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ABSTRACT 

In the last two decades, interest in the development of nuclear programmes in Sub-Saharan 

Africa (SSA) has increased. To ensure that the potential human and environmental ionising 

radiation exposure from nuclear developments within SSA can be adequately assessed, 

knowledge of radionuclide transfer within SSA ecosystems is required. Most of the research 

undertaken to date on radionuclide transfer to humans and wildlife has focused on studies within 

Europe and North America. These studies have provided data which form the basis of the generic 

transfer parameters used within the international system of radiological protection.  Given that 

agricultural practices, diet, soils, food crops, wildlife and climatic conditions in SSA are very 

different to those in Europe and North America, the present study focuses on environmental 

radionuclides transfer in SSA and evaluates the extent to which the current generic transfer 

parameters derived from international data compilations are applicable in a SSA setting. 

A systematic review of literature on radionuclide and stable element concentrations in SSA 

species (wildlife and agricultural food crops) and associated environmental media (soil, water, 

sediment) was conducted.  Elemental concentration data were compiled for marine, freshwater 

and terrestrial ecosystems and these data were used to derive transfer parameter values that 

were reported within the Sub-Saharan Africa Database (SSAD) of transfer parameters.  

A review of the SSAD data highlighted a lack of transfer parameter values for various 

radionuclide-organism combinations.  Therefore, a sampling campaign was undertaken at two 

case study locations in SSA to help to address some of the SSAD data gaps. The case study 

locations were Geregu in Kogi State and Itu in Akwa-Ibom state, both are proposed locations for 

nuclear power plant construction in Nigeria. The sampling campaign involved the collection of 

soil, agricultural food crops, and wildlife samples. Animal sampling focused on the Reference 

Animals & Plants (RAPs) defined by the International Commission on Radiological Protection and 

was conducted in accordance with Schedule 1 of the Home Office guidelines for animal use in 

research. Agricultural food crops and wildlife samples were prepared and analysed to determine 

the concentration of stable elements using Microwave Plasma Atomic Emission Spectrometry 

(MP-AES); transfer for a given stable element was assumed to be representative of the transfer 

of radioisotopes of that element. Dose assessment was undertaken using site specific 
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concentrations obtained from the case study location to determine the potential environmental 

impact of the planned nuclear power plant in Nigeria. To facilitate emergency preparedness 

planning for the planned nuclear power plant in an SSA setting, a study on Radiocaesium 

Interception Potential (RIP) of the principal soil types in Nigeria was undertaken. The resultant 

RIP data were used to test the applicability of the Absalom (also known as the “SAVE”) approach 

to predicting radiocaesium transfer at two case study locations in Nigeria.   

The results of the mean concentration ratios obtained from the database of radionuclide transfer 

parameter values compiled by the International Atomic Energy Agency (i.e. for non SSA sites 

(Europe and North America)) and those of the SSAD are different. However, differences in mean 

concentration ratio values are not consistent in the different wildlife-element combinations. The 

results of the concentration ratios from the field campaign were comparable to those of the 

SSAD. For food crops, SSAD transfer parameters were consistently higher than generic transfer 

parameters obtained from IAEA.  The dose assessment results obtained for potential radiation 

exposure of wildlife using the Environmental Risks from Ionising Contaminants: Assessment & 

Management (ERICA) Tool and predicted discharges from a planned nuclear power station at 

Geregu, Nigeria, revealed the risk quotient (RQ) to be less than one and the predicted dose rate 

was below the screening dose rate of 10µGyh-1 for each of the organisms considered within the 

assessment. The RIP measurements for Nigerian soils were low compared to RIP results from 

other parts of the world. The mean of the measured Cs transfer factor for grass (1.67E-02) growing 

on nitisol at Geregu was an order of magnitude higher than the Absalom model predicted transfer 

factor for nitisol (1.66E-03). For Itu, the mean of the measured Cs transfer factor (0.09) for grass 

growing on gleysol was comparable to the Absalom model predicted transfer factor (0.11) for 

gleysol. Despite an order of magnitude under-prediction for nitisol, the overall, the Absalom 

model prediction was good, and this suggests that the model would be applicable to SSA. 

A dose assessment undertaken using predicted releases from the reactor type being considered 

for Nigeria suggested that routine releases were highly unlikely to result in dose rates that 

exceeded the benchmark value (ERICA screening dose rate equals 10µGyh-1).  This finding 

provided confidence that the environmental impact of this proposed nuclear development in 

Nigeria would be negligible from a radiological perspective. 
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1. INTRODUCTION 

1.1. Introduction 

There are different sources of ionising radiation within the environment to which humans and 

wildlife are being exposed. In the case of humans these include occupational exposure, medical 

exposure and public exposure situations. For wildlife, the exposure situation includes radiation 

releases through anthropogenic sources such as mining, oil and gas exploration, industrial 

activities, releases from nuclear power plants, nuclear weapon testing and other external 

exposures sources (Pentreath, 2001; ICRP, 2007). There is a long-standing system of radiation 

protection for humans and the public but, for wildlife, the system of radiation protection started 

to develop about two decades ago (Copplestone et al., 2001). These systems of radiation 

protection require an understanding of radiation transfer through the human food chain and in 

the case of wildlife, it requires an understanding of radiation exposure of representative species 

(including the International Commission on Radiological Protection Representative Animals and 

Plants (ICRP RAPs)). Radiation exposure estimation requires knowledge of the transfer of 

radionuclides through wildlife food chains as well as human food chain. 

International and national systems have been developed for demonstrating and ensuring 

protection of humans and wildlife from the effects of ionising radiation (IAEA, 2006; ICRP, 2007; 

US DOE, 2003; Copplestone et al., 2001; Howard et al., 2010).  Systems developed for wildlife 

assessment include the ICRP RAPs (ICRP, 2008; ICRP, 2009) and Environmental Risks from Ionising 

Contaminants; Assessment and Management (ERICA) integrated approach (Brown et al., 2008; 

Larson et al, 2008; Brown et al., 2016). In the case of the human food chain, the systems include 

the mechanistic and semi mechanistic approach (Absalom et al., 1999). Approaches developed 

are required to quantify the transfer of radionuclides to both the human food chain and wildlife. 

To implement these approaches, there are transfer databases and international handbooks that 

have been developed to provide parameters, which can be used to calculate internal activity 

concentration in both humans and wildlife (IAEA, 2010; IAEA, 2014; Copplestone et al., 2013). 

However, the transfer databases are primarily based on data from Europe and North America 

(Wood et al., 2013).   
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There has been little attempt to establish whether data from Europe and North America are 

applicable for conducting environmental assessment in Sub-Saharan Africa (SSA). Little or no 

research has demonstrated that reference organisms used in international approaches are well 

represented in other regions of the world with different climatic conditions and agricultural 

practices, such as those found in SSA. Research conducted in Australia revealed the need to 

include reptile among the reference organisms (Hirth et al., 2014), which has now been 

incorporated into the ERICA integrated approach (Brown et al., 2016). In addition, there are 

growing numbers of nuclear development programmes in Sub-Saharan Africa (www.world-

nuclear-news.org/np-west-africa-states-prepare-mou-o-nuclear-nuclear-cooperation-

29071501/html) and as a result, radionuclide releases to the environment are expected to 

increase and these releases must be assessed. With this understanding, a comprehensive 

compilation of transfer parameters as well as assessment of radionuclide transfer within the SSA 

is necessary to ensure that robust radiological risk assessments can be undertaken for SSA.   

The applicability of currently developed generic transfer parameters to Sub-Saharan Africa has 

not been assessed.  Some European models (including the ‘Absalom’ or ‘SAVE’ approach) applied 

to Japanese soils after the Fukushima accident over-predicted radiocaesium concentration 

because it was calibrated for the European soils (Absalom et al.,2001). This might raise questions 

about the credibility of these models when applied across other different soils and regions. To 

establish confidence on wider applicability, there is a need to assess model performance against 

other regions, in this case, SSA.  

This PhD research develops, for the first time, a database of transfer parameters for both the 

human food chain and wildlife for SSA from a range of soil and biota samples. The collection of 

soil samples across a range of soil types also presented an opportunity to determine 

radiocaesium transfer as well as establish a spatially implementable model for radiocaesium 

using the Absalom or (SAVE) model. Applying the ‘Absalom’ approach to soils from Nigeria 

enabled the model to be tested against a range of soil types from SSA and further reinforce 

confidence in its applicability.  

Recognising that many agricultural production systems, food products and wildlife species in SSA 

have few or no data (Twining, 2012), there is a new programme being developed within the 

International Atomic Energy Agency (IAEA) focusing on the behaviour of radionuclides in arid 

environments (iaea.org/projects/emras/emras2), such as those found in parts of SSA. Therefore, 
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the findings of this PhD research programme will have direct international impact as well as being 

beneficial at both a national (Nigeria) and regional (SSA) level.   

1.2. The Sub-Saharan Africa – climatic and geographical distribution 

Internationally, concerns are increasing about climate change and the need for transition to 

cleaner energy sources (Stoett, 2003; Dowdall et al., 2008; Newell and Mulvaney, 2013). In Africa, 

about 625 million people do not have access to electricity and 730 million people use potentially 

hazardous and dirty fuel for cooking (Energy Outlook, 2014). There are diverse energy sources in 

Africa yet the region still faces challenges in meeting its energy requirement (Energy Outlook, 

2014) and has recently started to consider other energy sources, such as nuclear power, to boost 

its energy mix (Eggertson, 2002; Kaggwa and Nhamo, 2013; www.world-nuclear-news.org). 

Previous analyses have shown that nuclear energy may present an attractive option, especially 

in countries with high growth projection for energy demand, because of the possibility for 

greenhouse gas emission reduction (Vaillancourt et al., 2008). Therefore, with increasing interest 

in nuclear development in SSA, there is hope that the perennial energy challenges of the region 

would be mitigated, and cleaner energy sources would dominate the region’s energy production. 

Despite the large population in the Sub-Saharan Africa, the region is also culturally diverse with 

different ecological systems, history, beliefs, foods and traditions (Munene et al., 2000). The 

region is located to the south of the Sahara Desert (Figure 1.2) and comprises 48 countries (43 in 

mainland Africa and 5 islands) (Kreft & Jetz, 2010). The region registered the most rapid 

demographic growth in the world (2.4 % in 2001 compared to 0.8- 2% other developing regions) 

(Tabutin et al., 2004).  

 

 

http://www.world-nuclear-news.org/
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Figure 1.2a. Map of Africa.  The large band of desert covering the upper quarter of the African 

land area is the Sahara Desert.  The land area to the south of this is Sub-Saharan Africa (SSA).  

The land borders of Nigeria, the SSA country used for the field study undertaken as part of this 

PhD, are marked with a red line.  (modified from 

https://upload.wikimedia.org/wikipedia/commons/c/cd/Africa_Natural_Vegetation.jpg 
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The impacts of climate change such as rising global average temperature and changes in rainfall 

affect ecosystems, biodiversity and human systems all over the world (Kotir, 2011). The region 

has a variety of tropical climatic regimes, including humid, monsoon, arid (desert) and semi-arid 

(semi-desert) climates (Haile, 2005). Mean annual temperature and rainfall vary between 22-

50oC and 600mm-2000mm (Bandyopadhyay et al., 2012). Rainfall pattern is affected by large 

scale intra-seasonal and interannual climatic variability (Haile, 2005). The region is highly 

dependent on agriculture and reports have shown that SSA is particularly susceptible to the 

impact of climate change. (Kotir, 2011). 

1.2.1. Distribution of nuclear programmes in SSA 

The only SSA country with established nuclear reactors for energy production is South Africa.   

Other countries (including Nigeria, Ghana, Tanzania, Ethiopia, Angola, Namibia, Mozambique, 

Rwanda) have small nuclear reactors for scientific research purposes (http://www.world-

nuclear-news.org/Articles/Russia-discusses-African-nuclear-power-prospects). However, five 

countries in SSA (Ghana, Nigeria, Niger, Sudan and Kenya) are considering the introduction of 

nuclear energy as part of their energy mix (Figure 1.26). 

 

Figure 1.2b. Africa countries with planned and operational nuclear power plants 

(https://www.iaea.org/newscenter/news/is-africa-ready-for-nuclear-energy)   
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After feasibility studies, two locations in Nigeria, namely Geregu and Itu, have been proposed for 

the construction of nuclear power plants. The country is making "notable progress" in 

strengthening the infrastructure for a new research reactor (VVER-1200 Gen III Nuclear reactor), 

which is expected to begin operation in 2025 (http://www.world-nuclear-news.org/articles/iaea-

helps-nigeria-plan-for-new-research-reactor).  For the purpose of radiation protection, it is 

important to establish a system for the environmental impact assessment of radionuclide 

releases (Pentreath, 1998; Larsson, 2004; Brown et al., 2008) 

1.3. Default assessment organisms 

The current wildlife assessment approaches are built on certain parameters including default 

assessment organisms, transfer parameters, dosimetry and effects (Beresford et al., 2008). The 

International Commission on Radiological Protection (ICRP), has identified and recommended a 

set of organisms on which to base the environmental protection of wildlife (ICRP, 2007; ICRP, 

2009). Based on this recommendation, research has begun to focus on default assessment 

organisms (Beresford et al., 2018). These default assessment organisms include the ICRP RAPs 

(ICRP, 2009) and ERICA reference organisms (Brown et al., 2008) 

1.3.1. ICRP Reference Animals and Plants (RAPs) 

The International Commission for Radiological Protection (ICRP) has developed a set of 12 

Reference Animals and Plants (RAPs) (ICRP,2008, ICRP, 2009). The RAPs are defined for specific 

taxonomic families (ICRP, 2007; ICRP, 2008; ICRP, 2009; Howard et al., 2013; Beresford et al., 

2008a; Vives i Batlle et al., 2010). However, data for the specific family level defined in RAPs can 

be sparse and sometimes, even when available are very site dependent (Guillén et al., 2018). 

ICRP RAPs have been recognised internationally to provide guidance on radiological protection 

all over the world (ICRP, 2009). An ICRP RAP is defined as “a hypothetical entity with the assumed 

basic biological features of a particular type of animal or plant, describing generality of a 

taxonomic level of family, with a well-defined life history, anatomical and physiological properties 

used for the purpose of relating exposure to dose and dose to effects for that organism” (ICRP, 

2009). Organisms defined in the ICRP RAPs include; Deer, Rat, Duck, Frog, Bee, Earthworm, Crab, 

Pine tree, Wild grasses, Trout, Flatfish, Seaweed) (ICRP, 2007; ICRP, 2008; ICRP, 2009). The RAPs 

form the basis for collating and analysing data useful for environmental impact assessment and 
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to provide advice for humans, wildlife and environmental protection (ICRP, 2008). The RAPs are 

displayed in brackets in table 1.3a. 

 
Table 1.3a. ERICA Reference Organisms & ICRP Reference Animals and Plants (RAPs) (ICRP,2007; 
Brown et al., 2016). 
 

Freshwater Marine  Terrestrial  

Amphibian (Frog) 

Benthic Fish 

Bird (Duck) 

Mollusc- bivalve 

Crustacean 

Mollusc- gastropod 

Reptile 

Insect Larvae 

Mammals 

Pelagic fish (Salmon/ 

Trout) 

Phytoplankton 

Vascular plant 

Zooplankton 

  

Benthic fish (Flatfish) 

Mollusc- bivalve 

Crustacean (Crab) 

Macro algae (Brown 

seaweed) 

Mammal 

Pelagic fish 

Phytoplankton 

Polychaete worm 

Reptile 

Bird 

Sea anemones/true coral 

Vascular Plant 

Zooplankton 

Amphibian (Frog) 

Bird (Duck) 

Detritivores invertebrates 

Flying insects (Bee) 

Mollusc- gastropod 

Grasses /herbs (Wild grasses) 

Lichen & Bryophyte 

Mammal- large 

Mammal- small- burrowing 

(Rat) 

Reptile 

Shrubs 

Annelid (Earthworm) 

Tree (Pine tree) 

 
The RAPs have been assigned a corresponding dose criterion, the Derived Consideration 

Reference Levels (DCRLs) (ICRP,2008, Copplestone et al., 2010). The DCRL is a dose rate band 

within which deleterious effects of ionising radiation on a given RAP may be expected to occur 

(ICRP, 2008). RAPs are defined at the family level (the most suitable level for generalisation for 

typical biological traits or features of organisms) and for terrestrial environment, eight RAPs have 

been considered by ICRP for which studies on radionuclide transfer should be focused. The 
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families defining the RAPs are widely distributed across the globe (ICRP, 2007). In SSA, some 

organisms corresponding to the family level defined in the RAPs have been identified, including 

Muridae- (rat) Arvicanthis niloticus, Ranidae-(frog) Amnirana galamensis, Apidae- (bee) Apis 

mellifera, Lumbricidae- (earthworm) Lumbriscus terrestris, and Poaceae- Wild grass.  

Table 1.3b. Terrestrial RAPs and their global distribution (ICRP, 2008) 

Terrestrial 
ICRP RAPs 

Specific 
Family 

Distribution of RAPs 

Deer Cervidae 

This deer family is well distributed in the Latin America (including 
Mexico, Central America, South America) (Weber and Gonzalez, 
2003) 
 

Rat Muridae 

The Murids are widely distributed in Australia, East Asia and in the 
SSA and other parts of the world (Murid specie found in SSA include 
Arvicanthis niloticus 
 

Duck Anatidae 

The family Anatidae is distributed across US, Korea, Japan, China, 
India, New Zealand, Russia, Colombia and Madagascar. It’s found in 
SSA (Oatley and Prys- Jones et al., 1985).  
 

Frog Ranidae 

Amnirana galamensis is widely distributed in Africa, SE Asia, S&N 
Asia, Europe, Australia, Madagascar, N&S America (Penner et al., 
2011; Kwapong,2014; Jongsma et al., 2018).  
 
 

Bee Apidea 

The family Apidea is widely distributed in SSA, Australia, S America, 
Malaysia, India, Japan, US, Cuba (Rehan et al., 2010). 
 
 

Earthworm Lumbricidae 

Lumbricidae are widely distributed while they are native to the 
Paleartic (Europe) They are found in Australia, SSA, Nearctic (Canada 
& US), Neotropical (S/America &Mexico) (Reynold, 1994, Hendrix et 
al., 2002) 
 

Pine Tree Pinaceae 

The distribution of pine in the world include N America, Central 
Europe, Siberia, Japan, Korea, China, Mongolia (McCaughey and 
Schmidt, 2001, Tombark et al., 2001). There are a few species in SSA 
 

Grass Poaceae 
 
Poaceae are widely distributed globally. Panicum maximum species 
are native to Africa and Asia (Aliscioni et al., 2003) 
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1.3.2. Reference organisms 

Environmental Risks from Ionising Contaminants: Assessment and Management’ (ERICA) 

integrated approach also considered, 38 reference organisms, (Beresford, Barnett et al. 2008, 

Beresford, Gaschak et al. 2008). ERICA defined reference organisms as a series of entities that 

provide a basis of estimation of radiation dose to a range of organisms, which are typical or 

representative, of a contaminated environment (Brown, Alfonso et al. 2008). 

Both the ICRP and ERICA approaches have been used for conducting environmental radiological 

assessments in Europe and North America (ICRP, 2007; Larsson, 2008) but relatively few attempts 

to apply these approaches in other geographical regions (Guillen, Beresford et al. 2018). For 

Instance, the ICRP RAPs include deer, which is defined at the family level Cervidae, but this family 

of deer is not present within SSA (Manning et al., 2003; 

http://www.nhptv.org/wild/cervidae.asp). Similarly, there may be organisms (culturally 

important and protected species in SSA, which lack data (e.g. Tetradactylus eastwoodae, a 

species of African reptile) requiring assessment (Branch, 2014), which are not appropriately 

represented by any of the ERICA reference organisms. 

1.4. Aims of the study 

The overall aim of this study is to critically evaluate the extent to which current generic transfer 

parameters that have been developed for assessing radiation impact, which are based largely on 

data from Europe and North America, are appropriate for undertaking environmental 

assessments in Sub-Saharan Africa countries with very different ecosystem characteristics. This 

study focuses on Nigeria as specific case study location, in part, because of proposed new nuclear 

power construction at Geregu and Itu in Nigeria. 

1.5 The study objectives 

There are six research objectives to address the research aims which are presented below. 

1. To establish a Sub-Saharan Africa Database (SSAD) of radionuclides/ elemental transfer 

parameters based on systematic review of published and grey sources. 

2. To compare SSAD and currently available international transfer parameters primarily 

developed from Europe and North America data. 

http://www.nhptv.org/wild/cervidae.asp
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3. To characterise elemental transfer of relevant radionuclide analogues at two case study 

sites in Nigeria 

4. To determine stable elements concentration (including these elements Sr, Se, Co, Mo, U, 

Th, Eu, Ce, Cs) as well as site-specific concentration ratios for wildlife and food crops from 

the case study location in Nigeria 

5. To determine the Radiocaesium Interception Potential (RIP) in the principal Nigerian soils 

6. To evaluate the applicability of Absalom's or SAVE approach to major Nigerian soils.  

The Figure 1.5 represents a summary of the research aim, objectives and the method adopted to 

address each of the objectives. 
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Figure 1.5. Summary of research aim, objectives and methodology. 
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2.LITERATURE REVIEW 

2.1. Introduction 

This chapter will establish a conceptual framework of environmental protection, critically 

review literature on modelling approaches for human food chains and wildlife and highlights 

the applicability of current radionuclide transfer approaches/models. Furthermore, it will 

discuss modelling of transfer and the use of Concentration Ratios (CRs) and as well as the 

Absalom approach. It will evaluate stable elements of relevance and radionuclide analogues 

and consequently, discuss some factors influencing variation in environmental transfer 

parameters. 

2.2. Sources of radiation 

Besides exposure to naturally occurring radionuclides and cosmic radiation, humans and 

wildlife may be exposed to other anthropogenic radiation sources (Morris, 1988).  Accidental 

discharges from nuclear reactors, medical exposure to X-rays, nuclear weapon testing and 

some other human activities such as fertilizer application and formulation of animal feed 

ingredients may release radionuclide contaminants (Olobatoke and Mathuthu, 2015). For 

example, in Brazil, an experiment revealed an increase of up to 0.87 and 7.6 Bq/kg of natural 

radionuclide distribution, in grain and green crops respectively when phosphate fertilizer was 

applied (Saueia and Mazzilli, 2006).  Major environmental contaminants from these radiation 

sources may include strontium, caesium, cobalt, lead, chromium, uranium, iodine, plutonium, 

and americium isotopes and stable elements. Radiation is the process of emitting energy as 

waves or particles which may be ionising or non-ionising. Ionisation is the process by which a 

neutral atom or molecule acquires or losses electric charges (Johansen and Twining, 2010). 

During operation of nuclear facilities or during a nuclear accident, radionuclide discharges 

may be released and once released, they may be deposited and accumulate on soil and water 

bodies where they are absorbed by pastures, food crops, animals and transferred via the 

human food chain. All radioactive materials are potentially hazardous if absorbed into the 

body in enough quantity. 
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2.3. Historical development of radiation protection 

Radioactivity was first discovered by Marie Curie in 1903, however, the concept of radiation 

protection can be traced back to 1925.  This is when the term tolerance dose to radiation 

effects was first used, which was later referred to as deterministic effects or dose limit. 

Between 1925 and 1945, radiation protection became a science (Kathren and Ziemer, 1980) 

and bodies such as the International X-ray and Radium Protection Committee was formed 

which later became the International Commission on Radiological Protection (ICRP). Between 

1945-1970, compilations of recommendations made of permissible dose from external 

radiation sources started to develop and were published in handbooks (including handbook 

17) (NCRP,1954). The first report on the effects of radiation by the United Nation Scientific 

Committee on the effects of Atomic Radiation (UNSCEAR) was published in 1958 and this 

period also witnessed a lot of nuclear weapon testing. From 1970, the radiation protection 

concepts gained more recognition, the nuclear regulatory commission began to introduce 

concept such as “ALARA”- As low as reasonably achievable and the linear non-threshold dose 

response model was also introduced as basic radiation protection philosophy (Kathren,1996). 

