Bew m/gari!> 

Redtop Agrosris spp. 
Rhea Roehmeria nin•a 
RJmbarb Rheum spp. 
Rice 
Rose 

Otyza .satim; Ory:o p, /oherrima 
Rose spp. 

Rubber 1/en•a brasiliensi., 
Rutabaga (swede) 
Rye 

Brassica napus 1·ar. napobrassica 
Seca/e c:erea/e 

Ryegrass seed Lolium spp. (about 20 sp.) 

Sa fflower Carthamus linctorius 
Sainfoin Onohi)'Chis l'iciifolia 
Salsify Tmgopogon porr({oliu' 
Sapodilla Achras sapow 
Satsuma (mandarirt tangerine) Citrus reticulata 
Scorzonera - black salsify Scor:onera hispanica 
Sesame Sesamum indicum 
Shea butter (nut) I 'itellaria paradoxa 
Sisal Agaw' sisa!ana 
Sorghum Sorghum hic:olor 
Sorghum. broom Sorghum bicolor 
Sorghum. durra Sorghum bicolor 
Sorghum. Guim:a com Sorghum hicolor 
Sorghum, jowar Sorghum bicofor 
Sorghum. sweet Sorghum bicolor 
Soybean Gfl•cine max 
Soybean hay Gi1·cine max 
Spell wheat Tt;iticum spelw 
Spinach Spinacja olerocea 
I. Crop codes u~cd in 2000 agricultural census programme. 
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922 
435 
344 
239 
911 
922 
219 
13 
952 
94 
239 
16 
991 

436 
911 
239 
39 
324 
239 
437 
449 
922 
14 
14 
14 
14 
14 
183 
41 
41 
192 
2 16 

Previous 
code I 
2.2.3. 1 
1.4.3. 1 
2. 1.6.1.0 
1.3.7 
2.1.6.1.1 
2. 1.7.6 
2 .1.6. 1.2 
2. 1.3.4 
2. 1.6.1.3 
2. 1.1.4 
1.4.2. 1.1 
1.2.1 
1.2.2 
2.1.3.4 
1.5.2.0. 
1.7.5.0.3 
1.4.5.3 

2.2.5.3 
2.1.7.6 
2.1.2.3 
2.2.7.5 
1.1.9 

1.5.3.4 
2.2.4.5 
1.4.2.0.5 
2. 1.5.5 
1.5.3.5 
1.7.2.1 
2.2.4.5 
1.5. I. I. 3 
1.1.2 
2.2.6. 1 
2.2.5.1 
1.5.3.6 
1.1.7 
1.8.4 

1.4.2.0.9 
1.7. 1.3 
1.5.3.8 
2.1.6.1.4 
2.1.1.2 
1.5.3.8 
1.4.2.0.7 
2.2.2.4 
2.2.4.2 
1.1.5.2 
1.4.5.4 
I. 1.5.2 
1.1.5.2 
1.1.5.2 
1.4. 1.3 
1.4.2.0.2 
1.7. 1.3 
1.1.9 
IS I 14 



Annexure 2 (continued) 

Crop name 

Squash 
Strawberry 
Sugar beet 
Sugar beet for fodder 

ugar beet for seed 
ugarcane for fodder 
ugarcane for sugar or alcohol 

Sugarcane for thatching 
Sunflower for fodder 
Sunflower for o il seed 
Sunhemp 
Swede 
Swede for fodder 
Sweet com 
Sweet lime 
Sweet pepper 
Sweet potato 
Sweet sorghum 

Tangerine 
Tannia 
Tapioca (cassava) 
Taro 
Tea 
Tel 
Timothy 
Tobacco 
Tomato 
Trefoil 
Triticale for fodder 
-, ung tree 
Tumip. edible 
Tumip. for fodder 

Urena (Congo jute) 

Vanilla 
Vetch for grain 

Walnut 
Watennelon 
Wheat 

Botanical name 

Cucurbiw spp. (over 25 sp.) 
Fragaria spp. (over 30 sp.) 
Bew I'll/garis 
Bew \'u/garis 
Beta l'ulgaris 
Saccharum officinarum 
Sacchamm officinarum 
Sacchamm ()fficinarum 
Heliantlms annuus 
Heliamlws anm111s 
Crotalaria juncea 
Brassica napus mr. napobrassica 
Bmssica napus mr. napohrassica 
Zeaman 
Citrus limclla 
Capsicum annu1m1 
Lopmoea bataws 
Sorghum bicolor 

ICC 
code 

226 
345 
81 
81 
81 
82 
82 
82 
438 
438 
9213 
239 
239 
12 
322 
62 11 
52 
183 

Citrus reticula/a 324 
Xanthosoma sagiuifolium 59 
Manihot esculenta 53 
Colocasia esculenta 59 
Camellia sinensis 612 
Eragrostis abyssinica 192 
Phleum pratense 911 
Nicotiana wbacum 96 
Lycopersicon esculentum 223 
Lotus spp. (about 100 sp.) 991 
Hybrid of Triticum ae::.til'llm ami Seccdc• cereal£~ 7 
Aleurites spp.: Fordii 449 
Brassica rapa 232 
Brassica rapa 232 

Urena lohata 

Vanilla planifo/ia 
Vicia satim 

Jugla/IS spp. (over 20 sp.), ep. regia 
Citrullus lanatus 
Triticum aestil·um 

92 14 

6226 
79 

366 
224 
I I 

Yam Dioscorea spp. (over 120 sp.) 54 
613 Verba n1ate Tie r paraguarieuyis 

I. Crop codes used in 2000 agricu ltural census programme. 
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Previous 
c odel 

1.5.2.0.8 
2.1.5.6 
1.4. 1.2 
1.7.5.0.6 
1.8. 1 
1.7.5.0.7 
1.4.1.1 
1.4.5.4 
1.7.5.0.4 
1.4.2.0.4 
1.4.4.5 
1.5.3.6 
1.7.5.0.8 
1.5.5.2 
2.1.1.6 
1.5.2.0.9 
1.2.2 
1.4. 1.3 

2.1. 1.2 
1.2.8 
1.2.3 
1.2.8 
2.2.1.3 
1.1.9 
1.7.2. I 
1.4.5. 1 
1.5.2.1.0 
1.8.6 
1.7.3.2 
21.2.4 
1.5.3.7 
1.7.5.0.9 

1.4.4.5 

2.2.3.6 
1.3.8 

2. 1. 7.3 
1.5.2. 1.1 
1.1.1 

1.2.4 
2?1 5 



Annexure 3 Anticipated activities and time schedule for experimental phase of the study 
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