During this period, the systems of radiation protection were simply based on the justification 

of practices, optimisation of doses, and limitation of individual risk, developed from the 

experiences of other learned bodies (such as UNSCEAR & ICRP), concerned with low level 

radiation risks. The linear non-threshold dose-effect assumption states that every dose has 

an associated risk of ill-health, all radiation exposure is unsafe, and that radiation has a linear 

dose response relationship (Kathren, 1996). Peterson (1993) challenged the validity of the 

linear non-threshold dose-effect assumption and studies by Cohen (1995) on the relationship 

between environmental radon concentration and lung cancer consistently revealed that 

linear non-threshold dose-response does not apply in all cases (Kathren, 1996). 

2.3.1. Radiation protection ethics and philosophy 

In all the developments, the need for radiation assessment and management approaches of 

the potential impact of radionuclide on human and wildlife was recognised due to attitudes 

of the public towards radiation and environmental protection (Strand and Oughton, 2002). As 

a result, existing regulatory practices were re-evaluated and several approaches to regulate 

both nuclear and non-nuclear sectors were developed. The misuse of nuclear materials, 

coupled with the challenges of radionuclide waste disposal as well as accidental radionuclide 
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discharges raised concern on how best to address environmental contaminants and as a 

result, an overall framework for environmental protection of humans and other living things 

were developed (Pentreath, 1998; 1999; 2002; 2003a; 2003b). So, radio-ecologists, now 

consider various philosophies on environmental ethics and moral values (Strand and 

Oughton, 2002). These philosophical considerations are summarized in figure 2.2a. 

 

Figure 2.2a. The fundamental philosophy of environmental protection (Pentreath,2004) 

The Anthropocentric philosophy views humans as the main or only thing most easily 

recognised to be of moral standing for environmental protection. However, the biocentric 

philosophy views moral focus on individual members of a species. It recognises moral 

obligations to many animal species as they are seen to be feelings (animal rights, welfare and 

equal and inherent values). In ecocentric philosophy, consideration is about everything in the 

environment, biotic and abiotic including landscape features (Pentreath, 2004). All the 

philosophies and ethical views are reflected in a society’s, social, cultural and religious 

perception and approach towards environmental radiation protection (Pentreath, 2004). 

Nonetheless, in recent years, agreement on broad environmental protection principles has 

started to emerge. These principles are focused on sustainable development, maintaining 

biological diversity and habitat protection (Pentreath, 2004). The principles and philosophies 

are similar and interconnected yet differ in a way that may be helpful to environmental 
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management or mismanagement. It is interesting that this ethics and philosophical stance 

would set the context as to what environmental protection is set to achieve (i.e. to ensure 

protection of man- anthropocentric, individual species biocentric or population- ecocentric) 

and the why of environmental protection? (for sustainable development, biological diversity 

and habitat protection) and how to solve challenges of environmental exploitation, pollution 

control and natural conservation. The approaches to environmental management have 

recognised the need for exploitation control, pollution control and nature conservation. 

Controlling these matrices would ensure human activities can progress without interfering 

with local natural fauna and flora in the environment. Appropriate steps are therefore 

required to ensure favourable conservation of population of species and if sites are found to 

be unfavourable, actions need to be taken in line with approaches to environmental 

management to remedy the situation (Pentreath, 2004). 

2.3.2. Development of radiation protection system  

The IAEA defines environment “as the conditions under which humans, animals and plants 

live/ develop, which sustain life and development especially such condition as affected by 

human activities” (IAEA, 2014). The environment needs to be protected from deleterious 

effects of ionising radiation (IAEA, 2002; ICRP, 2007; Anderson et al., 2009). To protect the 

environment, international systems capable of ensuring that the environment is adequately 

protected through assessment and management have been developed (Howard and Larsson, 

2008). The overall aim of environmental protection is “to prevent or reduce the frequency of 

radiation effects on the biota to a level of negligible impact to the health status of the natural 

habitats, communities and ecosystems, ensuring environment’s biodiversity is maintained and 

the conservation of species” (ICRP, 2008).  Different regulatory agencies already established 

to drive policies and regulations on safety, environmental risk assessment and ensure the 

protection of the environment have been developed (ICRP, 2007; IAEA, 2006). ICRP major 

scientific challenge was exposure to dose and dose to effect which led to the development of 

a set of conceptual and numeric models (Pentreath, 2009).  

The process of model development resulted to the creation of a Reference man, later, 

Reference individual (male or female), and thereafter, a Reference person-represented by 

voxel phantoms (ICRP, 2002). The critical group concept was developed to represent a mean 

of assessing radiation impact to the public and this was denoted by the “Representative 
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Person” (Pentreath, 2009). The evolving processes started with the concern for the protection 

of man. The ICRP issued a statement “if humans are adequately protected, then other species 

will also be adequately protected” (ICRP,2003). However, according to Pentreath. (2009), the 

protection of man does not ensure or guarantee, the protection of other species in the 

environment. Eventually, this argument led to the development of ICRP Reference Animals 

and Plants (ICRP RAPs) (Pentreath, 2009). Management of human radiation exposure has 

received much attention under different exposure situations (medical, occupational and 

public exposures) as such managing this risk has evolved the use of the entity referred to as 

the “Representative man”. The protective regulatory context was then established upon 

problem formulation, exposure assessment, dosimetry, effect assessment and risk 

characterisation (Anderson et al., 2009; Garnier-Laplace et al., 2010; Copplestone et al., 

2010).  A review of existing environmental assessment approaches/model (USEPA SADA 

model RESRAD-BIOTA & ERICA tool) model was undertaken as a result of the PROTECT 

concept (Howard, Beresford et al. 2010). Major variability identified in them was associated 

with the transfer component of the models (Beresford et al., 2010). Figure 2.2b represents 

the environmental protection framework. 

 

Figure 2.2b. Environmental protection framework (Pentreath, 2005, 2009) 
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2.4. Radiological assessment approaches/ models 

Based on environmental legislation and policy decisions at national or international levels, 

certain requirements must be followed to assess the environmental impact of ionising 

radiation (Wood et a., 2009). Environmental assessment approaches and tools have been 

recommended for addressing these requirements (Beresford et al., 2008a). Models are 

necessary to stimulate the geometry of external exposure, the bio-kinetics of incorporated 

radionuclides and the human body (ICRP, 2007) and these models have been established 

based on a range of experimental investigation and human studies (ICRP, 2007). 

There are international systems (including ICRP RAPs and ERICA Integrated approach) (ICRP, 

2007, 2008; Beresford et al., 2008; Brown et al., 2008) and national approaches  including the 

United State Department of Energy (US DoE), the England and Wales Environmental Agency 

which have been developed and used at different levels for conducting environmental 

assessment (USDoE, 2002; Copplestone et al., 2001; Copplestone et al., 2003). Environmental 

assessment models or tools are flexible computerised systems that allow users to perform 

environmental assessment, risk characterisation, record information and decisions and 

allowing calculations to be performed (Brown et al., 2008). Different approaches have 

emerged and used to estimate the exposures of wildlife to the effects of ionising radiation 

(ICRP, 2008; 2009; Howard and Larsson, 2008). However, for human food stuffs, some models 

which allow environmental assessment of radionuclide transfer to food chain have been 

developed (including the Absalom or SAVE approach (Absalom et al., 2001) 

2.4.1. Food chain approaches 

             Different approaches have been developed varying from the application of dose limits (Higley 

et al., 2003) or ecological risk assessment models (Brechignac, 2001), through to frameworks 

centred on the use of reference fauna and flora (ICRP,2003). Human food chain approaches 

include RESRAD-BIOTA. This approach has greater functionality and enables prediction of 

radionuclide transfers using a dynamic allometric (mass dependent) approach (Howard et al., 

2010). Available dynamic models are those that have been purpose-built for specific 

environments (e.g. the marine environment (Vives i Battle et al., 2008; Avila et al., 2004)) and 

ones that combine elements of human assessment models with parameters from RESRAD-

BIOTA & FASSET (Brown et al., 2003) to establish a dynamic transfer model (Howard et al., 
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2010). Within the RESTORE project (Restoration strategies for radioactive contaminated 

ecosystems), which was funded by the European commission, a GIS- based model – 

Environmental Decision Support System (EDSS) has been developed to model radionuclide 

transfer from soil through the food chain to humans. EDSS identifies, critical population 

groups and vulnerable areas based on maps of soil contaminations, soil types, land use and 

consumption habits (Van der Perk et al., 2000). This model has been applied to Russia, 

Ukraine, Belarus and contaminated areas in Kazakhstan (Absalom et al., 2001). 

2.4.1.1. The Absalom or SAVE approach 

This approach describes the uptake of radiocaesium based on soil characteristics (Absalom et 

al., 2001). Parameter requirements of the approach to determine radiocaesium include labile 

caesium distribution coefficient (KD), potassium ion (K+) concentration in the soil solution (Mk) 

and soil to plant transfer factor (Absalom et al., 2001).  Part of the assumptions of the model 

include that Cs absorption occurred exclusively on the soil clay fraction and the distribution 

of the sorbed and solution 137Cs is denoted by a labile distribution coefficient (KD) estimated 

as a function of soil clay and exchangeable potassium ion concentration (Absalom et al.,2001). 

Radiocaesium bioavailability is strongly affected by soil properties such as K+ and clay content 

(Smolders et al., 1997). Absalom et al. (1999) presented a model which can be used to predict 

the activity concentration of radiocaesium in plant for specified soil-caesium contact times 

utilising readily available soil characteristics (such as % clay, exchangeable K+ and initial soil 

radiocaesium content (Absalom et al., 1999). The Absalom approach was applied to the 

Japanese soil to predict the soil- to- grass transfer of radiocaesium (RCs). Using both measured 

and predicted RIP and Mk, the model underestimated the transfer values and suggested a 

recalibration of existing models (Uematsu et al., 2015).  

2.4.2. Wildlife approaches 

Many approaches and tools have been developed to calculate appropriately exposure of 

wildlife (non-human biota) to the effects of ionising radiation (Howard et al., 2010). 

Methodologies used in these models include calculating radionuclide transfer to wildlife, 

estimation of dose rate to wildlife and risk characterisation (Howard et al., 2010). These 

approaches include USDOE graded approach (USDoE, 2002), Environmental Agency R&D 128 

developed for use in England and Wales (Copplestone et al., 2001; 2003), FASSET (William, 

2004), and ERICA (Howard and Larsson, 2008; Brown et al., 2008, 2016). They can be used to 
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estimate radionuclide transfer to wildlife, estimate dose rates and compare dose rate with 

some form of criteria to determine risk level. Of these approaches, R&D 128 is the most basic 

and the only tool which considers noble gases which contribute a major component of the 

total activity released from many nuclear sites (Howard et al., 2010). 

2.4.2.1. ERICA Integrated approach 

Environmental Risks from Ionising Contaminants; Assessment and Management (ERICA) was 

founded between 2004-2007 by the European Union alongside fifteen other organisations in 

seven European countries (Larsson et al., 2008). The ERICA approach was developed to 

provide users a guide to assessing the impact of environmental radiation to wildlife as well as 

ensuring decisions on environmental issues has considered impact to exposures, effects and 

risks from ionising radiation. Several modelling parameters have been incorporated into the 

ERICA tool including the transfer database, dose conversion coefficient and radiation effects 

on non-human biota used specifically for integrating the approach (Brown et al., 2008, 2016). 

This approach has critically aided decision making related to environmental impact of ionising 

radiation to non-human biota, assessment and management of exposures, effects and risk 

(Beresford et al., 2008).  ERICA approach defined a series of entities based on the concept of 

reference organisms (ROs) that are representative of a contaminated environment and which 

provide the basis of calculating radiation dose rate (Brown et al., 2008, 2016). The ERICA 

Integrated approach has been applied to the Drigg sand dunes in Cumbria, United Kingdom 

for which the results indicated no significant impact of ionising radiation on the biota 

inhabiting the dunes (Wood et al., 2008). The ERICA tool has been applied to a mining site in 

Asia to assess dose to organisms for screening purposes and to identify the most exposed 

organisms. The predicted values obtained were two orders of magnitude higher than the 

measured concentrations of the element (U) from water plants at the site (Oughton et al., 

2013). The ERICA Tool has been used in various applications worldwide including 

environmental impacts from deep geological disposal facilities in the Europe (Smith and 

Robinson, 2008, 2010; Torudd, 2010; Jaeschke et al., 2013; Posiva, 2014), quantifying 

environmental impacts from operating and planned nuclear power stations (Nedveckaite et 

al., 2011; Vanderhove et al., 2013; Li et at., 2015), deployed to formulate radiological quality 

guidelines for Australian uranium mining sites (Doering and Bollhofer, 2016), scoping analyses 

in line with newly introduced environmental regulations (Hosseini et al., 2011), Uranium 

mining impact assessment; assessment of the impact of near surface radioactive waste 
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repositories in Europe and Australia (Nedveckaite et al., 2013; ANSTO, 2014), assessing 

release from medical facilities (Carolan et al., 2011), estimating exposures for biota following 

accidents (Garnier- Laplace et al., 2011; Fuma et al., 2015), inter-comparison and scenario 

analysis (Beresford et al., 2008a, 2008b, 2010; Yankovich et al., 2010; Vives i battle et al., 

2011; Stark et al., 2015). The United Nations Scientific Committee on the effects of Atomic 

radiation has adopted components of the ERICA to analyse the impact of the 2011 accident 

at the Fukushima Daichi nuclear power plant (UNSCEAR, 2014; Strand et al., 2014; Vives I 

battle et al., 2014)  

2.5. Radionuclide transfer model application 

Model inter-comparison has been undertaken to identify major sources of variability in model 

performance and capabilities (Beresford et al., 2008). Model application to other different 

regions have thrown up concerns on wider model applicability. For instance, and according 

to Uematsu et al. (2015), the application of the Absalom et al approach to the Japanese soils 

obtained from the vicinity of the Fukushima accident affected area to predict Radiocaesium 

Interception Potential (RIP) overestimated the RIP values because its initial calibration being 

meant for the European and not Japanese soil. To obtain reasonable model predictions 

therefore would depend partly on the quality of data available for the required input 

parameters (Beresford et al., 2013). Allometric models such as USDOE (2003) have been used 

successfully to make predictions of radionuclide activity concentration in reptiles and 

amphibians even when initial design was for homeothermic vertebrates (Wood et al., 2009; 

Beresford et al., 2010; Yankovich et al., 2010; Beresford and Vives i Battle, 2013; Beresford et 

al., 2014). Despite variability witnessed in transfer parameter, remarkable improvement in 

transfer model performance over the years has been observed (IAEA, 2004) and various 

model predictions were within a factor of three of the observed measurement (IAEA, 2004). 

Several approaches including the IAEA SRS-19 coastal dispersion model as incorporated into 

the ERICA model (IAEA, 2001; Brown et al., 2008) have been used to generate sorts of input 

data for wildlife assessment. The ERICA integrated approach (Larsson et al.,2008) and ERICA 

Tool as described by Brown et al. (2008) has been used for the assessment of transfer of 

radionuclide to wildlife (Yankovich et al., 2010). In Nigeria, the ERICA approach has been 

applied to assess the radiological impact of the proposed nuclear power plant (NPP) on 

human and non-human biota (Aliyu et al., 2015). However, applying European model to the 
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SSA may raise some concerns especially when the appropriateness of such model has not 

been confirmed.  

2.6. Transfer modelling and the use of Concentration Ratios (CR) 

 Many of the currently existing environmental impact assessment models conformed to a 

generic structure of using radionuclide activity concentration data in environmental media as 

modelling input (Vives I Battle et al., 2007; Beresford et al., 2008; Beresford et al., 2019). In 

the modelling of transfer, the media activity concentration is used to estimate the internal 

and external dose rate for each organism, and these are compared with radiation effects data 

to determine if the organism is adequately protected (Wood et al., 2008). The transfer of 

radionuclides to wildlife is generally represented by simple Concentration Ratios (CRs), which 

allow prediction of whole organism activity concentrations from activity concentrations in 

environmental media (soil, water or air) (Beresford et al ., 2008a; 2008b; 2008c; Copplestone 

et al., 2001; Hosseini et al., 2008; USDOE, 2003; Hosseini et al., 2008; Beresford et al ., 2019). 

Most common approaches estimate transfer to wildlife in assessment models using 

concentration ratio (Beresford et al., 2016) and CR is defined by the equation below 

CRwo-soil   =    Activity concentration of in biota whole organism (Bqkg−1 fresh mass)  

 
                       Activity concentration of in soil (Bqkg−1 dry mass) 

In 1965, Ward et al. (1965), first measured the transfer of radionuclides (Radiocaesium) to 

animal derived food products (Howard et al., 2009) and referred to it as transfer coefficient. 

Consequently, concentration ratio was developed as an alternative method to quantify 

transfer from media to biota. Concentration ratio is simply the equilibrium ratio of the 

radionuclide activity concentration in the biota (fresh mass) to the radionuclide activity 

concentration in the media (soil, sediment, water, air) (Hosseini et al., 2008; Howard et al., 

2009). Using this approach to quantify transfer has the following merits; 

1) It is simple, coherent and user friendly. 

2) Relatively available large CRs data for organisms, elements, ecosystems compared to 

other methods. 

3) It is consistent with the method used to derive parameter values in existing models 

(Hosseini et al., 2008; Beresford et al., 2008). 
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4) The CRs approach can be used in both human food chain and non-human biota 

radionuclide environmental impact assessment. 

However, it has been limited by the assumption of equilibrium between two environmental 

compartments and may not be suitable for a situation of accidental occurrences (Howard et 

al., 2013).  Again, CR values can be highly variable due to site specific factors (including soil 

properties and water chemistry) (IAEA, 2009; Avila et al., 2004; Vives i battle et al., 2010; 

Beresford, 2010; Higley et al., 2010; Beresford et al., 2016; Beresford and Willey, 2019). For 

wildlife, prediction by different models often vary by the 2-5 order of magnitude for same 

assessment (Beresford and Willey, 2019). Assessing exposure of wildlife to ionising radiation 

requires estimation to be made in a wide range of radionuclides to organism species and 

requirements for large datasets, which must meet specific criteria (Beresford and Willey, 

2019) and the CRs approach is limited in that it is impossible to determine CRs for every 

specie. In the food chain, concentration ratio is often referred to as transfer factor and its 

ratio of the equilibrium activity concentration in plant (edible parts) to that of water or soil 

(or other exposure pathways: sediment, ingestion/ dietary pathway), which is also referred 

to as bioconcentration factor (IAEA, 2010; Howard et al., 2013; Beresford and Willey, 2019). 

For fruits, fresh mass to dry mass is considered, since fruits are consumed fresh (IAEA, 2010). 

Previous studies on tropical transfer established several general features of concentration 

ratios (CRs) which include 

• That soil type is one of the dominant factors affecting soil-plant radionuclide transfer 

(Twining et al., 2012). 

• No systematic difference between radionuclides transfer between climatic zone 

except extreme values from particularly tropical environments (Twining et al., 2012). 

However, according to Twining et al. (2012) and Uchida et al. (2007), tropical transfer 

values were higher compared to temperate radionuclide transfer. 

• That chemical factors such as pH affects the transfer of Cs and Sr especially in tropical 

system. For example, low pH increases Cs and Sr availability (Twining et al., 2012). 

• That increased K and Ca concentration in soil will decrease plant uptake of Cs and Sr 

respectively by competitive inhibition by analogous elements (Twining et al., 2012). 

• Some species of crops typically showed high transfer factor than others (e.g. vegetable 

higher transfer than fruits) (Twining et al., 2012). 
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• If an unusual high or low CR for a nuclide is observed in one crop type in a soil, most 

likely that same general trend may be observed in other crops from that environment 

(Twining et al., 2012). 

• CR values are nuclide specific and an anomalous CR values does not necessarily 

indicate that similar values would be observed by another radionuclide under the 

same condition (Twining et al., 2012). 

CRs values in excess of one imply bioaccumulation of radionuclide activity and values less than 

one would mean strong binding of radionuclide to the soil particles or the plant is not actively 

accumulating the material (Twining et al., 2012). 

2.7. Development of international databases 

The IAEA and the International Union of Radiologist (IUR) have developed reports on 

radionuclide transfer parameter for generic wildlife groups and for the ICRP RAPs (IAEA, 2010) 

which are required to provide parameter values that can be used to quantify radionuclide 

transfer to non-human biota (http://www.wildlifetransferdatabase.org). These databases 

have been developed from IAEA TECDOCs and TRS reports (including TRS 472), for both food 

chain and wildlife (IAEA, 2010, 2014). IAEA programme on Development, Testing and 

Harmonization of Models and Data for Radiological Impact Assessment (MODARIA II) has 

established working groups (MODARIA II) which evaluates programmes on radionuclides 

exposures situation, effects on biota, transfer processes and radiological impact assessment 

(http://www-ns.iaea.org/projects/modaria/modaria2.asp?s=8&l=129). Currently, the IAEA 

working group four, has set up a sub-working group to report on transfer parameters in non-

temperate and arid environment to provide harmonization to geographical biases in data for 

model development. Compilation of transfer databases have been developed from 

combination of stable elements and radionuclides data in Europe and North America (Uchida 

and Tagami, 2007; Beresford et al., 2008). However, according to Beresford et al. (2018), some 

variability might occur between stable element concentration and the corresponding 

radionuclides activity concentration. Although, this is the first time such discrepancy will be 

observed. Other than that, past literatures have reported, harmonisation between stable 

element concentration and radionuclides activity concentration (Uchida and Tagami, 2007; 

IAEA, 2009; Beresford et al., 2018). 
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2.8. Stable elements  

Stable elements are chemical elements that have at least one stable naturally occurring 

isotope. The approach of characterising transfer using stable elements is not new especially 

where data for radioisotopes are not available. In Nigeria, the planned nuclear power plant is 

not operational, and the case study locations are not in heavily industrialized areas (Chad-

Umoren et al., 2013), it will be expected that information on radioisotopes may not be 

available. Literature reports that the ratio of concentration of stable elements to 

radionuclides activity concentration (137Cs & stable Cs) is not more than one order of 

magnitude for stable Cs and between (90Sr & stable Sr ratio) consistent values have been 

obtained (Vera Tome et al., 2003; Tsukada et al., 2002; Tsukada et al., 2005; Uchida et al., 

2006; Uchida and Tagami, 2007). Therefore, stable elements can be used to obtain transfer 

parameter for relevant radionuclide analogues. The stable elements with biogeochemical 

characteristics can be used for radioisotope when data for the stable elemental form are not 

available (e.g. Barium used as analogue to radium) (Tagami & Uchida, 2004). Radionuclide 

transfer from media to biota under equilibrium conditions have been estimated from 

concentration of stable elements in the biota and media (IAEA, 2010). The stable element of 

strontium and caesium can be used as analogues to the radioisotopes since they chemically 

behave in the same way (Uchida and Tagami, 2007) and because the range of CR values for 

both stable elements generally agrees with the corresponding radioisotopes (Uchida and 

Tagami, 2010). Similarly, Uchida et al. (2006) observed that 90Sr/Sr concentration ratios have 

a constant value in different components of rice plants in each sampling sites. The implication 

of this is that stable elements can be used as analogues for the long-lived radionuclides 

(Uchida et al., 2006). Stable elements and naturally occurring radionuclides which are related 

to long-lived radionuclides as well as rare elements which gives some ideas of the behaviours 

of actinides can be used where information are not available for the radionuclides (Uchida et 

al., 2006). Stable element transfer values are useful for evaluation of long-term transfer 

radionuclides in the environment and therefore, in this study, analysis of stable element of 

relevant radionuclide analogues was undertaken. However, stable elements cannot be used 

in an emergency or for short-lived radionuclides (Uchida et al., 2009). The use of analogue is 

not an accurate way of modelling but may be used to provide relevant information on 

environmental behaviour and in screening models if no other data are available. 
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2.9. Factors that influence transfer 

Several factors influence the transfer of stable elements in the environment. These factors 

include soil factors, physical & chemical form of the radionuclide, plant species, plant 

compartment and farming practices (IAEA, 2004; IAEA, 2009).  These factors introduce high 

variability in transfer parameter value (IAEA, 2004). Soil is the main source of stable elements 

for plants. In aerated (oxidizing) acid soils several stable elements become easily mobile and 

available while in poorly aerated (reducing) or alkaline soils, stable elements are generally 

less available (Kabata-pendias, 2010). Soil physicochemical properties such as soil pH, clay 

content & Cation Exchange Capacity (CEC), organic matter content affects the behaviour of 

radionuclides (Antoniadis et al., 2017). There are different soil types in Sub-Saharan Africa 

with varying mineralogy, pH value, Cation Exchange Capacity (CEC), and concentrations of 

analogue stable element (Twining, 2012). 

2.9.1. Soil pH 

Soil pH is one of the factors affecting stable elements transfer. For cations species of stable 

elements, lower pH value results in increase transfer, high mobility and availability while the 

opposite is true for anion species (Lee et al., 2009; Kader et al., 2016; Antoniadis et al., 2017). 

As pH increases, metal hydrolysis increases, and stable metal sorption is enhanced (Wang et 

al., 2015). 

2.9.2. Clay content and Cation Exchange Capacity (CEC) 

Soils with high clay contents especially 2:1 clay mineral retain larger concentration of 

radionuclides compared to sandy soils (Antoniadis et al., 2017). The effectiveness of clay soil 

to sorb metals depends on cation exchange capacity (CEC). High CEC can enhance clay 

retention capacity for stable elements (Antoniadis et al., 2017). Some stable elements can 

form strong covalent bond with clay lattice and readily become susceptible to clay retention 

and exhibit less transfer (Antoniadis et al., 2017; Rinklebe et al., 2017). For instance, some 

clay minerals which contained frayed edge surfaces can adsorb caesium far more than other 

soil types without such properties. Most clay mineral types including smectite, illite, 

vermiculite, allophane as well as oxides of silica, aluminium, iron and manganese have strong 

sorption ability for caesium (Koch-Steindl, 2001). Soils that have high content of illite, 
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smectite, vermiculites or mica absorbs large number of cations due to their negative charges 

(Koch-Steindl, 2001).  

2.9.3. Organic matter  

Organic matter (OM) in soils influences the transfer of stable elements in soils. Firstly, it 

increases plant viability, vegetative growth and enhances element concentration thereby 

affecting immobilisation and retention of elements in soil (Antoniadis et al., 2017). OM binds 

CEC to soils thus increasing the overall soil retention capacity (Shaheen et al., 2017). OM 

readily creates ligands with elements of sufficiently high molecular weight making them 

unavailable for root absorption (Antoniadis et al., 2017). Other Factors that influence transfer 

include plant species, cultural and farming practices. Some crops usually have high 

concentration ratios for a range of radionuclides than do other types (e.g. Leafy vegetables 

compared to fruits) (IAEA, 2009; Twining et al., 2012). Nutrient status of farmlands and 

animals may affect transfer of a range of radionuclides (Twining, 2012). However, no 

systematic difference in concentration between climatic regions has been highlighted, but 

extreme values have been observed, especially in the tropics (IAEA, 2009; Hirth et al., 2014). 

However, Wasserman et al. (2008b) has argued that climate play a role in radionuclide 

behaviour. Organic matter reduces anions adsorption because they form organic coatings on 

the surface anion adsorbing clay mineral (Koch-Steindl, 2001). 

2.9.4. Elemental analogues 

Chemical properties of elements follow well-established patterns, and this can form the basis 

for identifying potential analogues. Elements in same group in the periodic table display 

similar chemical behaviour because of the same number of outer electrons. In soil, the uptake 

or transfer of elemental analogue is influenced by lack or excess of the essential one (IAEA, 

2009). Common analogue pairs are K and Cs, Ca and Sr, Ba & Ra. Transition elements in the 

same period of the periodic table are also chemical like each other (Including lanthanides are 

oxidation state analogues) (IAEA, 2009). Elemental analogues chemical similarity does not 

mean the same behaviour in the environment. Differences in behaviour is larger with 

chemical group analogue compared with periodic analogue. If an analogue is lacking or in 

excess in a soil, it can affect the uptake or transfer of the radionuclide analogue (IAEA, 2009). 
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2.9.5. Application of fertilizers 

The application of potassium fertilizers may increase the concentration of potassium ions in 

the soil. This in turn may increase the competitiveness of potassium with caesium in the soil 

to plant transfer. Consequently, it could increase desorption of 137Cs exchangeable from soil 

into soil solution (Guillen et al., 2017). The application of potassium fertilizers to soddy-

podzolic soils can reduce Cs uptake by plants and conversely its application to peaty soils can 

increase uptake of 137Cs. Sometimes the effects are dependent on the rate of application of 

the fertilizer. However, the application of potassium fertilizers at an increased rate in most 

soils will result in reduction of 137Cs transfer to plant (Guillen et al., 2017; 2018). 

2.10. Climate change and radionuclide transfer 

There have been several debates on global climate change, and recent assessments are 

reaching a compromise that global climate change is occurring. However, its magnitude and 

impact remain obscure. No doubt, all aspects of the natural environment will be impacted in 

one form or the other. Even after five decades of intensive research on radioecology, 

protecting humans and wildlife from the effects of ionising radiation is still faced with some 

uncertainties (Dowdall et al., 2008). There are postulations that climate change will impact 

on soil to plant transfer. Especially when all the variable influencing transfer are directly or 

indirectly climate dependent. Two major climatic variables greatly affected by change in 

climate are temperature and rainfall which in turn would affect radionuclide transfer (Dowdall 

et al., 2008). The nature and extent to which predicted changes might have an impact are so 

diverse that it appears only a few aspects of nature may not be affected by climate change 

(Dowdall et al., 2008). The fundamental processes which control radionuclide transfer are not 

new to the radioecology. However, the key variables of climate change (precipitation, 

temperature, changes in soil properties, CO2 level and UV-B exposure) will at one point or the 

other, far less or greatly affect the physiological and chemical processes that influence 

radionuclide transfer (Dowdall et al., 2008).  

Although several predictions and potential impacts of climate change have been made. The 

magnitude of changes and impact will from one region vary to the other and impact on biota 

cannot be confirmed with certainty. Several factors, that affects soil to plant transfers are 

linked to physiological soil processes. These factors which include soil properties (pH, OM, 
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Clay content and mineralogy, CEC, moisture content, nutrient status as well as chemical 

concentration of analogue) are the major factors influencing radionuclide bioavailability 

(Frissel et al., 2002) Other factors such as ionic nature of soil solutions and plant species also 

influence transfer. Many of these factors are controlled by local environmental and climatic 

conditions such as precipitation and temperature (Dowdall et al., 2008). Precipitation as a 

driver of climate change affects radionuclide transfer in several ways (Armstrong et al., 1994) 

Precipitation intensity and soil resuspension can increase or decrease radionuclide transfer 

depending on the location/ region. In precipitation vulnerable environment including the arid 

and semi-arid region, increased rainfall, surface runoff may increase transfer. Resuspension, 

or rain splash is the most significant process by which actinides and other radionuclides are 

transferred to plant surfaces (Hakonson, 2007). Soil texture, rainfall intensity, duration and 

frequency has been predicted to change and these factors together affects resuspension and 

hence radionuclides transfer may change (Dowdall et al., 2008). Soil moisture content which 

sometimes may be related to amount of precipitation also affect radionuclide transfer. Livens 

and Loveland. (1988) enumerated clay mineral contents, pH, OM content, NH4+ and 

potassium as factors which affect caesium transfer. Several studies have been done on the 

role of soil organic matter on the behaviour of Cs in soil. The transfer of 137Cs from soil to plant 

is relatively high in high organic soils (Absalom et al., 1999; Sanchez et al., 1999). 

Radiocaesium shows high affinity for humic and clay substances and in the process bind to 

the frayed edge sites (clay specific site) of the clay minerals especially illite and vermiculites 

(Valcke and Cremers, 1988). Some ions like K+, NH4+, Rb+ compete with Cs for absorption to 

clay mineral sites. Only in soils high in NH4+, low clay content, low K+ concentration in the soil 

solution and low organic matter, is Cs sorption controlled by clay minerals (Rigol et al., 2002). 

However, excessive OM and low clay content may result in Cs been absorbed to a nonspecific 

site. Staunton et al. (2002) stated that high organic matter will reduce the attraction of clay 

minerals for radiocaesium and enhance plant uptake. Soil organic matter contribute 

significantly to radionuclide soil to plant transfer by affecting CEC, pH, redox potential, 

moisture content as well as the soil structure (Stevenson, 1994). CEC in soil is dependent on 

the soil organic matter 40-50% and 30-60% (Loveland and Webb, 2003). Changes in OM in the 

soil would affect the CEC, pH, and the soil buffering capacity (Eshetu et al., 2004). Soil organic 

matter increases the amount of water available to plant, soil bulk density and aggregation 

(Emerson and McGarry, 2003). 
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The soil is affected by changes in climate directly or indirectly. Direct impact may be due to 

modification in water balance, temperature changes and indirectly through growth condition 

changes for plants and soil organism’s activity. Soil responses to changes in environmental 

conditions takes time. When some factors change within days (water, temperature, pH), 

some may take a much longer time or decades (OM) and others such as weathering processes 

may take centuries and sometimes rarely occur (Koch-Steindl, 2001). 

2.11. Conclusion 

European models are calibrated for undertaking assessment in Europe and wider applicability 

of these models must be established. To improve model reliability and suitability for wider 

use, there is a need to apply the model to data from other regions (including Sub-Saharan 

Africa). The literature review highlighted the development of radiation protection system for 

both human food chains and wildlife, as well as radionuclides transfer and modelling. 

Furthermore, the review established that stable elements concentration can be used for the 

purpose of radiological assessment especially where data on radionuclides are not available. 

Similarly, the literature review highlighted a number of factors responsible for variation 

observed in transfer parameters including the effects of climate change and finally, it 

recognised that both food chain and wildlife radionuclide approaches have been applied to 

other regions but little evidence to date to establish that assessment approaches are 

applicable to SSA.  
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3. RADIONUCLIDES TRANSFER DATABASE FOR SUB-SAHARAN AFRICA 

3.1.   Abstract  

This chapter reports the development of the first radionuclide transfer database for the Sub-

Saharan Africa. To facilitate wildlife dose assessments and the modelling of radionuclide 

transfer through human food chains, radionuclide transfer databases are required both for 

wildlife and food crops. The Sub-Saharan Africa database (SSAD) was developed using 

systematic review and this covered both published and unpublished sources. It focused on 

chemical elements likely to be considered within radiological assessments and, in the case of 

wildlife, marine, freshwater and terrestrial ecosystems to develop the transfer parameter 

database (Sub-Saharan Africa database (SSAD). Searches of six databases (including Web of 

Science all database, Springer Link, Scopus, Science direct, ProQuest, Google Scholar) were 

undertaken and the searches of all publication databases returned a total of 2941 articles 

with data related to radionuclides/stable elements transfer in SSA, but many of these articles 

did not meet the inclusion criteria and were discarded. The final SSAD was compiled with data 

from approximately 211 articles. CRs values were compiled for thirteen wildlife groups 

(including amphibian, annelids, arthropod, crustacean, fish, grasses, herbs, grasses and herbs, 

macroalgae, mammal, mollusc, sea grass and corals and tree) and for 36 elements (12 

radionuclides and 24 other elements). In the case of the food crops, CR compilations were 

made for nine food crop categories (including cereal, fruit, leafy vegetable, legume, maize, 

vegetable, root, tuber and other vegetable) for 28 elements (8 radionuclides and 20 other 

elements). Generally, for wildlife, there was no consistent pattern between CR values for 

SSAD and IAEA. For food crops CRs were higher in SSAD compared to IAEA values and 

differences were between 1-3 orders of magnitude. In both cases (wildlife and food crops), 

CR values for SSAD were different compared to IAEA CRs. 

3.2. Introduction 

Environmental assessments to evaluate potential risks to humans and wildlife always involve 

modelling to predict contaminant exposure through major pathways (Yankovich et al., 2013). 

Many of the models which have been developed require input of parameter values including 

Concentration Ratios (CRs) to estimate the concentrations of contaminants in biota based on 

measurements of concentrations from the environmental media (water, soil) (Yankovich et 
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al., 2013). The evaluation of models used in conducting environmental assessment has 

identified the transfer parameter as a major driver of variability between model prediction 

(Beresford et al., 2008a; Beresford et al., 2008b; Beresford et al., 2008c; Beresford, 2010; 

Yankovich et al., 2010; Yankovich et al., 2013). A number of transfer parameter databases 

have been compiled including the IAEA wildlife transfer parameter handbook (Howard et al., 

2013) as well as the transfer parameter compilation report for the Reference Animals and 

Plants (RAPs) (Strand, Beresford et al. 2009), but for SSA, this is the first compilation of 

transfer parameter database and without this database, the assessment of radionuclides 

transfer within the  region may be challenged. The Sub-Saharan Africa has several mineral 

deposits (ranging from crude oil and gas, uranium, gold, bauxite, tin, lead and coal) (Olawuyi, 

2018).  According to IAEA. (2014), about 30% of global oil and gas discoveries made over the 

last five years have been in SSA, reflecting growing global appetite for African resources. The 

overall mining activities and oil & gas legacies in the region, has resulted in the release of 

contaminations, stable elements and radionuclides (including naturally occurring & 

anthropogenic) (Ikingura and Akagi, 1996). With the increasing level of contaminants from 

mining legacies and potential developments of nuclear programmes in the region, 

radionuclide releases must be assessed. Systematic review is a type of research method that 

uses transparent rigorous methodologies to locate and synthesize all available primary 

research on a specific research objective (Mani and Ginier, 2016).  

The approach of collating data to develop a radionuclide transfer database is not new, it has 

been used in the development of several databases including the wildlife transfer database 

(Copplestone et al., 2013). The IAEA Technical Report Series (TRS) Publication/Handbook of 

parameter values for the prediction of radionuclide transfer to wildlife (Howard et al.,2013: 

Yankovich et al., 2013), the ICRP Publication 114, Environmental protection: transfer 

parameters for Reference Animals and Plants (ICRP,2009), and Wood et al database of 

transfer parameters for reptiles (Wood et al., 2010) were all compiled using this approach. 

Assessing the impact of ionising radiation on humans and wildlife requires a method to 

quantify radionuclides in the organisms (Brown et al., 2008). Popular among the methods is 

the use of the equilibrium concentration ratios (Howard et al., 2013). The primary data 

collated in the database were the biota to media concentration ratios obtained from online 

database sources (Wood et al., 2010).  It is almost impossible to consider all living organisms 
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in all environments, as such, most organisms are often represented with a set of default 

reference organisms (Larsson, 2004). For the different habitat types (marine, terrestrial, 

freshwater and estuarine ecosystem, different databases have been developed. Databases of 

radionuclide transfer are developed with data from both radionuclide and stable elements 

(Copplestone et al., 2013). Most sources of data used in transfer database compilation have 

been obtained from peer reviewed literature, conference paper and other published and 

unpublished sources (Copplestone et al., 2013). Stable element data are often used when 

transfer data are not available for the radionuclide and when data are from uncontaminated 

sites (Sheppard and Evenden, 1988). Concentration ratios for stable elements are 

conservative when used to represent radionuclides with relatively short radiological half-lives 

and long biological half-lives as decay of the short-lived radionuclides can significantly reduce 

their concentration in biota tissues (NCRP, 1996; IAEA, 2009). Under equilibrium conditions 

i.e. long-time contact with the environment, radionuclides behave similarly to their naturally 

existing isotopes and as such their naturally existing elements can be suitable analogues 

(IAEA, 2009). But under accidental discharge or in contaminated environments CR values will 

often be higher than their existing stable element due to different mobility in soil to organism 

system. 

3.3. Materials and Method (search strategy and selection criteria) 

Systematic review was undertaken using the Preferred Reporting Items for Systematic 

Reviews and Meta-Analysis (PRISMA) guidelines (Moher, Shamseer et al. 2015) which suggest 

that systematic reviews be based on a protocol that describes the rationale and planned 

method of the review. The procedure described in PRISMA was adopted and an online search 

in the following databases were undertaken (Web of Science all database, ProQuest, Scopus, 

Springer Link, Science direct and other search engines including Google Scholar for articles 

published from January 1960 to March 2019, using well defined search criteria. The review 

focused on 48 Sub-Saharan Africa countries and search terms were carefully selected 

according to PECO (Population, Exposure, Comparison, Outcomes), a widely used systematic 

review protocol (CEE, 2013; Kitchenham and Charters 2007).  According to the PECO 

framework, population was represented by the geographical region (the Sub-Saharan Africa 

countries). The Exposure term represents major contaminants (the stable elements OR 

essential elements OR radionuclides OR heavy metals) and the comparison component was 
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the concentration ratios (CRs) OR Transfer factors OR activity concentration and outcome was 

represented by human food chains and wildlife species and other contamination or toxicity 

effects. The search terms developed following the PECO framework includes ‘’radionuclide* 

OR stable element*OR essential element*OR stable isotope* OR trace element* OR heavy 

metal*AND activity concentration* OR transfer factor* OR concentration ratio* OR 

bioavailability* OR bioaccumulation* OR bioconcentration* OR biota concentration* OR soil 

to plant transfer* OR elemental transfer to animal* AND Sub-Saharan Africa* OR West Africa* 

OR East Africa* Central Africa*OR Southern Africa*’’. Searches were also conducted using the 

individual countries and individual elements basis. The key search terms were applied in all 

the six databases and a quick scan of journal title and abstract were performed to select 

articles that may be relevant. The wildcard (*) is interpreted as a substitute from any number 

of letters. For example, Niger* returns results containing Nigeria, Niger delta etc. it works best 

when there is at least 3 characters before the wildcard operator. The? wildcard entered in a 

search is interpreted as a substitute for any single letter. For instance, a search for hea? Will 

return only results that contain (head, heat, heal). The multiple operators used in searches 

worked in the order of NOT, OR, AND. The operators work for both words before and after 

except for NOT (which only work for word after). OR operator allows results to return either 

of the terms (e.g. Rice OR Maize returns ‘’Rice’’ OR’’ Maize’’). The NOT operator excludes 

results that contains the term following the NOT, West Africa NOT North Africa will return 

searches which include ‘’West Africa’’ but excludes ‘’North Africa’’. 

3.3.2. Selection criteria 

To select relevant articles, a selection criterion which defined an inclusion and exclusion 

criteria is highlighted below. Articles selected included  

(1) studies carried out in the Sub-Saharan Africa 

(2) articles that report activity concentration in Biota (plants or animals/ wildlife) and in 

the media (soil, air, water and sediments) 

(3) articles that report concentration of stable elements/radionuclides /heavy metals/ 

trace or essential elements. Such elements considered included (Tritium, Carbon-14, 

Cobalt-60, Iodine-131, Iodine-133,  Caesium-134, Caesium-137, Caesium-133, Xenon-

133, Xenon-135,  Krypton-85, Ruthenium(Ru), Rhodium(Rh), Palladium(Pd), 

Technetium(Tc), Molybdenum(Mo), Cobalt(Co), Lanthanum(La), Zirconium(Zr), 
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Neodymium(Nd), Europium(Eu), Niobium(Nb), Promethium(Pm), Samarium(Sm), 

Praseodymium(Pr), Curium(Cm), Americium(Am), Chromium(Cr), Lead(Pb), Nickel(Ni), 

Zinc(Zn), Manganese(Mn)Yttrium(Y), Cerium(Ce), Plutonium(Pu), Neptunium(Np) 

Selenium (Se), Tellurium (Te), Antimony(Sb) Strontium( Sr),  Barium(Ba) Caesium (Cs), 

Rubidium(Rb), Iodine(I) and Bromine(Br), Uranium(U), Thorium(Th), Radium(Ra).  

(4) Articles with data that can be used to calculate Concentration Ratios (CRs) or 

distribution Coefficient (KD) for a given food crops or wildlife species.  

Assessment of outcome included tissue or whole-body concentration values. Articles were 

assessed based on the presentation of report of tissue and whole-body mass and dry or fresh 

mass concentration of the organism. A quick scan of the article’s abstract was performed, and 

potential articles which contained usable data were selected. The search term was refined, 

and the refined term was applied to databases. In the selected articles, some were excluded 

on the basis that they did not contain enough information to be used to estimate CRs. Only 

studies that contains data that can be used to calculate concentration ratios (CRs) were 

included. 

3.3.3. Data extraction and manipulation 

For data extraction, the focus was on the activity concentration reported for environmental 

media and activity concentration reported for biota. These data were imported from the 

article into an excel spreadsheet. There were calculations and assumptions made at the stage 

of the data extraction and handling of summarised data. First, the number of observations 

were clearly stated and where there was obscurity in the number of observations(n-value) 

the following assumptions and guiding rules were made: 

(1) n=1 was assumed where the author did not specify the number of sampling 

observations and when mean and standard deviation were not given 

(2) n=3 was assumed, where the author collected many samples, but the specific number 

of sampling observations were not specified but the mean and the standard deviation 

were highlighted. N=3 was assumed because this is the minimum number of 

observations required to estimate standard deviation as well as the minimum value 

that would not over-estimate statistical parameters of the data (Wood et al., 2013) 
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(3) if the number of observations equalled 2, and the range of activity concentration were 

stated for the environmental media, both minimum and maximum concentration 

ratios were determined and added to the database (Wood et al.,2013) 

(4) If number of observations were greater than 1(N>1) and biota and media activity 

concentration standard deviation were given, the concentration ratios standard 

deviation (CRSD) values were estimated with the following equation 

CRSD = CRwo-media × SQRT ((Wildlife SD)/(Wildlife Activity Concentration ))^2+〖    

((Media SD )/(Media Activity Concentration))〗^2 

(5) Limit of Detections (LODs) It is common practice to find data which were below the 

limit of detection in environmental research. Typical mean and standard deviation of 

data containing values below LOD may be affected, if the <LODs value were ignored 

or simply replaced by absolute values which was common practice in some literatures. 

Here, where the limits of detection were given and <LODs values were stated, the less 

than values were simply replaced by an arbitrary small value or half the limit of 

detection. Wood et al, (2011) suggested more evidence-based survival analysis 

method when there are several <LODs data. However, the reason for adopting this 

approach was because data with <LODs were very small (Albaladejo and Martin-

Fernandez, 2013) 

(6) Sediments activity concentrations were not used to estimate concentration ratios. 

One reason was because they gave extremely large CRs. The second reason was that, 

CRs in IAEA publications were estimated with activity concentration of water and not 

sediment so to ensure homogeneity of data comparison, sediment concentration data 

were discarded. Although, the distribution coefficient (KD) was estimated where 

sediment and water concentrations were given. 

(7) Median concentrations as well as geometric mean concentrations were not used to 

estimate CRs to ensure homogeneity of data comparison with IAEA publications. 

All references and calculations were maintained on the database to ensure easy verification 

of data from source documents. All data extracted were scrutinized to ensure overall data 

homogeneity by checking units of measurements and ensuring that dry mass to fresh mass 

were converted for wildlife and fruits and fresh mass to dry mass for other food crops and 
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vegetables (IAEA, 2009). Biota organism’s tissue values, were converted to a whole-body 

concentration, using appropriate conversion factors (Yankovich et al., 2010). 

3.3.3.1. Conversion of dry or ash mass (DM) to fresh mass (FM) 

The calculation of CRs required fresh mass whole body concentrations (Beresford et al., 2008; 

Wood et al., 2010). Conversion needed to be made for whole or tissue concentrations 

reported in literature as dry mass. To convert the dry mass to fresh mass the dry matter 

content of the tissue or whole organism was determined. Conversely, where concentration 

has been stated in literature in dry mass (wildlife), this was simply converted to fresh mass 

CR.  From dry mass to derive the fresh mass, multiplication by the dry matter content was 

applied. Note, fresh mass concentration is always lower than the dry mass concentration.  

3.3.3.2. Converting tissue data to whole body activity concentration 

Data were reported in tissue or whole-body activity concentration. In most cases, in which 

specific tissue data were reported, they were required to be converted to the whole-body 

concentration (Yankovich et al., 2010; Beresford et al., 2008) for CRs calculation using 

appropriate conversion factors given in Yankovich et al. (2010). Generally, specific tissues for 

which data were reported were those that were known to be major target tissues for an 

element and those that were major contributors to the whole-body burden for an element 

(Wood et al., 2010). These tissues include kidney, liver, muscle and bone for animals. Data 

sets of appropriate tissue to whole body conversion factors for freshwater, marine and 

terrestrial environments exist in publications (Beresford et al., 2008; Yankovich et al., 2010) 

and the conversion factors from Yankovich et al. (2010) were used in this study. 

3.3.4. Data synthesis 

The extracted concentration ratios were used in the development of the Sub-Saharan Africa 

database (SSAD) and this database consists of wildlife transfer and food chain transfer 

parameters. Data extracted were maintained in a comprehensive Microsoft excel 

spreadsheet. Standard data summarisation technique described in Wood et al. (2013) was 

applied to data with n>1 value to produce individual concentration values which can be 

statistically compared to those from standard international datasets. The Wood et al. (2013) 

summarised spreadsheet was applied and individual concentration estimates of organisms 

were produced (Wood et al., 2013). The information recorded in the database include, 

habitat, organism, wildlife group or food crop types, ICRP RAPs (life stage, scientific name, 



 

37 
  

common name, the study types, measurement made, date and location, tissue type, media 

type, CR value, SD CRs and element type. Figure 3.3a shows the systematic review protocol 

 

 

Figure 3.3a. The systematic review protocol (Kitchenham and Charters, 2007) 

3.3.5. Systematic review flow chart  

The search conducted returned a total of 2941 journal articles describing one, two or three 

of the core parameters (Sub-Saharan Africa, radionuclides and concentration ratios). About 

2702 articles were removed due to insufficient information to estimate concentration ratios. 

Furthermore, 28 articles were removed for duplication. The remaining 211 articles were used 

for the development of the SSAD, after an independent random review of 20 articles by a 

second reviewer, and all independently randomly reviewed articles were included for the 

development of the transfer database. Figure 3.3b presents the review process flow chart. 
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Figure 3.3b. The flow of the systematic review process & summary of selection (Rothenberg 

et al., 2014)  

3.3.6. Quality assessment, data review and primary data source 

The data quality was assessed using the Hawker et al. (2002) framework which provides for 

methodological appropriateness of included articles (Hawker et al., 2002). This process 

involved specifying criteria for accepting and rejecting journal articles and established guiding 

rules to follow in implementing the systematic review. See criteria for inclusion and guiding 

rules in sub sections 3.3.2 and 3.3.3 respectively. Articles that met the criteria for inclusion 

were scored good (high score). Articles that have not met the criteria were rated poor and 

discarded (scored low). Some articles reported only biota concentrations or only on media 

concentrations, they were rated fair and kept for possible use in Residual Maximum 

Likelihood (REML) (scored moderate). According to Kitchenham and Charters. (2007), 

assessment of data quality standard reduced researcher’s bias and improved the quality of 

the review.  To improve quality, data quality was assessed by second reviewer including my 

research supervisors. Areas of ambiguity for correction were highlighted and corrections were 

implemented. An independent second reviewer made an independent assessment of 

inclusion and exclusion decisions on 20 articles randomly selected from the 211 journal 

articles. The second reviewer’s judgement reduced researcher’s bias and ensure decisions for 
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inclusion and rejection were based on good judgement. In each case, not less than two 

persons judged articles for inclusion (CEE, 2013).  

3.3.7. Research data analysis 

Basically, there were two data categories food chain and wildlife transfer data. Prior to the 

data analysis using SPSS, we extracted individual stable elements/ radionuclide concentration 

ratio from the IAEA and SSAD databases and further run the values using the Wood et al. 

(2013) spreadsheet. The spreadsheet enables concentration ratios with n value greater than 

one to be spread out to obtain individual CR from summarised datasets. The individual CR 

values from IAEA and SSAD were collated on excel spreadsheets and the test of statistics 

performed.  Organisms data within the SSAD were compared to data from IAEA publications 

by element and habitat. Since CRs values always tend towards log normal distribution, 

geometric mean (GM) and geometric mean standard deviation (GMSD) were estimated, 

which provide better statistical measurement of bound of confidence interval for a lognormal 

distribution (Wood et al., 2013). 

3.3.8. Stable elements as radionuclide analogues 

Stable elements have been used as radionuclide analogues for radioisotopes to provide 

transfer data for both human food chain (Shepherd et al.,2009; Uchida and Tagami, 2010) and 

wildlife (Takata et al., 2010; Howard et al., 2013; Guillen et al., 2018). Data on radionuclides 

transfer are limited in SSA due to less development of nuclear programmes and nuclear 

weapon testing in the region. However, there are long standing contamination issues on 

mining legacies and oil exploration in SSA. Therefore, a common approach is to measure 

stable elements as analogues of radionuclides of interest. This approach has been adopted in 

this study and in many previous literature publications (Uchida et al., 2007) and even in the 

development of international transfer databases (Howard et al., 2013) and models such as 

the ERICA (Brown et al., 2008; Brown et al., 2016). Concentration Ratios (CRs) value of 

radionuclides and stable elements are comparable and usually not different (Vera tome et al., 

2003) and as a result stable element can be used as substitutes where radionuclides data are 

lacking (Uchida and Tagami, 2010).  
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3.4. Analysis of data 

The first step of the statistical analysis ensures the sorting of the data sets into groups. Three 

basic groups were identified to include terrestrial wildlife group, terrestrial food crops and 

marine organism’s group. There were different other organisms’ sub groupings within the 

major groups. The analysis compared the SSA data with dataset from IAEA publications. The 

test of normality was undertaken using descriptive statistics in SPSS. The normality test of the 

CRs data shows that the data were not normally distributed and the Kolmogorov-Smirnova, 

Shapiro-Wilk were not significant for most of the data tested. The histogram and Q-Q Plot of 

CRs data confirmed that most data were not normally distributed. See figure 3.3c and 3.3d of 

the histogram and Q-Q plot of the normality test 

 

Figure 3.3c. Histogram test of normality                        Figure 3.3d. Q-Q plot test of normality 

Figure 3.3c and figure 3.3d are the histogram and Q-Q plot of the normality test. Log 

transformation of the data was undertaken, and normality of the log transformed data tested, 

the result shows that more of the transformed data were normally distributed compared to 

the untransformed data. The histogram and Q-Q plot in figure 3.3e and 3.3f respectively 

revealed the degree of normal distribution of the data.  Parametric test using one-way ANOVA 

was chosen to compare the mean of the concentration ratio data of both IAEA and SSAD. 

Analysis of variance was performed to determine the variability among the mean in each 

group and to understand if the differences between IAEA and SSAD concentration ratios were 

significant and different. To further establish the degree of significant difference between 

specific groups, post hoc test was carried out. 
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Figure 3.3e. Histogram of Log transformed data.      Figure 3.3f. Q-Q plot log transformed test 

of normality. 

3.4.1. Summary statistics for terrestrial wildlife concentration ratios 

Table 3.4.1a. Statistical table of significance for terrestrial wildlife for cerium, cobalt and 

caesium.      

Element    Wildlife    Location N                  Mean             SD                 DF                F              P 

         
Ce Herbs IAEA 106 1.65E-02 1.88E-02 1 2.66 0.11 
  SSAD 9 6.21E-03 7.02E-03 113   
Co Grasses IAEA 57 4.53E-02 8.76E-02 1 1.48 0.23 

  SSAD 30 2.54E-02 2.49E-02 85   
Cs Herbs IAEA 103 9.53E-02 2.75E-01 1 0.33 0.57 
  SSAD 19 5.90E-02 3.05E-02 120   

  

There was no statistically significant difference between elements-organism combinations at 

(p=0.05) level of significance. The summary of the descriptive statistics for terrestrial wildlife 

is contained in Appendix 1. No specific pattern has been observed with the analysis of 

variance for wildlife between the two groups (IAEA and SSAD dataset) in all these elements 

and wildlife combinations:  Ce (Herbs), Co(Grasses), Cs (Grasses), Cu (Grasses, Tree), 

Eu(Herbs), Mn (Annelid, Tree), Mo (Grasses, Herbs), Ni (Amphibian, Grasses), Pb (Annelid, 

Grasses,), Se (Grasses), Sr (Herbs), U (Grasses, Tree), U-238 (Grasses, Herbs), V (Grasses, Tree), 

were not significant. Table 3.4.1b indicates significant difference between terrestrial wildlife. 
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Table 3.4.1b. Statistical table of significance of CRs for different terrestrial wildlife. Note; 

Se=selenium, Cs=caesium and U= uranium (SD= Standard deviation, DF= Degree of freedom) 

Element Wildlife         Location      n              Mean                 SD               DF            F              P 

         
Se Mammal IAEA 40 2.36E-01 2.54E-01 1 33.08 0.00 
  SSAD 40 4.75E-03 6.83E-03 78   

Cs 
Grasses 
and Herbs IAEA 16 5.79E-02 2.75E-02 1 16.54 0.00 

  SSAD 17 2.47E-02 1.88E-02 31   

U Herbs IAEA 92 9.64E-02 1.09E-01 1 9.52 0.00 
  SSAD 15 9.26E-03 1.21E-02 105   

 

However, in the following elements and wildlife combinations: Co(Herbs), Cr (Amphibian, 

Annelid, Arthropod, Tree), Cs (Grasses and Herbs, Tree), Mn (Amphibian, Arthropod, Grasses), 

Ni (Annelid, Arthropod, Tree), Pb (Amphibian, Arthropod, Mammal, Tree,), Ra-226 (Grasses, 

Grasses and Herbs, Herbs), Rb (Grasses, Herbs, Tree), Th (Grasses, Grasses and Herbs, Herbs), 

V (Amphibian, Annelid, Arthropod, Grasses), Se (Mammal), Sr (Tree), U (Herbs), significant 

differences were observed between IAEA and SSAD concentration 

3.4.2. Analysis of variance for fresh water and marine wildlife 

Individual statistics of the concentration ratios of fresh water and marine wildlife are 

presented in the Table 3.4.2a. The analysis of variance for barium for the marine wildlife group 

shows significant difference for crustacean and macroalgae but for fish no significant 

difference was observed. Conversely, for cobalt, significant difference was observed between 

IAEA and SSAD concentration ratio for fish dataset, but no significant difference was observed 

in crustacean and macroalgae. For Mo, Rb and Se, the analysis of variance in fish data revealed 

that there was a significant difference in concentration ratio (CR) values between the two 

groups (IAEA and SSAD). Similarly, for Mo and Sb in macroalgae group of organisms, 

significant difference was also observed. For uranium and strontium, there was no significant 

difference in fish data analysed between IAEA and SSAD data as observed in figure 3.4.2b.  
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Table 3.4.2a. Barium and Cobalt mean CRs for freshwater and marine wildlife 
 

Element       Wildlife      Location N                      Mean                 SD           DF             F            P 

         
Ba  Fish IAEA 15 9.59E+00 7.15E+00 1 1.37 0.24 
  SSAD 409 3.53E+02 1.14E+03 422   
 Macroalgae IAEA 9 1.94E+03 1.15E+03 1 34.78 0.00 
  SSAD 12 3.23E-01 2.15E-01 19   
Co  Fish IAEA 93 5.72E+02 1.27E+03 1 17.61 0.00 
  SSAD 252 1.36E+02 6.39E+02 343   
 Macroalgae IAEA 135 5.10E+03 9.96E+03 1 3.12 0.08 
  SSAD 12 8.40E+00 8.63E+00 145   

 

Fish-Ba, Co 

The values of CRs for Ba presented in this study in table 3.4.2a were derived from data (n=409) 

in seven articles (Retief et al., 2009; Jordan, 2012; Otachi et al., 2015; Jooste et al., 2015; 

Leopold et al ., 2009; Taiwo and Awomeso, 2017; Afolayan, 2018).  The Ba CR is 36 times 

greater than IAEA value (based on n=15). The Co CRs for SSA were derived from data (n=252) 

presented in eleven articles (Adeyeye,1994; Asaolu and Olaofe, 2005; Olawale and Musa, 

2005; Retief et al., 2009; Oyoo-Okoth et al., 2013; Cheyns et al., 2014; Muposhi et al., 2015; 

Sone et al., 2017; Utete et al.,2018; Ezemonye et al., 2019).  The mean Co CR for SSA was 4 

times lower than the IAEA value (n=93). 

Table 3.4.2b. The mean concentration ratios of fish in different stable elements 
 

Element   Wildlife        Location N                   Mean             SD                   DF          F            P 

Mo Fish IAEA 23 1.59E+00 4.40E-01 1 8.23 0.01 
  SSAD 70 1.41E+01 2.09E+01 91   
Rb Fish IAEA 20 6.46E+01 3.05E+01 1 12.32 0.00 
  SSAD 34 2.05E+02 1.76E+02 52   
Se Fish IAEA 41 1.01E+03 6.83E+02 1 90.16 0.00 

  SSAD 44 3.46E+01 3.34E+01 83   
Sr Fish IAEA 22 2.05E+01 2.82E+01 1 2.39 0.12 
  SSAD 614 3.30E+02 9.37E+02 634   
U Fish IAEA 18 4.87E+00 6.23E+00 1 0.11 0.75 
  SSAD 35 4.44E+00 3.58E+00 51   
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Fish- Mo 

The values of CRs presented for SSAD in table 3.4.2b was derived from data (n=70). This data 

came from four articles; Retief et al., 2009; Overah et al., 2012; Otachi et al., 2015 and Taiwo 

and Awomeso, 2017), their values were 9 times higher than values presented in IAEA data 

(n=23). 

Fish- Rb 

The values of Rb concentration ratios presented in this study in the Table 3.4.2b was derived 

from the article (Otachi et al., 2015) for n=34 number of observations, their mean CR value 

was 3 times higher compared to the mean CR for fish in IAEA data(n=20) data for Rb. 

Fish- Se 

Se CR values presented for SSAD in Table 3.4.2b was derived from data from three articles 

(including Retief et al., 2009; Overah et al., 2012 and Olabanji and Oluyemi, 2014), number of 

observations (n=44). SSAD CR value was 29 times lower than values presented in IAEA (n=40) 

Fish-Sr 

The values of CRs presented in this study in the Table 3.4.2b was derived from data presented 

for (five articles; Retief et al., 2009; Crafford et al., 2010; Jordan, 2012; Leopold et al., 2015; 

Sone et al., 2017) (n=614), the mean CR value was 16 times higher than values presented in 

IAEA (n=22)  

Fish- U 

The values of SSAD CRs presented for uranium in the Table 3.4.2b was derived from data 

presented for two articles (Retief et al., 2009; Sone et al., 2017) , (n=35), the mean value was 

in the same order of magnitude with values presented in IAEA (n=18). There was no difference 

and CR were comparable for both SSAD and IAEA data. 
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Table 3.4.2c. CRs statistical table of significance of macroalgae for Mo and Sb 
 

Element    Wildlife     Location   N                  Mean            SD                   DF               F            P 

Mo Macroalgae IAEA 89 2.38E+01 3.41E+01 1 5.67 0.02 
  SSAD 12 2.12E-01 2.80E-01 99   
Sb Macroalgae IAEA 43 1.57E+02 2.35E+02 1 5.25 0.03 
  SSAD 12 3.41E-02 5.37E-02 53   

  

Macroalgae- Mo 

Values of CRs presented in table 3.4.2c was derived from data presented for 

(Boamposam,2009) (n=12), CR value was 112 times lower than values presented in IAEA 

(n=89). 

Macroalgae- Sb 

The values of CRs for both Sb and Co presented in this study were derived from data (n=12) 

from two articles (Boamposam, 2009; Taiwo and Awomeso, 2017). Mean value was (4593 and 

607 times) lower than values presented in IAEA (n= 43, 135) respectively.  

3.4.3. Analysis of variance for food crops 

Table 3.4.3a.   Statistical table of significance for Cobalt in food crops 
    

Element    Food crops      Location n               Mean                SD                   DF           F           P                  

Co Cereal IAEA 65 3.65E-02 4.12E-02 1 5.92 0.02 
  SSAD 16 6.98E-02 7.40E-02 79   

 
Leafy 
Vegetable IAEA 185 2.61E-01 2.02E-01 1 83.80 0.00 

  SSAD 625 1.81E+00 2.30E+00 808   
 Maize IAEA 77 4.06E-02 4.06E-02 1 4.31 0.04 
  SSAD 47 7.71E-01 3.09E+00 122   
 Tuber IAEA 56 7.46E-02 7.27E-02 1 4.38 0.04 
  SSAD 203 1.25E-01 1.75E-01 257   
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Table 3.4.3b. Statistical table of significance for caesium and strontium in food crops 
 

Element    Food crops Location n                 Mean           SD                     DF            F            P 

Cs Root IAEA 93 7.41E-02 1.43E-01 1 16.35 0.00 
  SSAD 7 3.07E-01 1.96E-01 98   
Sr  Legume IAEA 148 2.00E+00 1.32E+00 1 4.25 0.04 
  SSAD 3 3.59E+00 5.37E-01 149   
Sr  Tuber IAEA 106 2.47E-01 1.71E-01 1 131.31 0.00 
  SSAD 4 1.58E+00 9.18E-01 108   

 

Table 3.4.3c. CRs statistical table of significance of other elements-food crops combinations. 
  

Element    Food crops         Location n           Mean             SD                DF              F            P 

Co  Root IAEA 16 1.54E-01 1.34E-01 1 1.43 0.23 
  SSAD 138 3.30E-01 5.86E-01 152   
 Vegetable IAEA 7 1.56E-01 5.60E-02 1 0.36 0.55 
  SSAD 573 2.88E+00 1.20E+01 578   
Cs Tuber IAEA 138 9.46E-02 9.82E-02 1 2.09 0.15 
  SSAD 4 2.33E-02 1.12E-02 140   

Sr 
Leafy 
Vegetable IAEA 217 1.98E+00 1.86E+00 1 0.16 0.69 

  SSAD 17 1.79E+00 1.73E+00 232   
 Maize IAEA 75 7.70E-01 6.00E-01 1 0.04 0.84 

  SSAD 2 8.55E-01 7.78E-02 75   
 Vegetable IAEA 19 1.03E+00 1.90E+00 1 2.45 0.13 
  SSAD 7 2.35E+00 1.96E+00 24   

U Root IAEA 83 5.86E-02 9.37E-02 1 1.00 0.32 
  SSAD 6 2.01E-02 2.15E-02 87   

 

      

  



 

47 
  

Individual statistical results for food crops are contained in appendix 3. Co (cereal, leafy 

vegetables, maize, tuber), Cs (root), Mn (cereal, maize, root), Ni (cereal), Pb (legume), Rb 

(leafy vegetable), Sb (root), Sr (legume, root, tuber), U (vegetable), Zn (cereal) and all the 

stable elements - food crop combinations listed, showed significant difference in CRs values 

between IAEA and SSAD data. 

Co- Cereal, leafy vegetable, maize 

Values of Co for cereal in SSAD CRs presented in the table 3.4.3a were derived from data 

presented for (n=16). Mean SSAD CR value was 2 times higher than values presented in 

IAEA(n=65). Similarly, values of Co CRs presented in the Table 3.4.3a was derived from data 

presented for (n=625). Mean CRs value was 7 times higher than values presented in IAEA 

(n=185) for leafy vegetable. In the same vain, values of Co CRs presented for SSAD in the Table 

3.4.3a was derived from data with (n=47) number of observations. The mean CR for SSAD 

maize was 18 times higher than values presented in IAEA (n=77). 

Cs- Root, Sr- Tuber and U- Vegetable  

Values of Cs CRs presented for SSAD in the table 3.4.3b was derived from data presented for 

(n=7) observations. Mean value of the root crop CR was 4 times higher compared to values 

presented in IAEA (n=93) for caesium. Similarly, values of Sr CRs presented for SSAD in the 

table 3.4.3b was derived from data presented for (n=4). Mean value was 6 times higher than 

values presented in IAEA (n=106) for tuber crops. Values of CRs presented for SSAD for legume 

in the table 3.4.3b was derived from data presented for (n=3) and value was slightly higher 

than values presented in IAEA (n=148).  

However, for Ba (Leafy vegetable, Tuber, vegetable), Co (Legume, Root, vegetable), Cr (Cereal, 

Leafy vegetable,, Root, Tuber, Vegetable), Cs (Tuber), Mn (Leafy vegetable, Legume, Tuber, 

Vegetable), Mo (Leafy vegetable, Maize), Pb (Cereal, fruit, Leafy vegetable Maize, Root, Tuber, 

Vegetable), Rb (Root), Sb (Tuber), Sr (Leafy vegetable, Maize, Vegetable), U (Root, Tuber), Zn 

(Leafy vegetable, Maize, Root, Tuber, Vegetable), there were no statistical significance 

between IAEA and SSAD transfer parameter dataset. 
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Co- Legume 

Values of CRs presented in this study in table 3.4.3c were derived from data presented for 

(n=27). Mean value was comparable to values presented in IAEA (n=105).  

Cs- Tuber Sr- Leafy Vegetable U- Root Pb- Root, Cereal 

Values of SSAD CRs presented in table 3.4.3c were derived from data presented for (n=4). 

Mean value was slightly lower than values presented in IAEA(n=138) for tuber crops. Values 

for SSAD CRs presented in the table 3.4.3c were derived from data presented for (n=17). The 

mean value of the CR was comparable to values presented in IAEA (n=217) for vegetable and 

were within the same order of magnitude. In addition, values of CRs presented for uranium 

in table 3.4.3c were derived from data presented for (n=6) for root crops. Mean value was 

slightly lower than values presented in IAEA (n=83). The values were within the same order 

of magnitude. Values of SSAD CRs presented for maize in Table 3.4.3c were derived from data 

presented for (n=2). Mean value was comparable to values presented in IAEA (n=75).  

Figure 3.4 summarises the comparison of mean IAEA: SSAD CRs. There was no consistent 

pattern in the differences observed although the majority of crop mean CRs in SSAD were 

greater than those in the IAEA data compilation. 
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Figure 3.4. Ratios of mean IAEA to mean SSAD concentration ratios for different organism-element combinations. The green markers indicate 

IAEA:SSAD ratios below 1, yellow markers indicate ratios between 1 and 10, orange markers indicate ratios greater than 10. Elements are grouped 

according to their periodic table groupings.   

IAEA:SSAD

Cs Rb Ba Sr Co Cr Mn Mo Ni Pb Zn Sb Se Ce U

Wildlife Grasses 1.78E+00 1.33E+00 2.02E+00 1.27E+00 1.48E+00 2.03E+00

Herbs 1.62E+00 2.66E+00 1.04E+01

Grasses & Herbs 1.34E+00

Tree 1.04E-02 4.01E-01 3.80E-02 1.01E-01 1.32E+00

Macroalgae 6.01E+03 6.08E+02 1.12E+02 4.59E+03

Amphibian 2.09E-02 1.97E-02 6.60E+00 5.22E-02 1.36E-01

Annelid 1.61E-01 1.65E+00 5.82E-02 5.69E-01 5.24E+01

Arthropod . 5.93E+00 1.15E+02 1.28E+01 1.14E+01 8.58E+02

Crustacean 1.00E+02 2.11E+02

Fish 3.15E-01 2.72E-02 6.23E-02 4.19E+00 1.13E-01 2.93E+01 1.10E+00

Mammal 4.96E+01

Crop Root 2.41E-01 4.67E-01 2.92E+00

Tuber 1.57E-01 5.98E-01

Vegetable 4.38E-01 5.43E-02

Leafy Vegetable 1.10E+00 1.44E-01

Maize 9.01E-01 5.27E-02

Legume 5.59E-01

Cereal 5.23E-01
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3.5. Discussion of results for terrestrial wildlife 

The evaluation of stable elements need to be assessed based on scenarios and relative 

importance in contribution to total exposure of different wildlife groups for example, the CRs 

for tree in the terrestrial ecosystem and for the following stable elements (Cr, Mn, Pb, Ni, Cs, 

Sr, V and Rb) showed higher CR values in SSAD compared to the IAEA.  The CRs values were 

between 1 to 3 order of magnitudes higher than IAEA and this may be due to trees being 

perennial crops with long life span and prolong exposure period for contamination by stable 

elements. The allometric approach relates body mass to life span and therefore uses 

biological variables or parameters to estimate concentration ratio. This would suggest that 

lifespan may have an implication on the overall radionuclide burden of wildlife (Higley et al., 

2003; Beresford et al., 2004; Beresford et al., 2010). Besides, trees have deep rooting system 

which are capable of penetrating into the sub-soil and therefore greater access to nutrient 

(stable elements). In SSA, stable elements availability in the sub soil may be due to leaching 

(Gwenzi et al., 2015; Obiora et al., 2016) and with more erosion activity in SSA caused by 

heavy rainfall than for temperate region (Europe and North America). The concentration ratio 

of strontium is higher than caesium for tree and this may likely be due to strontium being 

calcium analogue and its required for the formation of tree bark and strong roots (Howard et 

al., 2013). For the arthropod(bee), higher transfer values may likely be attributed to specie 

migration which may likely result in specie exposure to environmental contaminants (Leita et 

al., 1996; Conti and Botre, 2001; Porrini et al., 2003). Heavy metals including chromium 

accumulate to reasonable extent in arthropod (bee). 

Stable caesium in plants (Grasses, Grasses & Herbs, Herbs, Tree) presents an average 

concentration of 0.037mg/kg, and this compared to Beresford et al., 2018 plant stable 

caesium data (0.012mg/kg) comparatively of the same order of magnitude. Though stable 

strontium showed higher concentration ratios in SSAD data, CR value was within an order of 

magnitude higher than IAEA. The mean CR of stable uranium in SSAD for herbs were lower 

compared to values presented in IAEA and SSAD for the radioisotopes (238U). Similar pattern 

was reported by Barnett et al. (2014) but for stable caesium in (wild grass and pine tree 

species) for which the mean of the stable element was lower compared to the 
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radionuclide(137Cs) (Barnett et al., 2014; Thorring et al., 2016). Beresford et al. (2013) and 

Wood et al. (2013) also noted significant differences in radio and stable element data 

extracted from the wildlife transfer database. Beresford et al., (2018) observed low values for 

stable Cs and Sr compared to 137Cs and 90Sr. Higher CRs obtained from SSA for wildlife 

compared to IAEA may be attributed to a combination of factors explained in chapter two.  

This result aligned with Johansen and Twining, 2010 which demonstrated higher CRs from 

semi-arid Australia terrestrial wildlife and livestock compared to values from temperate 

environment. 

3.5.1. Discussion of results for freshwater and marine wildlife 

Due to the diversity of species and the range in physicochemical conditions in natural 

ecosystems, CRs data are often subject to variation and these may range from 1-3 order of 

magnitude even within similar species (Yankovich et al., 2013). Many aquatic organisms 

including some fish are filter feeders and tends to accumulate particles of stable elements 

especially reactive elements such as Cs, Sr, Ca, K, Ba (Howard et al., 2013). The aquatic CRs in 

this study were dominated by fish data and the highest CRs values were observed in Sr and 

Barium. This may likely be due to their ability to accumulate in many aquatic organisms. 

Secondly, strontium is also an important analogue to calcium which is essential element for 

the formation of strong tissues and bones in many aquatic organisms including fish. Major 

species of fish in the SSA include (Clarias spp, Oreochromis spp, common carp). They are 

basically bottom feeders but occasionally filter feeding on particulates in surface water 

(Menezes et al., 2010). For transuranic element(uranium), similarity in CRs values in the same 

order of magnitude was observed which may suggest a similar behaviour of transuranic in 

both SSA and IAEA aquatic environment. However, in contrast, Co and Se CRs have been 

relatively lower than values reported in IAEA. This may be due to water quality and other 

environmental variables (increased organic matter) can modify accumulation of metals in 

aquatic system. Interactions with other elements can increase or decrease Co and Se 

accumulation (ASTDR,2003; Hamilton and Palace, 2001). For example, metal competition (e.g. 

Ca2+) or complexation of carbonates can potentially reduce stable elements bioavailability, 

accumulation and bioconcentration in aquatic system (Pascoe et al., 1986; Spry and Wiener, 

1991; Muscatello and Janz, 2009). Co, Mo, Se and Sb released into aquatic environment may 

be removed by plankton which are primary producers and later deposited on sediments or 
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dead organic materials (Muscatello and Janz, 2009).  Macroalgae as primary producers has 

been linked as a source of essential trace and stable elements and are important bioindicators 

of stable elements pollution (Kalesh and Nair, 2006) and should likely accumulate high 

number of stable elements however, results from this study contrast this. Results from this 

study showed that CRs values from Sb, Mo, Co were 2-3 order of magnitude lower than values 

reported in IAEA. Variation between the element increases in the order (Sb< Mo< Co) with 

highest concentration obtained in cobalt. These differences may be attributed to metal ions, 

ambient solution or nature of macroalgae itself (Eisler, 2009). 

3.5.2. Discussion of results for the food chain 

Much of human foods are directly or indirectly linked to plant materials. Plants and 

vegetations including the human food chain may be subject to direct or indirect 

contamination following atmospheric releases of radionuclides. Contamination by 

radionuclide of the food chain may lead to high human exposure to radionuclides and as such 

detailed study of radionuclides transfer in the SSA would improve knowledge of radionuclide 

contamination to human food chain, assess impact and prevent human radiological exposure 

as well as guide future researches and modelling radionuclides transfer in SSA. Results have 

shown that there are variations in CRs values of stable elements for cereal, legume, root, 

tuber, leafy vegetables, maize and vegetables. These variations may be a result of several 

factors including crop morphology and physiology for stable elements, soil, radionuclides/ 

stable element, climate and time factor (Golmakini et al.,2008; IAEA, 2010). Past literatures 

reported that different part of plants show varying ability for uptake and accumulation of 

stable elements (Kabata pendias, 1995; Wang et al., 2013). In another study by Smical et al. 

(2008), demonstrated that CRs values vary in order of leafy vegetable>vegetable>root> 

cereals. Another report found the mean concentration of heavy metals in cereal was lower 

compared to leafy and non-leafy vegetables (Sinha et al., 2006; Singh et al.,2010). For this 

study, higher concentration for cereal have been observed in Co, Ni and Pb which is 1-2 order 

of magnitude higher than IAEA, however, for Mn and Zn, IAEA CRs values were 1 order of 

magnitude higher than SSAD. The variation in CRs values may likely be attributed to some of 

these factors already mentioned in chapter two of this study and which include the 

biochemical behaviour of individual elements, soil mineralogical composition, organic matter, 

pH and fertility (IAEA, 2010). The soil (media) where the plant grows influences the uptake of 
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radionuclide. The concentration of this elements depends on soil moisture, the pH, CEC, OM 

content, microbial activities, soil structure, clay mineral content and agricultural practices 

(IAEA,2010). CRs values in tropical and sub-tropical soil which are high in acidity and majorly 

1:1 clay mineral may affect the uptake and accumulation of stable elements (Fan et al., 2014). 

Most soils in SSA are regularly cultivated for agricultural purposes and cultural practices of 

ploughing are practices which disturb the vertical distribution of radionuclides. This mixing 

(ploughing) enhances contact between deposited particles and soil matrix which will results 

in dilution of radionuclides concentrations and increased sorption (Strebl et al., 2007). 

Similarly, fertilizers such as NPK are routinely applied to maintain adequate crop yield and 

productivity which in return boost nutrient deficiency and low pH Both low pH (acidic pH) and 

poor nutrient status reduces crop yield and promote high radionuclide uptake. Poorly drained 

and organic soils increase radionuclide transfer (Strebl et al., 2007). 

The CRs of strontium was observed to be higher in tuber, legumes and vegetable except for 

leafy vegetable where lower value was obtained compared to IAEA. The CRs values were in 

the same order of magnitude except for tuber where SSAD was one order of magnitude 

greater than IAEA. The highest Sr CRs was observed in legumes and it follows in the order 

(Legumes > vegetables> leafy vegetables>tuber). However, the SSAD CRs were limited by 

fewer replicates compare to IAEA except for leafy vegetables where higher replication was 

observed. Sr CRs were 2 order of magnitude higher compared to Cs CRs for tuber crops. Sr 

and Cs are chemical analogues of Ca and K respectively. The influence of elemental analogues 

may affect accumulation and transfer Sr and Cs in tuber (Baeza et al.,1999; IAEA, 2010). The 

uptake and metabolism of strontium follow a trend like that of calcium (Coughtrey and 

thorne, 1983; Golmakani et al., 2008). Strontium to calcium ratio was observed to be highest 

in root crops, followed by cereals and then fruits. Strontium uptake is therefore inversely 

related to the amount of exchangeable calcium in the soil. The greater the exchangeable 

calcium the lower the Sr/Ca ratio and the lower the uptake of strontium (Golmakani et al., 

2008). 

Uranium was observed to be high in vegetables and one order of magnitude higher than IAEA. 

High transfer of radionuclides has been associated with vegetables from previous studies 

(Khan et al., 2011). However, variability is not an uncommon phenomenon in CRs values which 

may likely be influenced by the soil types and other variables (such as plant, chemical nature 
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of radionuclides, soil organic matter, pH, fertilizer application) (IAEA, 2010). Uranium in plant 

is greatly influenced by the uranium content in soil at such granitic weathering soils produced 

the uranium richest vegetable and forage crops (Muller et al., 2010). According to Muller et 

al. (2010), high amount of uranium was observed with vegetables, green folders, grasses, 

legumes, spices and herbs but lower concentration of uranium in starchy food stuffs (honey, 

cereal, wheat, rye, bread, margarine, seeds). The accumulation of uranium decreases with 

aging of plant due to dilution effects by other assimilates in the plant (Muller et al., 2010) and 

the aging effects is commonly observed with macro as well as trace elements. 

3.6. Conclusion 

A Sub-Saharan African database of radionuclides transfer parameters has been developed. 

The database has been developed from CRs data compiled from about 211 articles obtained 

from the comprehensive review of journal articles from Sub-Saharan Africa (SSA). 

Concentration ratios (CRs) which consists of CRs values for wildlife (terrestrial and aquatic), 

as well as human food chain from SSA has been presented. The CRs cover a range of 

radionuclides and stable elements as well as food crops and wildlife. The results showed that 

concentration ratio typically conform to a lognormal distribution. The results suggested that 

SSA CRs were different from those of IAEA. There was no consistent pattern observed in the 

CRs for SSAD and IAEA. 

 Comparison of SSAD and IAEA CRs was undertaken for radionuclides and stable elements in 

different wildlife groups and food crops. While significant differences have been observed in 

some radionuclides-organism combinations, in some other organisms no significant 

differences have been observed. In food crops, strontium has been observed to show 

significant difference in root and tuber crops but no significant difference with vegetables and 

direct opposite relationship being observed with uranium being significant with vegetables 

and no significant difference for root and tuber crops. For food crops, the mean concentration 

ratios were higher in SSAD compared to the IAEA. The result agreed with Velasco et al. (2009) 

which suggested that there is a difference in transfer factors for tropical or subtropical 

environments compared to transfer factors from the temperate environment. Variability 

observed in transfer factor may be attributed to a combination factors already highlighted 

chapter 2. 
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4. RADIONUCLIDES TRANSFER TO FOOD CROPS AND ICRP REFERENCE ANIMALS 

AND PLANTS (RAPS) AT PROPOSED NUCLEAR SITES IN NIGERIA   

4.1. Abstract 

Reviews of radionuclides environmental impact assessment and transfer to human food chain 

started many decades ago (Brechignac, 2001; IAEA, 2009). As a result, dynamic food chain 

models and computer codes known as PATHWAY (Whicker and Kirchner, 1987), COMIDA 

(Abbott and Rood, 1994), FARMLAND (Brown and Simmond, 1995), were developed to assess 

the environmental impacts of radionuclide transfer to human food chains. Similarly, but most 

recently, a system for radiological environmental protection of non-human biota (wildlife) 

based on the use of Reference Animals and Plants (RAPs) has been developed. The 

International Commission on Radiological Protection (ICRP), recommended a set of Reference 

Animals and Plants (RAPs) based on which environmental assessment for non-human biota 

can be made (ICRP, 2007). This study presents the results of the assessment of radionuclides 

transfer to human food crops and ICRP Reference Animals and Plants (RAPs) in Sub-Saharan 

Africa. It is the first research study on ICRP RAPs in the Sub-Saharan Africa.  

Samples were collected within 0.4km2 area of the two planned locations (Geregu and Itu) for 

nuclear power build, in Nigeria. This study determined the concentration of nine stable 

elements which include Caesium (Cs), Strontium (Sr), Cobalt (Co), Selenium (Se), Uranium(U), 

Thorium (Th), Molybdenum (Mo), Europium(Eu) & Cerium(Ce) and the corresponding whole-

body (non-human biota) concentration Ratios (CRs).  Concentration ratios were determined 

for five terrestrial RAPs and six agricultural food crops as well as the corresponding 

concentrations in soil samples to both human food crops and non-human biota samples 

(wildlife). The agricultural food crops sampled include (cassava, maize, rice, plantain, okra, 

groundnut(peanut)), and terrestrial RAPs include (rat, frog, bee, earthworm and wild grass). 

Agricultural food crops and RAPs were collected from both locations in Nigeria. Concentration 

of stable elements radionuclides analogues were determined for both agricultural food crops 

and RAPs using Perkin Elmer Microwave Plasma Atomic Emission Spectroscopy (MP-AES). 

Results of the stable element analysis showed that the concentration of stable element in the 

Sub-Saharan Africa (SSA) are significantly higher for both agricultural food crops, wild grass 
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and small mammals compared to concentration reported in the IAEA publication. 

Amphibians, annelids and arthropods present lower activity concentration values compared 

to IAEA data. Subsequently, Concentration Ratios (CRs) of the elements in both food crops 

and wildlife were estimated. The results were statistically compared with values presented in 

the IAEA (2009) and a significant difference were detected between CRs values obtained from 

Sub-Saharan Africa (SSA) and the those in the IAEA publication. Higher concentration ratios 

observed in the SSA data may be attributed to several factors already highlighted in chapter 

two of this study and which may include soil properties and climatic conditions. 

4.2. Introduction 

 Several extensive studies on radionuclides transfer along the food chain have been 

undertaken. Earlier research studies focused on the evaluation of the biological impact of 

nuclear weapons testing and releases especially from military cantonments.  During the early 

studies on global radionuclides fallout on man, some mobile radionuclides (90Sr, 137Cs and 131I) 

accumulated in human food stuffs in the environment (Brechignac,2001; IAEA,2009). In the 

1960s, the list of these radionuclides expanded with the development of civilian uses of 

nuclear energy and further experiment on transfer of activation products (54 Mn, 60Co, 65Zn), 

natural radionuclides (238U, 226Ra, 232Th, 210Pb, 210Po), transuranic (237Np 240Pu, 241Am) and 

other radionuclides (3H, 14C).  The scientific basis for predicting contamination to agricultural 

food and various other contamination assessment studies and model developments started 

to develop (IUR, 2001). In Europe and North America, wide research on radionuclides transfer 

have been undertaken and assessment approaches/models to simulate the transfer of 

radionuclides through terrestrial foodstuff have been developed (including FARMLAND- Food 

Activity from Radionuclide Movement on LAND, ECOSYS-87 (Matthies et al., 1982; Kohler et 

al., 1991), the Absalom approach) (Brown and Simmonds, 1995; Absalom et al., 1999). Most 

of these models/approaches have been used to assess radionuclide transfer through the food 

chain in Europe, particularly after the Chernobyl nuclear accident (Kohler et al., 1991). 

Technical documents, transfer parameter handbooks and compilations which provide 

requirements for quantifying transfer to foodstuffs, cereals, vegetables, pastures and grasses 

are available (IUR, 1989; IAEA, 2009). 
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The protection of the non-human biota started about two decades ago because of the 

consideration that environmental must be total and the protection of man does not 

guarantee other components of the ecosystem are adequately protected (Pentreath, 2007). 

Since then, environmental protection has evolved through different stages due to increasing 

concerns on the need for humans and wildlife to be protected from anthropogenic radiation 

sources. Several concepts have been suggested including the concept of “Reference Man” 

(Pentreath, 2007,2009), the suggestion of assessing the environment on its own’’ (ICRP,1991; 

ICRP,2007; ICRP, 2008) and the concept of Reference Animals and Plants ( ICRP, 2007,2008). 

Based on the ICRP recommendation, this study conducted a research sampling in Nigeria, 

focusing on and carefully aligning sampled organisms to the terrestrial ICRP RAPs.  

Nuclear programmes have started to develop in Sub-Saharan Africa and Nigeria, South Africa, 

Kenya, Niger and Ghana have plans to construct nuclear power plants. Nigeria has planned to 

improve its electricity generation through the introduction nuclear energy to increase its 

energy mix (http://www.world-nuclear-news.org/NN-Agreements-signed-for-Nigerian-

nuclear-project-3110177.aspx). The country planned to achieve 1000MW capacity with 

Nuclear Power Plants in the first year of installation and is expected to increase to 

4000/5000MW by 2030 (Aduba, 2012; Aliyu et al., 2015). There could be potential release of 

radionuclides when the planned nuclear plant become operational. The country has identified 

two locations for the proposed nuclear plants.  These locations, Geregu and Itu have been 

selected as case study sites for the collection of soil, plant and biota samples. 

In the event of planned discharges of radionuclides, assessment by means of transfer models 

which estimate transfer through compartments (food chain) of the environment is critical 

(IAEA, 2001). Models can be applied to assess the impact of accidental releases of 

radionuclides and to predict future impact of releases from underground repositories 

(IAEA,2010). However, model reliability depends on data quality and measurements made in 

the environment being assessed (IAEA,2010). As a result, it is important to develop transfer 

parameters data for the region which can be used as input to quantify transfer and to conduct 

an environmental impact assessment.  

The development of nuclear programmes in Sub-Saharan Africa and planned nuclear power 

plant construction in Geregu and Itu suggest, there is a need to estimate radiation doses that 
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humans and non-human biota would receive as a result of the nuclear facility either by routine 

or accidental discharges. This study will attempt to assess the radiological effects of the 

planned nuclear plant on humans and non-human biota. The Environmental Risks from 

Ionising Contaminants: Assessment and Management (ERICA) integrated approach would be 

used to assess the risk impact due to ionising radiation on non-human biota. 

Models have been developed for assessing radionuclide transfer to wildlife. This include the 

ERICA Tool (Brown et al., 2008), RESRAD-BIOTA (USDoE, 2003), R&D 128/sp1a (Copplestone 

et al., 2001, 2003). These models require inputs to quantify exposures (especially dose rate) 

of wildlife to radiation effects (Vives i Battle et al., 2007; Beresford et al., 2008a). Many of the 

model used the concentration ratio to estimate activity concentration in the organisms and 

consequently their internal dose rates (Copplestone et al, 2001, 2003).  The modelling 

approach represents transfer of radionuclides to wildlife by simple Concentration Ratios 

(CRs), which allow prediction of whole organism activity concentrations from activity 

concentrations in environmental media (soil, water or air) (Beresford et al., 2008a; Beresford 

et al., 2008b; Beresford et al., 2008c; Copplestone et al., 2001; Hosseini et al., 2008; USDOE, 

2003). Refer to section 2.5 of this study for more information on the concept of concentration 

ratio modelling approach.  

About 200 elements /RAPs combination were reported in ICRP publication, ICRP, (2009), but  

data is sparse and only a few (about 37%) elements/ RAPs has data available in the wildlife 

transfer database (http://www.wildlifetransferdatabase.org) and for some radiological 

significant elements (like iodine) data are not available (Copplestone et al., 2013; Guillen et 

al., 2018). The table 5.1 shows the terrestrial RAPs and the specific family defined in the RAPs. 
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Table 4.2. Terrestrial Reference Animals & Plants (RAPs) (ICRP, 2008)  
  

Terrestrial 

RAPs 

RAPs Sample Family Species sampled 

Deer  

Rat  

Frog  

Duck  

Bee  

Earthworm  

Pine tree 

Wild grass 

Not sampled 

African rat 

African Frog 

Not sampled 

Honeybee 

Earthworm 

Not sampled 

Guinea grass 

Cervidae 

Muridae 

Ranidae 

Anatidae 

Apidae 

Lumbricidae 

Pinaceae 

Poaceae 

Nil 

Arvicantis niloticus 

Amnirana galamensis 

Nil 

Apis mellifera 

Lumbricus terrestris 

Nil  

Panicum maximum 

 

Both the ICRP RAPs and ERICA approaches have been used for conducting environmental 

assessments (ICRP, 2007; Larsson, 2008; Aliyu et al., 2015). Aliyu et al. (2015), has used the 

ERICA approach to assess the risk of the proposed nuclear plant by using ERICA generic data. 

While RAPs form the basis for collating and analysing data useful for environmental impact 

assessment, it also provides advice for wildlife and environmental protection (ICRP, 2008).  

The ERICA encompassed a broader wildlife groups, defined in less specific family level unlike 

the RAPs (ICRP., 2008). According to ICRP (2009), data for radionuclide transfer assessment 

can be collected once a suitable site has been identified. Sampling of five RAPs and six food 

crops in July 2017 at two proposed sites for nuclear build, Geregu and Itu in Nigeria were 

undertaken. 

Radionuclides have different sources and pathways through which they are transferred and 

contaminate the food chain in the terrestrial ecosystem (Muller and Prohl, 1993). Basically, 

major pathways include atmospheric dispersion, groundwater dispersion, inhalation, root 

uptake, foliar deposition, ingestion, (Muller and Prohl, 1993).  
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Figure 4.2. The pathways of radionuclide transfer in terrestrial ecosystem (Muller and Prohl, 

1993).  

4.3. Materials and Methods 

4.3.1. Sampling sites description 

Two case study sites, Geregu and Itu are both located in Nigeria, guinea savannah and rain 

forest vegetation zones respectively. Brief description of both sites is highlighted below.  

Geregu is located on approximately latitude 7.56 N and longitude 6.69E to the north of Nigeria 

(Chad-Umoren, 2013). The location’s climate is diverse and characterised by natural 

grassland, sparse woodlands with long growth periods (Jagtap, 1995; Clayton, 1961). The 

major soil in the location include nitisol, fluvisol, lixisol, ferralsol with coarse texture, low in 

organic matter and nutrient fertility content (Kolawole, 2003). Sampling campaign covers an 

approximate area of 0.4km2and to the south of the sampling site is the flood plain which 

extends into the Geregu river while towards the north lies mountainous highlands with 

shrubby vegetation (Clayton, 1961). The annual rainfall is approximately 1123mm and the 

mean monthly maximum and minimum temperatures are 32oC and 22oC respectively in wet 

season and little fluctuations experienced during the dry season to between 35-40oC (Jagtap, 

1995). The inhabitants were mainly farmers and staple food crops like rice, maize, groundnut, 
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cassava, yam, melon, plantain, okra was locally cultivated and consumed. Figure 4.1a shows 

map of sampling locations in Geregu.  

 

Figure 4.1a. Map of Sampling Locations in Geregu in relation to Nigeria and SSA 

The map 4.1a legends were used to represents food crops and wildlife sampled from the 

location and these codes include CS= Cassava, OK= Okra, GN=Groundnut, FG=Frog, GR=Grass, 

BE=Bee, RT=Rat, MZ=Maize, RC=Rice, PT=Plantain, ET=Earthworm. The map in figure 4.1b 

sampling points of the second case study location 
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Figure 4.1b. Map of Itu sampling locations in relation to Nigeria and SSA (see maps legends 

explained in figure 4.1a) 

The second case study location Itu, in Akwa-Ibom State, Nigeria s located on approximately, 

latitude 5.12N and longitude 7.59E and it is part of the rain forest vegetation zone 

characterised by estuaries, creeks, rivers, mangrove with heavy rainfall (Ajibesin et al., 2008). 

Rainfall is about 1500-2000mm during the wet season and the vegetation is typically of tall 

trees (including the Iroko, mahogany, oil palm, rubber tree, obeche).  Food crops such as 

cassava (Manihot esculenta), maize (Zea mays), okra (Abelmoschus esculenta), banana (Musa 

balbisiana), cocoyam (Colocasia esculenta) and palm oil (Elaeis guineensis) are commonly 

cultivated. Wildlife found in the location includes monkeys (Macaca fascicularis), antelopes 

(Antilocapra amaericana), warthogs (Phacochoerus africanus), snails (Achatina fulica), 

grasscutters (Thryonomys swinderianus), squirrels (Sciurus vulgaris), rats (Cricetomys 

gambianus) and rabbits (Poelagus marjorita). There are different kinds of  domesticated 

animal ranging from cattle (including the White Fulani, Red Bororo, Muturu, Sokoto gudali, 

Ndama and Kuri), goat (include West African dwarf, Red Sokoto), sheep (include Balami, Uda 

and Yankasa), poultry (include the breed of Rhode Island red, (Blench et al., 1995). The 
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commonly practiced system of animal production is the free-range grazing to semi-intensive 

system. 

4.3.2. Justification for selected sites. 

The justifications of these locations for the research case study include; 

(1) Planned construction of nuclear power plant 

(2) Selected food crops and wildlife are available in this location and widely 

consumed by the people 

(3) To provide site specific concentration of radionuclides/ stable elements (Sr, Se, 

Co, Mo, U, Th, Eu, Ce, Cs) and CRs for human food crops and wildlife.  

(4) To ensure site specific data are available for emergency preparedness, response 

and future environmental planning  

(5) To provide an opportunity to develop transfer parameter data for ICRP reference 

animals and plants (RAPs)   

(6) To enable dose assessment of the potential impact of the nuclear reactor on 

wildlife within the a SSA setting using ERICA Tool  

(7) To obtain data which will serve as benchmark for conducting radiological impact 

assessment for Sub-Saharan Africa 

4.3.3 Food crops sampled 

Conducting a study on radionuclide transfer to  human food chain, it is important to consider 

major agricultural food crops in the region and thus, research campaign focused on six 

principal staple food crops: cassava (Manihot esculenta), maize (Zea mays), rice (Oryza 

sativa), okra (Abelmoschus esculenta), groundnut (Arachis hypogea) and plantain (Musa 

paradisiaca). The average per capita daily calorie intake in Nigeria increase from 2050 kcal to 

2700 kcal between 1981-2002 and cereals, root and tuber percentage in the diet increases 

from 64-65.3% during this period (Agboola et al., 2004; FAO, 2004). Sample collection aimed 

at the edible part(s) of the crop which includes tuber (cassava), grains (maize & rice), green 

seed pod (okra), fruit (plantain) and pod or seed (groundnut). Sampling was undertaken 

directly from farmland and samples were washed, cleaned and kept in a sealable polyethylene 

bags clearly labelled to identify the sample.  
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Manihot esculenta (cassava) is a major food crop that is primarily cultivated and consumed 

for its edible root (carbohydrate), leaves and shoot are relatively high in protein (FAO, 2008). 

Over 200 million people in the region obtain more than half of their calories from foods made 

from cassava roots (Manyong, Dixon et al. 2000). Currently, Nigeria is the largest producer of 

cassava in the world with an estimated production of 46 million tonnes in 2007 and the 

second largest consumer in SSA after democratic republic of Congo (FAO,2013). Cassava was 

sampled by first cutting the stem and pulling the lower proportion of the stem to uproot the 

tubers. The tubers were dislodged from the plant by cutting and kept in the sampling bag. 

Some cassava plants depending on their viability produced more than one root tuber and 

where this occurred all tubers were retained for analyses. 

Zea mays (maize) is an annual fast-growing staple food crop that can tolerate different 

climatic conditions and grow well in a broad range of soil types. Maize is commonly cultivated 

and consumed across the sub-Saharan area (www.pfaf.org/maize). It can be processed into 

starch, consumed fresh, boiled or roasted (www.pfaf.org/maize) Maize contains some 

essential vitamins like vitamin A, B1(Thiamine), B2 (Riboflavin), B3 (Niacin), C and vitamin E 

as well as calcium, potassium (low), iron, phosphorus, magnesium, manganese, zinc, copper 

and selenium(high) (Edema et al., 2005). Sampling of maize involves laying out the plots and 

cutting the maize cob from the plant stalk. The husk was then removed, and the cob placed 

in the polyethene sampling bags. More than one maize cob was harvested from some plants. 

Five samples of maize were collected from each location (Geregu and Itu).    

 Musa paradisiaca (plantain or cooking banana) is an herbaceous crop. It grows up to about 

9m and produces fruits which are highly consumed in West Africa. Fruits are oblong, fleshy, 

5-7cm long(wild) and even longer with cultivated varieties (Imam and Akter, 2011). 

Medicinally, the plant is useful for treating some diseases such diarrhoea, diabetes, anaemia, 

hypertension and cardiac diseases. Green fruits of Musa paradisiaca have been known to 

have hypoglycaemic effects. Sampling involved cutting or two fruits from the plantain bunch 

while it was hanging on the plant. In some instances, the plant stem was cut, and the fruit 

bunch removed. Only one finger was removed and placed in the sampling bag. 

Arachis hypogea (groundnut or peanut) is an annual crop, growing to 0.3m, in a light to 

medium or heavy clay soils but does well in well drained loamy. In most cases it is cultivated 
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in seed beds and can tolerate high pH range (4.3-8.7). The plant prefers hot dry conditions 

and is widespread in Sub-Saharan Africa and commonly consumed boiled, roasted or dried or 

processed into other products (www.pfaf.org/uer/plant.aspx?lat). Groundnuts were sampled 

by grabbing and pulling the plant from the loose soil (the seed pods develop underground) 

and the pods were carefully removed and placed in sampling bags. Several pods were 

harvested from a stand depending on viability. 

Oryza sativa. (Rice) is an important food crop in the Sub-Saharan Africa. The demand for rice 

consumption is so high that local production is unable to meet increasing demand (FAO, 

2006a, Hossain, 2006). Rice production is widely distributed in SSA, being cultivated in 38 

countries covering an 8.46 million ha with Nigeria and Madagascar taking the lead 

(FAO,2006a). Wetlands and swampy conditions are the most suited areas for rice cultivation 

(Andriesse, 1991) and these location makes rice vulnerable to contaminations from the 

environment and to the influence of variability in abiotic stressor including temperature, 

drought, flood, rainfall, salinity, acidity and alkalinity (Balasubramanian et al., 2007; Pandey 

and Bhandari, 2008). Rice was sampled by cutting and harvesting the grains. A uniform 

sampling approach described by Alloway. (2013) and (ISO,2002), was adopted as shown in 

figure 4.3c.  

Abelmoschus esculentus (Okra) is primarily cultivated for its fresh pods and leaves which are 

consumed fresh in most SSA countries. According to FAO/WHO, 2003 fruits and vegetable 

consumption have played a critical role in improving the health of the people. The distribution 

of okra traverses the agro-climatic region of SSA (Adeniji and Aremu, 2007). The fibre and 

mucilage used as moisture absorber and for the synthesis of biodegradable polymers (Maria 

de rosa et al., 2010). The okra pod was harvested by cutting with a knife from the stalk with 

one or more fruits being harvested from some plants. The samples were placed in 

polyethylene sampling bags and taken to the laboratory for preparation. In Geregu and Itu, 

at least five samples each of the food crops were collected. 

4.3.4. RAPs sampled 

Five RAPs were collected and below is a small note describing how each RAPs were collected 

● Rats (Arvicanthis niloticus). is traditionally known as the African grass rat that is found 

along the Nile river and in many Sub-Saharan African countries. It belongs to the family 
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muridae and has many species. A. niloticus are herbivores and feed on grasses, leaves, 

stems of flowering plants, seeds, cultivated crops and arthropods. A. niloticus are 

medium sized rats with stoutest bodies (average body mass and length of 118g and 

130mm respectively). it is a gregarious species that lives in underground burrows, 

around wood stumps and sheds 

(https://animaldiversity.org/accounts/arvicanthis_niloticus) 

A total of 5 small rats in the family of muridae were sampled from the two case study 

locations. At the time sampling was carried out in July, rat in the region have started 

to hibernate and were difficult to capture. Humane method involving metal traps were 

used for the catching. Traps were placed in locations where signs of animal faeces, 

burrows or grazing path of animals were noticed, as well as spots where cassava 

peelings or maize cobs were locally pre-processed on the farm (e.g. cassava peel 

dumps). Traps setting were done in the evenings and baits including smelling fish, 

bread, maize, oats were used in the setting of the rat cages. Inspection for a possible 

catch and swapping and changing of baits were done the following morning 

(Yankovich et al., 2013; Barnett et al., 2014). 

● Frogs (Amnirana galamensis), A. galamensis belongs to the family Ranidae and is well-

adapted and distributed across the Sub-Saharan Africa. About seven other species 

exist and may be found in Africa.  A. galamensis is a plump frog measuring between 

62-77.4mm(length) with typical colour patterns (drab pale brown to dark brown) and 

broad flat dorsolateral ridges. In the dry seasons’ species are found along riverbanks 

and during the wet season they are found around pounds, grassland and forest in the 

savanna (Jongsma et al., 2018; amphibiaweb.org/species/5036) 

Eighteen adult frogs were collected in both case study sites. Frogs were captured after 

a heavy rainfall by using a plastic bottle traps suspended in a pool of water and in some 

places, they are buried in the ground close to river shore locations. Usually, after heavy 

rainfall episodes, the frogs start to explore in the pool of water and in the process get 

trapped in the plastic traps (Wood et al., 2008). 

● Apis mellifera (Honeybee) Belong to the ICRP Reference Apidae. Its widespread in Sub-

Saharan Africa and some other parts of the world (Europe, Asia) (Al-Ghamdi, Nuru et 
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al. 2013). Broad diversity of 16 subspecies exist (Shaibi, Fuchs et al. 2009). 

Morphologically, species are distinct in body size, hair length and colour (Al-Ghamdi, 

Nuru et al. 2013). Differences in bee phenology have been identified in their 

reproductive swarming, migration and temperament (Al-Ghamdi, Nuru et al. 2013). 

Economic importance of bee includes production of honey by beekeepers, a major 

occupation in locations where they are found. 

A. mellifera were collected using a bee bowl (30cm diameter plastic bowl). Different 

colours of bowl (white and blue coloured bowls) half filled with water were used. 

Some were placed on the ground while others on elevated wooden stumps close to 

flowers of similar colours and covered with wire gauge (Barnett et al., 2014). During 

sampling campaign, the weather condition was bright and sunny for most times 

except for a few occasional showers at some points. At Geregu, bee traps were 

emptied 2-3 days and all bees were sieved out. The fresh mass of individual bee was 

recorded alongside with their length and breadth. Thirty randomly selected individual 

bees were bulked to form one bee sample. A combination of the bowl sampling and 

bee hunting was used at Itu. In this approach, with our body properly covered, we 

attacked the beehive with fire, and bees were harvested. 

● Earthworm (Lumbricus terrestris). This species belongs to the ICRP RAPs family, 

lumbricidae, and are broadly distributed throughout the Sub-Saharan Africa (Daniel et 

al 1992, Schutte et al, 2010). L. terrestris were collected by digging with a hoe to a 

depth of 10-15cm in suspected locations where earthworm cast were found. These 

locations were very humid areas with earthworm excrement (Barnett et al., 2014). 

Earthworms were excavated alongside ball of earth and this was washed off with 

water. Fifteen individual earthworms were collected and composited into one sample. 

Five samples each were collected from Geregu and Itu location. 

● Wild grass (Panicum maximum). Also referred to as guinea grass, belongs to the family 

poaceae which the ICRP reference wild grass belongs and are widely distributed in the 

Sub-Saharan Africa. They share similar characteristics with the reference wild grass 

and are everywhere in the two identified case study locations. Five samples each of 

Panicum maximum were collected from each sample location by cutting using a knife 

and cutlass and collected samples well-kept in labelled polyethylene bags.  
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4.3.5. Soil sampling 

Soil samples were collected at the same locations food crops and wildlife were collected. 

Sampling depth of 0-10cm was considered for RAPs based on IAEA recommendations (IAEA, 

2010; Barnett et al., 2014). For food crops sampling depth of 20cm were considered being the 

standardized rooting depth recommended by International Union of Radio ecologist (IUR) 

(IUR,1989; IAEA,2010). A soil auger was used for collecting soil samples and three soil cores 

were collected, thoroughly mixed to provide a representative sample. Soil were kept in a 

sealable polyethene bag and taken to the lab, where soils were air dried until they attained a 

constant weight.  Wood fragments, if present, were removed by hand and the soil then sieved 

(2mm) and both fresh and dry (25 0C room temperature) masses of the samples determined. 

Figure 4.3c shows the sampling layout for the research campaign. 

 

Figure 4.3c. Farmland sampling layout (ISO, 2002a; ISO,2002b; Alloway, 2013). The dark inner 

triangular legend represents wildlife/food crop sample and the 3 outer white coloured of the 

legend connotes soil sampling points. 
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4.4. Sample preparation                  

4.4.1. Soil and crop sample preparation 

The plant and soil samples were taken to the laboratory and the fresh mass recorded. The soil 

samples were placed on top of newspapers and air dried for 3-5 days at room temperature 

(250C) in the laboratory until they attained constant weight. Plant samples were washed with 

distilled water, cleaned, chopped into small pieces. Cassava and plantain were peeled before 

washing with deionised water. Thereafter, samples were packed in a labelled brown paper 

envelope and placed in the oven for drying at a temperature between 65-700C until constant 

mass was obtained and the dry mass determined. The determined samples were ground into 

a fine powder in the laboratory (Kogi state University and University of Uyo soil science 

Laboratories). The samples were sieved through a 2mm sieve and packed in labelled sealable 

polyethylene bags, ready for MP-AES analysis (Varbanova and Stefanova,2015).  

4.4.2. Wildlife sample preparation 

● The rats were killed by dislocating the neck (Home Office, 2013). Rat species was 

identified, and the fresh mass, length, width and height was measured and recorded. 

The rat skin and gut content were carefully removed in the laboratory (Wood et al., 

2008). The whole body was kept in brown envelopes and oven dried to a constant 

weight. 

● Frogs were killed by striking the cranium, cutting through the spine at the base of the 

skull and inserting a needle into the brain cavity to permanently destroy the brain 

(Home Office, 2013). The gut contents were removed and discarded to ensure no 

contamination of the whole-body measurement by gut content. (Wood et al., 2008). 

● The earthworm samples collected were placed in an aerated container with damp 

tissue paper to allow for gut evacuation (Barnett et al., 2014). The specie was 

identified, and fresh mass, length and breadth was measured and recorded. The 

earthworm was then kept in the fridge at low temperature (40C) and pressure to allow 

for dehydration (Yankovich et al., 2013). 
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● The bees and the wild grass were both placed in the brown envelope and oven dried 

to a constant weight respectively. All wildlife samples were ground using a mortal and 

sieved through 2mm sieve and packaged in a sealable bag for analysis 

The MP-AES uses microwave excited plasma source that runs on air and nitrogen. It has 

improved performance, superior detection limits, improved dynamic range, higher sample 

throughput and twice faster than the conventional flame AAS (Vysetti et al., 2014; Karlsson 

et al., 2015). The nitrogen gas gives the robust plasma a conventional torch and the 

microwave magnetically excites the nitrogen plasma. The magnetic excitation provides a 

robust high temperature, and a central channel suitable for sample atomization. It then 

creates high intensity atomization emission lines, which then enable superior detection of a 

range of metals and non-metals (Varbanova and Stefanovic, 2015). 

4.5. Laboratory analysis 

4.5.1. Soil digestion 

Perchloric acid digestion method (Adler and Wilcox,1985, 2008) was used for the digestion of 

soil samples before elemental analysis. Two grams of soils was weighed into 300ml conical 

flask and 30ml of 72% HClO4 (perchloric acid) was added. The conical flask was placed on a 

hot plate and commenced digestion at 130oC in a fume cupboard. Digestion took about 40 

minutes until the solution appeared colourless and white fumes of HClO4 appeared. Flask was 

removed and allowed to cool. Fifty millilitres of distilled water were added, and the solution 

was filtered through a Whatman filter paper into 250ml volumetric flask. The emerging filtrate 

was poured into plastic bottles for elemental analysis by Microwave Plasma Atomic Emission 

Spectroscopy (MP-AES).  

4.5.2. Soil analysis 

The soil analyses conducted included soil particle size analysis, soil pH, organic matter, cation-

exchange capacity, available phosphorus, exchangeable acidity, organic carbon and nitrogen 

content. The soil Cation Exchange Capacity (CEC) was determined by the summation of the 

exchangeable bases including K, Ca, Mg, Na, and exchangeable acidity (H+). The total 

elemental analysis was undertaken using MP-AES. There were two research locations, five 

wildlife samples and six food crops samples and a minimum of six research areas sampled in 

each research location and 110 total number of soil samples. 
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4.5.2.1. Soil particle size 

Particle size using the USDA classification divide soil into three major size classifications: Sand 

(2.0-0.05mm), silt (0.05-0.002mm) and clay (0.002mm) (Gee and Bauder, 1986). The soil 

textural composition is a marker to soil water retention, leaching and erosion potential, plant 

nutrient bioavailability, mobility and transfer, OM dynamics and carbon sequestration 

capability (Kettler et al., 2001). Particle size can be used to assess soil quality and sustainability 

of cultural and agricultural practices. Soil particle size can be determined by a few methods 

including rapid method and standard hydrometer techniques (Cambardella et al., 2001; 

Kettler et al., 2001). However, the Bouyoucos hydrometer method was adopted to determine 

the particle size (Udo & Ogunwale, 1986; Gee and Bauder, 1986).  

4.5.2.2. Procedures for the standard hydrometer (Bouyoucos) method 

The apparatus used included 1 litre glass cylinder, hydrometer, thermometer and a 

mechanical shaker (multi mix machine). The reagents used included sodium hexa-

metaphosphate and 7g of sodium carbonate (anhydrous) weighed into 500ml of distilled 

water. The solution was stirred and made up to 1 litre and then filtered. Fifty grams of 2mm 

sieved oven dried soil sample was weighed and placed in the multi-mix baffled cup and then 

filled with distilled water half-full and 50ml of Sodium hexa-metaphosphate (reagent) solution 

was added. The baffled cup was placed on the mechanical stirrer and stirred for 10min until 

the soil aggregates were broken down. The suspension was transferred into the Bouyoucos 

cylinder (1 litre) and filled to the lower mark with distilled water while hydrometer was 

inserted and left on suspension. For the determination of the % sand, the hydrometer was 

removed from the cylinder and a stopper was used to block it. The cylinder was mixed 

thoroughly by inverting it severally times. The cylinder was later placed on lab bench and the 

time was recorded. It was left for 20seconds and the hydrometer was inserted carefully to 

read the gravity. This was repeated at 40seconds and the reading was recorded.  

The hydrometer was removed from the cylinder and the temperature of the suspension was 

determined. 0.3 was added to the reading when temperature reading exceeded 200C, and 0.3 

was subtracted from the thermometer reading when temperature was below 200C, (Udo and 

Ogunwale, 1986). Again, for the dispensing agent (sodium hexametaphosphate) added, 2 

units should be deducted from every hydrometer reading. According to Ogunwale & Udo. 
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(1986) the hydrometer was calibrated to ensure the correct reading. The weight of the soil 

samples in suspension settled to the bottom of the cylinder after 40 seconds. The reading of 

the hydrometer after 40 seconds was determined, and this represented the amount of silt 

and clay in the suspension. The weight of sand in the sample was obtained by deducting the 

corrected hydrometer reading from the total weight of the sample (50g). The % sand was 

estimated by dividing the weight of sand by 50g (the weight of the sample) and multiplied by 

100. After 20 seconds, the mass of sand obtained was used to determine the % of coarse sand 

while that obtained after 40 seconds was used to estimate the % of the fine sand. To 

determine the percentage of clay, the soil suspension was again re-shaken the hydrometer 

was inserted and the reading was taken after 2 hours. The temperature of the suspension was 

recorded and corrected by adding 0.3 to it. At the end of the 2 hours, the silt and sand settled 

out of the suspension. The corrected hydrometer reading at this time represented the grams 

(weight) of clay in the sample. The percentage clay was calculated by dividing this weight by 

50g (the weight of the sample) and multiplied by 100. To determine the percentage silt, the 

sum of the percentages of both the sand and the clay was deducted from 100 to obtain the 

percentage silt.  

4.5.3. Determination of pH 

Soil pH is one of the most significant factors that affects stable element availability and 

transfer. Lower pH value results in higher mobility and transfer of cationic stable element and 

higher pH values reduce mobility and transfer of anionic metals (Li et al., 2009; Brokbartold 

et al., 2012; Kader et al., 2016; Antonaidis et al., 2017). This is because as pH increases, metal 

hydrolysis also increases thereby increasing metal sorption. pH increases the electromagnetic 

charge onto colloidal surfaces (including OM) thus increasing the soil retention capacity for 

cationic species (Shaheen et al., 2013; Wang et al., 2015). pH (potential of hydrogen) is 

defined as the negative logarithm of the hydrogen ion concentration in solution (Yuqing et 

al., 2005).  

pH = - log10(H+) where H+ = Activity of Hydrogen ion in moles/litre  

Procedure for pH determination: The soil to water ratio was made in ratio 1:1 (Udo & 

Ogunwale, 1986). Twenty grams of the fresh soil sample was weighed into 50 ml beaker and 
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20ml of distilled water was added and allowed to stand for 30minutes, and it was stirred with 

glass rod. The electrode of the pH meter was inserted into the partly settled suspension and 

the pH was measured. This was repeated for all the samples.  

4.5.4. Exchangeable acidity by KCl extraction method 

The 2mm sieved soil samples were weighed (2g each) into centrifuge tubes and 20ml of KCl 

solution was added to each centrifuge tube (1:10). The tubes were shaken on a mechanical 

shaker for 15min and the solution was filtered and drained into volumetric flask (perchlorate 

(KCl) extract). Three drops of phenolphthalein indicator were added to the potassium 

perchlorate extract and was titrated against 0.01M NaOH solution until a permanent pink 

endpoint. The endpoint readings(titre) was determined as the exchangeable acidity value. 

There is a need to always check the presence of Al2+ ion in the solution because the total 

exchangeable acidity is the summation of the total H+ and the Al2+ found in the medium (Udo 

& Ogunwale, 1986). Therefore, one drop of 0.01N HCl and 5ml of NaF were added to 

decolourise the solution while the solution was stirred continuously for 10min and observed 

for the solution to further turn pink. There was no further colour change during this process, 

which indicates Al was not detected in the solution. The exchangeable acidity was necessary 

to determine total soil acidity and Cation Exchange Capacity (CEC) (Coscione et al., 1998).  

4.5.5. Cation Exchange Capacity (CEC) (summation method) 

Cation Exchange Capacity (CEC) expressed in milli-equivalents per 100g of soil, is defined as 

the sum of exchangeable cations in the soil (summation of total exchangeable bases (TEB) 

and Exchangeable Acidity (EA). Total exchangeable bases were determined by using the 

extraction method. 1g of each of the soil sample was weighed and 20ml of 0.1M NH4OAc was 

added. This was then shaken for 10minutes and allowed to settle. The filtrate was analysed 

with AAS for Mg and Ca while Flame photometer was used for Na and K. (IITA, 2016).  

Estimation of CEC: CEC = Total exchangeable bases (TEB) + Exchangeable Acidity (EA) 

4.5.6. Soil organic matter content determination (Walkley-black method) 

Soil composition varies from place to place but a typical soil consists of about 45 percent 

minerals, 25 percent water, 25 percent air, and 5 percent organic matter (UNH, 2017). The 
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value for the percentage (%) organic matter content in the soil was calculated from the 

percentage organic carbon. The organic carbon content of the soil samples was determined 

as follows. The apparatus used were Burettes (50ml capacity), conical flask, 10ml Pipette and 

an automatic pipette. The soil samples were sieved through 2mm-sieve and 1g of the sample 

weighed out into 250ml conical flask.  

Solution A: 49.04g of potassium dichromate (K2Cr2O7) was dissolved in distilled water and the 

solution was diluted to 1litre. Ten millilitres were taken out of this solution and added to 0.5g 

of the soil sample each in conical flasks. These were arranged under fume chamber and 20ml 

of concentrated sulphuric acid (H2SO4) was added to each of the samples in the conical flasks 

and allowed to cool for 30min, distilled water was added to each solution in the flasks, and 

they were made up to 150ml. 3 drops of Ortho Phenanthroline-ferrous complex (0.025M) 

were added to the solution. Orthophenanthroline indicator (Ferroin indicator) was prepared 

by dissolving 14.85g of Orthophenanthroline monohydrate and 6.95g of FeSO4.7H2O and 

diluted to 1litre (Udo and Ogunwale, 1986).  

Solution B (Ammonium ferrous sulphate): 196.1g of ferrous ammonium sulphate Fe 

(NH)2(SO4)3.6H2O was dissolved in 800ml of distilled water containing 20ml of concentrated 

(H2SO4) and this was diluted to 1litre. This was titrated against solution A with the Ortho 

phenanthroline indicator.  

Solution C (Blank): Blank was prepared by adding 10ml of potassium dichromate (K2Cr2O7) 

solution used in solution A and 20ml of concentrated sulphuric acid and made up to 150ml 

with distilled water then indicator was added. Solution C is categorised blank because there 

was no sample in it. B was first titrated against blank and the titre value was recorded. 

Thereafter, B was titrated against A and C, the titre value was recorded. Percentage (%) 

organic carbon = (Titre value of Blank – Titre value of Sample) × 𝑥 

While    𝑥=         𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 K2Cr2O7           ×       0.003 ×1.33 × 100 

                       𝑇𝑖𝑡𝑟𝑒𝑣𝑎𝑙𝑢𝑒𝑜𝑓𝑏𝑙𝑎𝑛𝑘                          𝑆𝑎𝑚𝑝𝑙𝑒𝑤𝑒𝑖𝑔ℎ𝑡 

Volume of K2Cr2O7 was 10ml, Titre value of blank was determined from the titration. NB (the 

soil sample weight used was 0.5g, 0.003 correction factor was used;1.33, Relative Atomic 
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Mass of carbon was used) and this was multiplied by100 to convert to percentage. After 

calculating the % Organic carbon, the value was used to calculate the organic matter content 

of the soil. Percentage organic matter content of the soil sample = %Organic carbon × 1.729 

(IITA, 2016; Udo and Ogunwale, 1986). 

4.5.7. Available phosphorus (Murphy and Riley method) 

The 2g weight of soil was put into centrifuge tube and 20ml of extracting solution was added 

to each centrifuge tube (1:10). The tubes were shaken vigorously by mechanical shaker for 

15min, it was filtered, 5ml was taken from the filtrate, and places in an extraction cup and 

5ml of Murphy and Riley solution was added. Forty millilitres of distilled water were added, 

and it was allowed for 5min to attain the correct colour change. After about 5min, the colour 

turned blue and this was poured into sample cuvette (IITA, 2016; Murphy & Riley, 1962). 

Spectrophotometer (NV201 model), was used to read the phosphorus at wavelength of 

882nm (IITA, 2016). Calculations:  

Available phosphorus = (Extraction factor × Dilution factor) × 𝑥 ………………….. equ 1  

Where: Extraction factor = Extraction volume ÷ sample weight = 20 / 2 = 10, Dilution factor = 

50ml / 5ml = 10  

An equation was generated by the analytical equipment from the slope of the standard stock 

solution prepared (0.2mg/kg, 0.4mg/kg, 0.6mg/kg, 0.8mg/kg and 1mg/kg) which was used to 

calibrate the spectrophotometer. The graph of the concentration from the standard solution 

was a straight-line graph. The equation generated was:  

Y= 0.784 𝑥 + 0.012………………………………………………………………………………………..- equ 2  

Y = sample reading, 𝑥 = constant and to derive𝑥 from the equation 2;  

𝑥=𝑌 − 0.0120.784 ………………………………………………………………………………………... equ 3  

Y reading was obtained from the machine as the sample was placed and the value was 

substituted in the equation (3) and the value of x was calculated. The known values of X were 
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then substituted for in equation (1) to get the available phosphorus in each soil sample (IITA, 

2016) 

4.5.8. Nitrogen content by macro-Kjeldahl method 

0.5g of the soil samples was weighed into digestion tube and 5ml of concentrated sulphuric 

acid (H2SO4) was added. One tablet of selenium (catalyst) was added to each sample and the 

digestion tubes were placed inside the digestion block (hot block). This was done for 3 hours 

at 3600C until the brown fumes disappeared and clear light amber colour solution was 

obtained. The solution could cool for 1 hour and then transferred into 250ml standard 

volumetric flask. This was made up to mark by adding distilled water and further transferred 

into extraction cups as the digest (IITA, 2016). 

Macro-kjeldahl Distillation: About 5ml of boric acid indicator was measured into 100ml 

conical flask and the flame was ignited under the distillation flask. The water allowed to boil 

to generate pressure and the conical flask containing the boric acid indicator was placed at 

the delivery end. Five millilitres of the digest were measured and poured into the distillation 

chamber and 5ml of 40% NaOH was added. It was covered and allowed to distil into the 

delivery chamber until 50ml pitch green distilled solution was achieved  

4.6. Plant and animal tissue digestion 

The sample extracts were prepared weighing 2g of the sample into the digestion vial and 10ml 

of aqua regia (1:3 of nitric acids and hydrochloric acid) was added.  The mixture was then 

evaporated on the Q-block digester until the brown fumes disappeared leaving a white fume. 

The solution allowed to cool at room temperature and made up to 25ml using the volumetric 

flask. This was filtered with a Whatman filter paper and poured into white plastic bottles 

ready for analysis. Standard Reference Materials for vegetable and human hair (NIST NCS DC 

73347/73348/73349/73350/73351) was digested the same way. At the minimum, n=5 

samples of each RAPs were analysed, and for frogs higher n values were analysed. The whole 

body of the organism excluding gastrointestinal (GIT) system was analysed in all the samples 

and for earthworm, bees, composite samples of 15 and 30 individual organisms were sampled 

respectively. 
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4.7. The Microwave Plasma Atomic Emission Spectroscopy (MP-AES) analysis 

The concentrations of stable elements as radionuclides analogues were determined by MP-

AES.  

4.7.1. MP-AES 4200 setup for stable element analysis  

It is important to ensure that the exhaust line is secured, the gas lines, the spray chamber, 

nebulizer and peristaltic tubes are correctly connected before turning on the gas supplies. 

Turn on the power supply to power on the instrument (MP-AES 4200) and MP-AES software 

interface/open the valve of the nitrogen gas generator/compressed air supply and allow the 

instrument to warm up and initialise for 10 minutes. Turn on the auto-sampler power and 

rinse the instrument with rinse with (2 – 5% HNO3) solution.  

4.7.2. Analytical calibration procedure for MP-AES 4200 

Appropriate concentrations range of working standards from the single or multi-elements 

stock standard was prepared through serial dilution method. Set appropriate conditions and 

parameters for fitting the calibration curve on the worksheet created from the MP-AES Expert 

software. Thereafter, the elements of interest and their wavelengths were selected. Input 

sample matrix, sample codes, blanks and standards in the appropriate rack position on the 

autosampler. Read blank first, then working standards. Check for the calibration coefficient 

and ensure regression equation of R2≥ 0.995. Recalibrate instrument with standard if lower 

than this value. When a suitable calibration fit is achieved, analyse an Independent Calibration 

Verification (ICV) to ensure precision of instrument and quality assurance/quality control 

(QA/QC) purpose. The percent recovery must be within ± 20%. Run samples and run 

continuous calibration standard (CCV) for QA/QC and instrument precision after reading 

about 20 samples. At the end of sample run, run blank and rinse solution for few minutes. 

4.7.3. Calculations 

Stable elements concentrations in liquid and digested solid sample were obtained directly 

from the instrument with the appropriate pre-set unit. For stable element concentration in 

solution, the value was expressed in ppm(mg/L) and for solid samples, all concentrations were 

calculated as mg/kg or ppm based on dry weight basis. Four replicates analytical results were 

generated by analytical equipment and standard deviations. Nine stable elements 
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concentration were determined using the MP-AES including Strontium (Sr), Caesium (Cs), 

Selenium (Se), Cobalt (Co), Uranium(U), Thorium (Th), Europium (Eu), Cerium (Ce) and 

Molybdenum (Mo). The different limits of detection for elements analysed were as follows 

(Se=0.184, Mo=0.0303, Th=0.0108, Co=0.0288, Ce=0.0097, Eu=.00085, Sr = 0.001145, U= 

0.0836). The percentage recovery was calculated as follows:  

% Recovery = Observed value / Reference value* 100 

The instrument percentage retrieval was between 97.4% -100.33% which was a good 

measurement accuracy for the analytical equipment.                        

4.8.  Results and discussions 

4.8.1. Statistical method 

Wildlife concentration ratios were extracted from IAEA database and other recently published 

papers (Beresford, Barnett et al. 2018, Guillen, Beresford et al. 2018). Two different 

comparisons were made  

(a) Comparison of the data from the two research locations (Geregu and Itu).  

(b) Comparison of all data including site specific data (GERITU), SSAD and IAEA.  

(c) CRs data from Geregu and Itu were incorporated into the SSAD and compared with IAEA 

CRs. 

ANOVA (parametric test) was chosen to test statistically significant difference between the 

data. The results of the statistical analysis are presented below. Further post hoc tests 

(Bonferroni and Duncan test) were conducted to determine significant differences between 

specific groups.  

4.8.2. Results of the wildlife concentration ratios  

The mean of the concentration ratios and standard deviation (SD) for n observations in RAPs 

are presented in table 4.8.1. Statistical comparison of the mean concentration ratios at the 

two case study sites (Geregu and Itu) for different RAPs organisms were also presented. The 

detailed descriptive statistics of the concentration ratios of wildlife is contained in appendix 

6. The appendix 4 & 5 contained detailed biota and media (soil) concentrations used for 

deriving the concentration ratios. The comparison of the concentration ratio of small 
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mammal(rat) was not undertaken because only one rat sample was collected from Geregu 

and as such statistical comparison was not possible. Table 4.8.1 shows statistical comparison 

of caesium concentration ratios in different wildlife groups. In the table N represents number 

of observations, SD for standard deviation, DF= degree of freedom, F and P values. 

Table 4.8.1. Caesium CRs in RAPs from case study locations 
 

Wildlife           Element     Sites     N        Mean                SD            DF       F            P 

Bee Cs  Geregu 5 1.85E-02 5.30E-03 1 17.12 0.00 

  Itu 5 7.43E-02 2.97E-02 8   
Earthworm Cs  Geregu 5 1.73E-02 8.34E-03 1 20.70 0.00 

  Itu 4 4.25E-02 8.19E-03 7   
Frog Cs  Geregu 9 5.36E-02 1.75E-02 1 4.92 0.04 

  Itu 9 1.06E-01 6.93E-02 16   
Grass Cs  Geregu  5 1.67E-02 1.60E-03 1 13.21 0.01 

  Itu 5 9.03E-02 4.52E-02 8   
 

The concentration ratios of caesium were significant (p=0.05) for all RAPs organisms analysed 

(bee, earthworm, frog and grass). Higher concentration ratios were observed with data from 

Itu compared to Geregu data. The highest and lowest transfer parameter for Cs was seen in 

frog from Itu and grass from Geregu respectively. Table 4.8.2 shows statistical comparison of 

strontium concentration ratios in different wildlife groups. 

Table 4.8.2. Strontium CRs in RAPs from case study locations 
 

Wildlife      Elements Sites          N      Mean          SD          DF F P 

Bee  Sr Geregu 5 1.24E+00 5.00E-01 1 0.91 0.37 

  Itu 5 2.08E+01 4.60E+01 8   
Frog Sr Geregu 9 4.47E+00 1.95E+00 1 2.54 0.13 

  Itu 9 3.28E+00 1.10E+00 16   
Grass Sr Geregu  5 7.50E-01 1.03E+00 1 0.03 0.88 

  Itu 5 6.29E-01 1.34E+00 8   
  

Sr= strontium, n= number of observations, SD= standard deviation, DF= degree of freedom, F 

and P values 

The results presented in table 4.8.2 show no significant difference (p=0.05) was observed for 

bee, frog and grass for strontium. Sr concentration ratios in both locations were comparable 



 

80 
  

(within same order of magnitude) for both frog and grass. Table 4.8.3 statistical comparison 

of selenium concentration ratios in different wildlife groups. 

Table 4.8.3. Selenium CRs in RAPs from case study locations 
 

Wildlife   Elements Sites       N     Mean            SD           DF F P 

Bee Se Geregu 5 3.03E-02 1.93E-02 1 78.79 0.00 

  Itu 5 1.44E+00 3.54E-01 8   
Frog Se Geregu 9 9.93E-02 2.09E-01 1 0.34 0.57 

  Itu 9 1.45E-01 1.13E-01 16   
Grass Se Geregu  5 1.43E-02 1.55E-02 1 1.49 0.26 

  Itu 5 3.06E-01 5.33E-01 8   
  

Se= selenium, n= number of observations, SD= standard deviation, DF= degree of freedom, F 

and P values 

The mean selenium CRs was significant for bee samples at (p=0.05) but no significant 

difference was seen with frog and grass in both locations. Higher CRs values were observed 

for RAPs from Itu compared to Geregu. Variation of Se CRs were within 1-2 order of 

magnitude. Table 4.8.4 shows statistical comparison of uranium concentration ratios in 

different wildlife groups. 

Table 4.8.4. Uranium CRs in RAPs from case study locations 
 

Wildlife     Elements Sites          N           Mean               SD                    DF        F          P 

Bee  U  Geregu 5 1.09E-02 7.26E-03 1 1.31 0.29 

  Itu 5 8.89E-02 1.52E-01 8   
Frog U  Geregu 9 2.92E-02 2.53E-02 1 1.90 0.19 

  Itu 9 9.65E-02 1.44E-01 16   
Grass U  Geregu  5 1.46E-02 1.24E-02 1 1.90 0.21 

  Itu 5 5.60E-02 6.59E-02 8   
 

U= uranium, n= number of observations, SD= standard deviation, DF= degree of freedom, F 

and P values 

Uranium concentration ratios were not significant in any of the wildlife sampled at (p=0.05). 

Higher CRs values were detected with Itu data except for earthworm where the mean of 

Geregu data was higher.  
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An overall comparison of CR values derived from the Geregu and Itu samples is presented in 

Figure 4.8.  The mean CRs from Geregu were generally lower than those derived from Itu 

samples. However, there were some notable exceptions to this, such as the earthworm for 

which 5 out of the 9 mean CRs derived from Geregu samples were higher than at Itu. 
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Figure 4.8. Comparing the mean concentration ratios derived from Geregu and Itu samples. The marker colours indicate the extent of the 

difference between mean Geregu and mean Itu CR values: Orange > 10, yellow > 1, green > 0.1, grey > 0.01. Green and grey indicate that Itu CRs 

values were higher compared to CRs from Geregu. 

Geregu:Itu

Element Fruit Maize Root Vegetable Bee Earthworm Frog Grass Rat

Ce 3.26E-01 5.54E-01 5.48E-03 1.49E-01 9.15E-03 3.57E+01 2.16E+00 3.23E-01 1.44E-02

Co 1.80E-01 7.16E-02 2.85E-01 8.02E-02 5.89E-02 4.03E-02 1.12E-01 1.63E-01 4.68E-02

Cs 3.45E-01 1.80E-01 4.05E-01 4.97E-01 2.50E-01 4.06E-01 5.04E-01 1.85E-01 4.39E-01

Eu 6.86E-01 3.58E-01 7.94E-01 2.15E+00 1.13E-01 3.36E+00 8.20E-01 2.26E-01 2.91E-01

Mo 1.22E+00 1.21E-02 1.46E-01 2.42E-01 2.35E-02 1.08E-01 7.32E-01 1.93E-01 5.32E-02

Se 9.58E-01 1.75E+00 1.95E-01 5.35E-01 2.11E-02 7.56E-01 6.83E-01 4.66E-02 8.76E-02

Sr 3.09E-01 3.23E-01 2.42E-02 3.66E-02 5.96E-02 6.15E+01 1.36E+00 1.19E+00 1.80E+00

Th 4.65E-02 1.25E-01 7.81E-03 5.57E-02 1.26E-02 1.09E+00 3.77E-02 2.29E-02 5.71E-03

U 2.64E-01 1.85E-02 1.56E-02 7.27E-02 1.22E-01 2.99E+00 3.02E-01 2.61E-01 1.37E-02
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4.9. Discussion on CRs of wildlife  

Radionuclide transfer to wildlife has been assessed and concentration ratios (CRs) for 

different wildlife has been determined in two case study locations planned for the 

construction of nuclear power in Nigeria (Geregu and Itu). For stable caesium, the CRs 

between the two sites (Geregu and Itu) was compared and results suggest Itu CRs values to 

be higher in 1-2 order of magnitude compared to Geregu (Valesco et al., 2009). Different soil 

types exhibit different properties (soil mineralogy, pH, O.M and fertility) and these soil 

properties have different influence on caesium transfer. The higher transfer values obtained 

in data from Itu may likely be attributed to different factors including the influence of soil 

type and properties (Golmakani et al., 2008).  

High strontium CRs (earthworm, frog and grass) were observed with data from Geregu while 

for bee and small mammal, Itu presented higher concentration ratios. No specific pattern was 

observed in Sr transfer between the two sampled location. For selenium, cobalt, uranium, all 

sites in Itu had high CRs (1-2) order of magnitude higher compared to Geregu in all wildlife 

analysed except in one site (earthworm- Itu for uranium element). Similarly, For Th, Ce, Eu 

and molybdenum, CRs value for Itu was higher except for the sites in Geregu where 

earthworm was obtained. In earthworm and for U, Th, Ce, Eu, and Mo higher values were 

obtained for Geregu CRs (up to two order of magnitude higher than values obtained from Itu). 

The highest CRs value was obtained for bee and CRs in RAPs decreases in the order Bee> 

frog>rat>earthworm and grass.  

The results of the RAPs were compared with previous RAPs data from both Guillen et al. 

(2018) and Barnett et al. (2014) and there was good agreement between CRs of RAPs from 

this study and RAPs from the Guillen et al paper on Mediterranean ecosystem. For Cs, Se, Co 

and Mo values were in the same order of magnitude for earthworm, bee, frog, rat and grass 

with slight variation. In many of the RAPs mean CRs from this study was slightly higher than 

the mean of the Guillen et al paper except for selenium and molybdenum. Similarly, 

comparison with RAPs CRs from Barnett et al showed RAPs CRs from this study were higher 

for all elements except for selenium. Again, values of CRs for all stable elements were in same 

order of magnitude except for Co and U where CRs values were 1-2 order of magnitude higher 

than results presented in Barnett et al., 2014. Overall, there were good level of agreement 
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between RAPs CRs reported in this study and those of previous studies (Barnett et al., 2014; 

Guillen et al., 2018). The descriptive statistics results are contained in the appendix 6. 

4.10. Assessment of dose rate using ERICA Tool 

 In recent years, there has been an increasing international interest in the assessment of doses 

and risks from ionising contaminants to biota resulting from exposure to radionuclides 

(Andersson et al., 2008; ICRP, 2007; Larsson, 2008). Several models are now available to 

enable the assessment of radiological risk to biota (Beresford et al., 2008a; Vives I Batlle et 

al., 2007). One of these models is the ERICA tool (Brown et al., 2008, Brown et al., 2016) which 

implements the ERICA integrated approach (Beresford et al., 2007, 2008; Larsson et al., 2008). 

This approach was developed within the EC 6TH Framework programme. The dose rate to 

terrestrial biota(ICRP reference animals and plants) due to analysed stable elements of 

radionuclide analogues were estimated using ERICA Tool ( version 1.2)(Brown et al., 2008; 

http://www.erica-tool.com/; Brown et al., 2008; Brown et al., 2016). The ERICA Tool enable 

estimation of dose rate to biota for terrestrial, fresh water and marine ecosystem for a set of 

default reference organisms (Brown et al., 2008; Brown et al., 2016). Aliyu et al. (2015) used 

the ERICA reference organisms and universal screening dose rate of 10µGyh-1 to evaluate the 

potential risk of the planned nuclear power plant in Nigeria in 2015. However, the derivation 

of site specific CRs presents an opportunity to conduct a dose assessment of the planned 

nuclear power plant using the ERICA Tool. The main reason for the assessment was to test 

the ERICA Tool with data from a different geographical region, the SSA and to estimate dose 

rates resulting from the planned nuclear power plant in Nigeria. Site specific concentration 

ratios derived from stable elements for RAPs were used for the ERICA dose assessment. 

However, many international compilations and derivation of generic concentration ratio data 

like those from ERICA were heavily derived from stable elements as well as radioisotopes 

(Brown et al., 2008; Brown et al., 2016; www.wildlifetransferdatabase.org). 

Already derived expected discharges from atmospheric dispersion modelling of the proposed 

nuclear power plant (Aliyu et al., 2015) and parameters associated with the running of the 

SRS-19 air transport model incorporated into the ERICA Tool were used for the dose 

assessment (Larsson et al., 2008; Brown et al., 2016). The ERICA Tool provides a tiered 

approach allowing the inputs of site-specific measured concentrations in biota and in media 

http://www.erica-tool.com/
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to be used in tier 2 and 3 (Brown et al., 2008; Brown et al., 2016). The dose assessment was 

performed using the tier 2. The ERICA Tool contains parameters such as Occupancy factor 

which defines the fraction of time an organism spends at a given location in its habitat (Brown 

et al., 2016). Terrestrial organisms are assigned the occupancy factor of 1. The ERICA Tool 

performs dose estimation from input data by applying dose conversion coefficients and 

weighting factors of 10, 3 and 1 for various radiation components (alpha, beta, gamma) 

respectively (Brown et al., 2008). An uncertainty factor of 3 was applied at tier 2 assessment 

to account for model uncertainty of the method (Oughton et al., 2008). Total dose is the 

summation of internal and external weighted whole body absorbed dose rates (Brown et al., 

2008; Brown et al., 2016). To enable assessment, the total dose rates are compared directly 

with selected screening dose rate and as suggested by Anderson et al. (2008), the default 

screening dose rate is 10µGyh-1. Concentration ratios affect the internal activity concentration 

predictions for each organism. There is a likelihood that when site specific concentration is 

applied, the results might be different from using ERICA generic data. Already established in 

this chapter and previous, Sub-Saharan Africa concentration ratios are different compared to 

CR data from IAEA publication from which the ERICA generic data were derived. The 

advantage of dose assessment over comparing CRs as done in previous chapter will be to 

establish whether there is potential impact on doses from ionising radiation.  It is a good 

approach to begin ERICA assessment with Tier 1, which is simple and a highly conservative 

screening assessment. It enables the use of screening dose to calculate the environmental 

media concentration limit (EMCL) for the most exposed organisms of each radionuclide 

(Brown et al., 2016).  Tier 1 assessment aims to identify sites of negligible concern and remove 

them from further assessment. Risk Quotients (RQ) can then be obtained through comparing 

the input media concentration with the most restrictive EMCL for each radionuclide. RQ 

calculation is given as 

RQ n= MACn / EMCLn  

Where MAC is the measured media activity concentration for a specific radionuclide. RQ 

values can be less than one or greater than one. When RQ<1, then, the probability of 

exceeding the benchmarks is relatively low and the assessment can be terminated at the Tier 

1 level. When RQ>1, it suggests a 5% probability that the benchmark has been exceeded and 

Tier 2 assessment is required.  
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The Tier 2 assessment is a less conservative screening, more interactive and enables the 

assessors to change screening dose rate and radionuclides referred to as default or generic 

parameters, while specific reference organisms can be selected (Brown et al., 2008) for a 

more realistic assessment. Evaluation can be undertaken directly against the screening dose 

rate with risk quotient generated for each reference organism selected for the assessment 

(Howard et al.,2008; Brown et al., 2008. Brown et al., 2016). At the end of the Tier 2 

assessments, there are assumptions to be made if the predicted dose assessment is below 

screening dose rate of 10µGyh-1. 

(1)   Exit the assessment, suggesting a high degree of confidence and that the impact is 

negligible. 

(2)   If the estimated dose is greater than 10µGyh-1 then, there is a potential concern and the 

assessment can be refined and consideration for more expert judgement required. There is a 

likelihood that the assessment may progress to Tier 3. When concern is high, the assessment 

is reviewed and refined either at Tier 3. Table 4.10 shows annual discharged rates of the 

planned nuclear power plant (Aliyu et al., 2015). 

Table 4.10. Annual discharged rates of the planned nuclear power plant at Geregu in 
Nigeria. 

    

Radionuclide Half-life Radionuclides Annual discharge (Bq/s)  

H-3 12.35 y 9.76E+05  

C-14 5730 y 3.33E+05  

I-131 8.04 d 1.08E+02  

I-133 20.8 h 2.03E+02  

Kr-85 10.756 y 2.13E+06  

Co-60 5.271 y 3.23E+01  

Cs-137 30 y 2.25E+01  

Cs-134 2.062 y 2.54E+01  

Sr-90 29.12 y 2.22E-01  

 
   

 

Table 4.10 indicates the number of radionuclides assumed to be discharged to air annually by 

the planned nuclear power plant at Geregu in Nigeria (McMahon et al., 2013; Abubakar et al., 

2015). Figure 4.10a and 4.10b ERICA predicted dose rates per organisms in 20km distance 

away from the planned nuclear power plant. 
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Figure 4.10a. Calculated doses relative to distance from the nuclear power plant (Brown et 

al., 2008, 2016 

 

 

Figure 4.10b. Total dose rates per Reference Animals and Plants (RAPs) (Brown et al., 2016) 
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4.10.1. Discussion of dose assessment using ERICA Tool 

The tier 2 assessment of the ERICA Tool has been performed and resultants dose rates per 

organisms are shown in figures 4.10a and 4.10b. The risk quotient (RQ) was <1 for all organism 

and therefore, the probability of exceeding the benchmarks is relatively low. The results of 

stable elements concentration ratios (mg/kg Fresh mass) of terrestrial ICRP RAPs from this 

study was used in the ERICA tier 2 assessment to estimate the potential dose rates per 

organisms and the results have been presented. Detailed dose rates at different distances 

from the nuclear plants are contained in the appendix 10.  The expected discharged rates per 

for the reference organisms per year, obtained from Aliyu et al. (2015) and deposition height 

of 100m with soil bulk density of 1.48kgm-3 were used. The expected discharge duration was 

for 30years (Brown et al., 2008) and dose rates at different distance(1-20km) from the nuclear 

power plant was computed.  20 km by default is the distance the ERICA tool would predict 

based on SRS-19 and this prediction can be used to give a conservative assessment for other 

locations at greater distance. Except for Ajaokuta (7km away), other neighbouring towns to 

Geregu such as Lokoja (45km away), Okene (65km away), Idah (70km away) and Anyigba 

(71km away) would receive a conservative dose assessment. The dose rates calculated by 

Aliyu et al., 2015 using ERICA Tool were 5-6 order of magnitude lower than values from this 

study and the procedures Aliyu et al. (2015) adopted were not clear and as such dose rates 

would need to be reviewed. From the assessment at 20km distance away, small mammals 

and flying insects would receive the highest and lowest dose rates respectively as shown in 

figure 4.10b and the difference in dose rates in small mammals and flying insects were within 

an order of magnitude. From the graph in figure 4.10a, dose rates per organisms decreases 

with distance. 

4.11. Food crops concentration ratios 

The full descriptive statistics is available in the appendix 9. Appendix 7 and 8 contains food 

crops and soil concentrations used for deriving concentration ratios. Table 4.11.1, shows the 

results of caesium concentration ratios in food crops collected from Geregu and Itu 
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Table 4.11.1. Caesium concentration ratios for food crops from case study locations. 
 

Food crops    Elements     Sites N Mean             SD      DF      F P 

Fruit 
           
Cs 

Geregu 5 1.19E-02 4.11E-03 1 74.07 0.00 

  

               
Itu 

5 3.46E-02 4.21E-03 8 
  

Maize 
            
Cs 

Geregu 5 8.67E-02 3.70E-02 1 41.28 0.00 

  

               
Itu 

4 4.81E-01 1.33E-01 7 
  

Root 
            
Cs 

Geregu 5 8.76E-02 4.57E-02 1 19.60 0.00 

  

               
Itu 

4 2.16E-01 3.99E-02 7 
  

Vegetable         
            
Cs Geregu 

5 0.113759 2.93E-02 1 62.94 0.00 

  

               
Itu 

5 2.29E-01 1.38E-02 8 
  

 

Cs= caesium, n= number of observations, SD= standard deviation, DF= degree of freedom, F 

and P values. In all the food crops analysed, the concentration ratios of caesium are 

significantly different for the two case study sites. Higher CRs were observed with data from 

Itu (2-5 times higher) compared to Geregu data for caesium. Table 4.11.2 shows the results 

of strontium concentration ratios in food crops collected from Geregu and Itu. 

Table 4.11.2. Strontium concentration ratios for food crops from case study locations. 
 

Food crops Elements Sites    N Mean                SD          DF F P 

Fruit 
               
Sr  

Geregu 5 6.94E-02 4.88E-02 1 0.79 0.40 

  Itu 5 2.25E-01 3.88E-01 8   

Maize 
               
Sr  

Geregu 5 6.14E-01 1.23E+00 1 0.03 0.87 

  Itu 5 7.50E-01 1.32E+00 8   

Root 
               
Sr  

Geregu 5 7.73E-01 2.73E-01 1 6.81 0.03 

   Itu 5 3.19E+01 2.67E+01 8   

Vegetable 
              
Sr  

Geregu 5 2.02E+00 1.39E+00 1 1.09 0.33 

  Itu 5 5.51E+01 1.14E+02 8   
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Sr= strontium, n= number of observations, SD= standard deviation, DF= degree of freedom, F 

and P values 

Strontium mean concentration ratios was significant with root crops at (p=0.05) and for other 

food crops, there was no significant difference. Slightly higher CRs were observed with Itu 

data compared to Geregu data. Table 4.11.3, shows the results of thorium concentration 

ratios in food crops collected from Geregu and Itu 

Table 4.11.3. Thorium (Th) concentration ratios for food crops from case study locations. 
 

Food crops Elements Sites    N Mean        SD             DF  F  P 

Fruit             Th   Geregu 5 1.58E-03    0.01             1 1.25 0.30 

                        Itu 5 3.40E-02     0.65 8   

Root             Th   Geregu 5 6.29E-03     0.01 1 16.89 0.00 

                        Itu 5 8.06E-01     0.44  8   

Vegetable Th   Geregu 5 1.20E-02     0.15 1 1.06 0.33 

                         Itu 5 2.14E-01      4.39 8   

Th= Thorium, n= number of observations, SD= standard deviation, DF= degree of freedom, F 

and P values 

For the natural radionuclides (Thorium), the mean concentration ratios of fruit and vegetable, 

there was no significant difference detected. For the root crop(cassava), at (p=0.05) 

significant difference was observed and values for Itu were 2 order of magnitude higher 

compared to Geregu. Table 4.11.4 shows the results of cobalt concentration ratios in food 

crops collected from Geregu and Itu. In the fig 4.11.4, Co= cobalt, n= number of observations, 

SD= standard deviation, DF= degree of freedom, F and P values. For the stable elements 

(Cobalt) no significant difference was observed in all food crops.  
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Table 4.11.4. Cobalt concentration ratios for food crops from case study locations. 
 

Food crops Elements Sites           N           Mean           SD     DF F P 

Fruit                Co   Geregu 5 0.09        0.15 1 3.38 0.10 

                         Itu 5 0.49       0.46 8   

Maize               Co   Geregu 5 0.17        0.13          1 4.33 0.07 

                        Itu 5 2.30       2.27 8   

Root              Co   Geregu 5 0.17        0.12 1 2.21 0.18 

                        Itu 5 0.59       0.62 8   

Vegetable Co   Geregu 5 0.31       0.07 1 3.97 0.08 

                         Itu 5 3.90       4.03 8   

 

4.12. Comparing the concentration ratios of wildlife in all locations (GERITU, SSAD& IAEA) 

Tables 4.12.1, 4.13.1 and 4.13.2 compared CRs for GERITU, IAEA and SSAD for wildlife & 

food crops. GERITU is an acronym used to represents Geregu and Itu CRs combined.  

Table 4.12.1. Stable elements concentration ratios of wildlife from GERITU, IAEA and SSAD. 
 

Wildlife       Elements Sites             N Mean             SD      DF            F           P 

Co Annelid GERITU 7 2.72E-01 5.85E-01 2 1.28 0.30 

  IAEA 15 4.65E-01 3.67E-01 24   
  SSAD 5 1.59E-01 9.48E-02 26   
Co Grasses GERITU 10 6.78E-01 1.18E+00 2 13.32 0.00 

  IAEA 57 4.53E-02 8.76E-02 94   
  SSAD 30 2.54E-02 2.49E-02 96   
Cs Grasses GERITU 10 5.35E-02 4.91E-02 2 0.41 0.66 

  IAEA 52 3.49E-02 6.58E-02 66   
  SSAD 7 3.27E-02 1.99E-02 68   
Mo Grasses GERITU 10 1.99E-01 2.74E-01 2 3.94 0.03 

  IAEA 19 1.07E+00 9.20E-01 54   

  SSAD 28 5.87E-01 8.91E-01 56   
Se  Mammal GERITU 5 1.95E-01 1.35E-01 2 17.31 0.00 

  IAEA 40 2.36E-01 2.54E-01 82   
  SSAD 40 4.75E-03 6.83E-03 84   
U Grasses GERITU 10 3.53E-02 4.98E-02 2 0.61 0.55 

  IAEA 82 2.29E-02 3.22E-02 93   
  SSAD 4 2.75E-02 1.96E-02 95   
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Table 4.12.1 shows the results of different stable elements concentration ratios in wildlife 

combination.  

Co= cobalt, Cs= caesium, Mo= molybdenum, Se= selenium, U= uranium, n= number of 

observations, SD= standard deviation, DF= degree of freedom, F and P values. 

Comparison of the three different datasets (GERITU, SSAD, IAEA) simultaneously in table 

4.12.1, shows that significant differences have been detected in Grasses for U & Mo at 

(p=0.05) level of significance. In other stable elements (Cs, U) for grass, no significant 

difference has been detected. In some stable element wildlife combination such as Co 

(annelid), Cs (grass) and U (grass), CRs values have been observed to be comparable (within 

same order of magnitude) and no statistically significant difference have been observed. For 

where statistical difference exists (Co- grass, Mo- grass and Se-mammal) Duncan post hoc test 

have been performed to understand significance between groups. Tables of the Duncan test 

of significance are shown in appendix (11a-11c). For between Co- annelid, between SSAD and 

IAEA, there was no significant difference at level 1 (p=0.866) but at level 2 (p=1), GERITU was 

significantly different.  However, for Mo to grass element combination, there was no 

significant difference between GERITU and SSAD at level 1 (p= 0.19) and between SSAD and 

IAEA there was no significant difference at level 2 (p=0.107). For Se to mammal stable element 

combination significant difference was detected. SSAD was significantly different from the 

other two groups IAEA and GERITU. However, between GERITU and IAEA there was no 

significant difference. The mean CRs for grass were in all three data for uranium in the same 

order of magnitude and comparable especially between IAEA and GERITU and no significant 

difference detected. 

4.13. Comparing the concentration ratios of food crops in all locations (GERITU, SSAD& IAEA) 

The table 4.13.1 Comparing food crops concentration ratios in all three data GERITU, IAEA 

and SSAD for cobalt 
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Table 4.13.1. Cobalt CRs for food crops in all three locations (GERITU, IAEA and SSAD). 
 

Elements   FCs                   Sites N      Mean        SD           DF          F p 

Co Cereal GERITU 5 2.93E-01 1.73E-01 2 58.55 0.00 

  IAEA 65 3.65E-02 4.12E-02 83   
  SSAD 16 6.98E-02 7.40E-02 85   
Co Legume GERITU 5 1.46E-01 7.50E-02 2 2.14 0.12 

  IAEA 105 6.26E-02 8.86E-02 134   
  SSAD 27 6.67E-02 8.78E-02 136   
Co Maize GERITU 10 1.23E+00 1.89E+00 2 21.94 0.00 

  IAEA 77 4.06E-02 4.06E-02 131   
  SSAD 47 7.71E-01 3.09E+00 133   
Co Root GERITU 10 3.79E-01 4.78E-01 2 0.79 0.45 

  IAEA 16 1.54E-01 1.34E-01 161   
  SSAD 138 3.30E-01 5.86E-01 163   
Co Vegetable GERITU 10 2.11E+00 3.28E+00 2 0.20 0.82 

  IAEA 7 1.56E-01 5.60E-02 587   
  SSAD 573 2.88E+00 1.20E+01 589   

  
Co= cobalt, n= number of observations, SD= standard deviation, DF= degree of freedom, F 

and P values 

The result of Cobalt in different food crops in table 4.13.1 showed that there was significant 

difference in concentration of Co in cereal and maize. Higher concentrations were recorded 

in the research site specific data (GERITU). The lowest concentrations were observed in IAEA 

data. The results of the post hoc test is shown in appendix 11 and the Duncan test showed 

that between SSAD and IAEA, the difference in concentration ratio was not significant at level 

1 (p=0.99), however, GERITU was more significant at level 2(p=1). Similar results were 

obtained for maize at level 1(p=0.89) no significant difference between IAEA and SSAD. Same 

with legume, no significant difference between IAEA and SSAD but GERITU is more 

significantly different.  Site specific data were 2-3 order of magnitude higher than IAEA and 

SSAD. For the concentration ratios of root crops and vegetables there was no significant 

difference in cobalt in all (GERITU, IAEA and SSAD). The table 4.13.2 compared different stable 

elements for the 3 data sets 

 
 
 
 



 

94 
  

Table 4.13.2. Concentration ratios of different elements and food crops from GERITU, IAEA 
and SSAD. 
 

Elements     FCs                 Sites N Mean     SD          DF            F     p 

Cs Root GERITU 9 1.45E-01 7.90E-02 2 9.24 0.00 

  IAEA 93 7.41E-02 1.43E-01 106   
  SSAD 7 3.07E-01 1.96E-01 108   
Sr Legume GERITU 5 6.37E-01 5.88E-01 2 4.96 0.01 

  IAEA 148 2.00E+00 1.32E+00 153   
  SSAD 3 3.59E+00 5.37E-01 155   
Sr  Vegetable GERITU 10 2.85E+01 8.07E+01 2 1.50 0.24 

  IAEA 19 1.03E+00 1.90E+00 33   
  SSAD 7 2.35E+00 1.96E+00 35   
U Root GERITU 10 2.40E-01 5.87E-01 2 3.92 0.02 

  IAEA 83 5.86E-02 9.37E-02 96   
  SSAD 6 2.01E-02 2.15E-02 98   

 

Cs= caesium, U= uranium, Sr= strontium, n= number of observations, SD= standard deviation, 

DF= degree of freedom, F and P values. Figure 4.13 summarised graphically the concentration 

ratios for three different environment, case study locations, IAEA and SSAD. The acronym 

GERITU- was used to describe the concentration ratios of the two case study locations 

combined. 

U and Cs concentration ratios in root crops in table 4.13.2 showed significant difference and 

Sr was significantly different for legumes in the three datasets. Sr concentration ratios in 

vegetables were not significant. The natural radionuclides (uranium) at (p=0.05), there was a 

significant difference in concentration ratios of uranium (root) in all three datasets. The post 

hoc Duncan test. Cs, root and Sr (legume) crops (no significant difference between IAEA and 

GERITU respectively) but SSAD is more significantly different. For uranium root (no significant 

difference between SSAD and IAEA). However, GERITU is more significantly than SSAD and 

IAEA. 

Figure 4.13 summarises the comparison of mean IAEA: SSAD CRs. This figure has incorporated 

the CRs results from Geregu and Itu into the SSAD. The result suggests that majority of wildlife 

and crop mean CRs in SSAD were greater than those in the IAEA data compilation, although 

there were a few instances where IAEA CRs were greater than SSAD. Apart from figure 4.13, 

helping to fill data gaps missing from the systematic review in the previous chapter (figure 



 

95 
  

3.4), the figure also suggested that CRs for both wildlife and food crops were different from 

IAEA CRs data.
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Figure 4.13. Comparing concentration ratios of IAEA and SSAD (with Geregu and Itu CRs incorporated). The orange markers indicate IAEA:SSAD 

ratios greater 10, yellow markers indicate ratios >1 (i.e. 1-10), green markers indicate ratios <1 and grey <0.01. Elements are grouped 

according to the periodic table groupings.

IAEA:SSAD

Cs-137 Cs Rb Ra-226 Sr Co Cr Mn Mo Ni Pb Cu Zn Sb Se Ce Eu U U-238 Th Th-232

Wildlife Grasses 5.32E+00 8.10E-01 2.55E-01 2.58E-01 7.65E-02 1.29E-01 1.33E+00 2.02E+00 2.73E+00 1.27E+00 1.48E+00 2.75E+00 2.03E+00 1.09E+01 7.02E-02 3.04E-01 7.30E-01 5.69E-01 2.70E-01 1.63E-01

Herbs 1.62E+00 1.07E-01 3.57E-01 1.07E+00 1.86E-01 8.51E-02 2.66E+00 2.04E+00 1.04E+01 2.28E+00 9.40E-02

Grasses & Herbs 2.34E+00 6.58E-02 2.36E-01

Tree 2.62E-01 1.47E-02 5.02E-03 1.04E-02 4.01E-01 3.80E-02 1.01E-01 1.11E+00 1.32E+00

Macroalgae

Amphibian 4.22E-01 2.11E-02 5.77E-02 2.09E-02 1.97E-02 4.19E-01 6.60E+00 5.22E-02 1.36E-01 3.02E+00 1.15E-02

Annelid 4.14E-01 2.89E-01 2.16E+00 1.61E-01 1.65E+00 6.10E+00 5.82E-02 5.69E-01 5.24E+01 4.96E+01 2.53E-03 3.11E-02 2.10E-01 2.37E-03

Arthropod 3.17E-01 5.21E-02 1.69E-01 5.93E+00 1.15E+02 4.34E-01 1.28E+01 1.14E+01 8.58E+02 2.13E-01 7.82E-04 3.31E-02 2.96E-02 2.54E-02

Crustacean

Fish

Mammal 5.69E-01 3.82E-01 1.11E-02 6.18E-01 4.10E+00 2.36E+00 3.38E-04 5.72E-01 4.36E-03 9.66E-04

Crop Root 3.28E-01 1.15E-01 4.35E-01 6.86E+00 4.20E-01 9.24E-01 1.44E-03 4.51E-01 1.28E+00

Tuber 4.06E+00 1.57E-01 5.98E-01 3.68E-01 1.04E+00 3.91E-01 1.71E+00

Vegetable 2.99E-01 6.66E-02 6.27E-02 1.64E+00 5.00E-02 1.06E+00 2.19E-01 2.15E-01

Leafy Vegetable 1.10E+00 1.44E-01 9.55E-01 9.68E-01 1.68E+00

Maize 3.82E-01 1.00E+00 2.01E-03 2.27E-01 1.99E-01 2.37E-03 9.81E-01 2.55E-02 2.05E-04

Legume 7.05E-01 9.49E-01 5.89E-01 1.55E+00 3.37E+00 7.44E+00

Cereal 2.04E+00 5.26E-01 2.01E-01 4.65E+00 5.75E-02 7.58E-02 3.96E+00 1.45E+00 1.36E+00 4.78E-02

Fruit 4.71E-03 2.18E+02
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4.14. Discussion of CRs of food crops (Geregu and Itu) 

Many of the results from the analysis of food crops showed high transfer in stable elements- 

food crops combinations from Itu compared with Geregu. CRs value order of magnitude 

ranges from 1-2 and the highest CRs values were obtained from Itu.  From previous studies, 

nitisols under high acidity and low exchangeable K condition results in high transfer of Cs 

(Barescut et al., 2005). Results from this study established that there was a variation in the 

transfer of Cs for food crops (vegetable, maize, roots and fruits). Vegetable and maize showed 

higher CR in Itu compared to Geregu for stable caesium. However, for root crops and 

vegetables Cs CRs were twice higher for Itu compared to Geregu. Similar trend was observed 

with strontium, selenium and uranium and for other stable elements such as Mo, Eu, Ce, Co, 

Th, a few high CRs from Geregu data were observed. All strontium CRs were higher for Itu 

compared to Geregu for all four crops (maize, root, fruit and vegetables). Root crops, 

vegetables and fruits in Itu, showed comparatively high CRs in all stable elements except for 

Mo and Eu. Overall, the average CRs in the food crops decreases in the order 

Maize>Vegetable>Root> fruit. Results of this study agrees with past literature that stated 

vegetables have higher transfer than fruits (Twining et al., 2004). 

The estimated CRs values showed an interesting result particularly when comparison was 

made with other CRs values from the tropics and comparison with IAEA values which indicates 

the best estimates of CRs values (IAEA, 2010). Considering uncertainties in CRs values 

reported, transfer values differences of 1-2 order of magnitude may be considered not 

substantial, given that CRs values may show variation of up to 5 order of magnitude (IAEA, 

2010). We compare transfer from case study location with other previously reported food 

crops transfer factors in both tropic and temperate environment. Previous literatures 

suggested higher accumulation is expected in crops growing sandy soils for Cs and Sr (IAEA, 

2010). However, transfer values for Sr were higher compared to those of Cs in all stable 

element’s food crop combinations. Analysing elemental analogous effect, it was observed 

that Ca(17.4cMol/kg) level in Itu was lower compared to Geregu (Ca=55.4cMol/kg). At lower 
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concentration of Ca, transfer of Sr is higher, and this may likely be responsible for higher Sr 

transfer in Itu compared to Geregu. Similarly, it was observed that potassium (K) 

concentration (0.2cMol/kg) is lower for Itu compared to K (0.6cMol/kg) concentration in 

Geregu soil. Again, higher transfer values for Cs were recorded in Itu for all food crops 

compared to Geregu and this may be attributed to analogous elements competitive effects. 

Chemical similarity between Cs and K, makes plants sometimes find it difficult to distinguish 

between them at such soils with trace amount of vermiculites, high concentration of 

exchangeable potassium would lower Cs root uptake due to Cs fixation to soil (Twining et al., 

2004). When exchangeable K is low then high Cs transfer is likely (Wasserman et al., 2005). 

For soils from Itu, the pH (4.7) is lower than soils from Geregu with higher pH values (5.5). 

Also, OM is higher for Itu (3.0) and lower value obtained from Geregu (2.1).  According to 

Twining et al (2004), Cs transfer is enhanced at a pH value approximately 4.5 and at increased 

soil organic matter content. The higher Cs transfer in Itu may likely be due to low soil pH and 

higher OM content in Itu compared to Geregu.  

4.15. Conclusion 

In this chapter, the results of transfer values for a range of food crops wildlife and associated 

stable elements were presented. The wildlife results presented here included those required 

for ICRP environmental protection framework (ICRP reference animals and plants- RAPs). This 

is an important part of this study as there were no previous data for most of the RAP 

presented in this study,  at such the results will contribute to the development of a transfer 

database for SSA as well as to the development of an international radiological environmental 

protection framework with the hope for further integration of results to the IAEA working 

group on semi-arid environment. For the food chain, CRs values would be included in the food 

chain transfer database and parameter values useful for assessment of human food chain 

contaminations.  

Strong contrasts of transfer parameters between case study sites, SSAD and international 

Atomic Energy Agency have been established for both human food chain and non-human 

biota. Variability between stable element concentrations may be attributed to soil factors, 

chemical behaviour of stable elements such as chemical analogues, plants and other 

environmental factors. The concentration of stable elements was generally higher for Itu 

compared with Geregu in all food crops. Similarly, wildlife obtained from Itu showed higher 
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concentrations compared to Geregu except for earthworms and amphibian. Comparing the 

site specific CRs (GERITU) with international IAEA data, the results confirm that most stable 

element concentrations in food crops and wildlife, showed higher concentrations for GERITU 

site specific data compared to data from IAEA. CRs values were 0-1 and 1-3 order of 

magnitudes higher for wildlife and food crops respectively. Site specific CRs data (i.e. Geregu 

and Itu) incorporated into the SSAD and compared with IAEA CRs revealed that majority of 

the SSAD CRs were greater compared to IAEA CRs. 

Finally, in this chapter, Tier 2 ERICA assessment has been undertaken to assess the potential 

risk and environmental impact of the planned Nigeria nuclear power plant. Based on the 

ERICA Tool assessment, the risk for terrestrial biota that may be arising from ionising radiation 

from the nuclear facility when constructed is negligible. Tier one assessment showed that the 

risk quotient was below the benchmark values (RQ<1), therefore the probability of exceeding 

the benchmark is negligible. The results of the dose assessment obtained here is theoretical 

and once the nuclear plant becomes operational, then direct measurement can be 

performed, and new measurements based on real measured values conducted.  
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5.  ASSESSING THE RADIOCAESIUM INTERCEPTION POTENTIAL (RIP) IN A SEMI-ARID 

ENVIRONMENT, A CASE OF THE NIGERIAN SOIL 

5.1. Abstract 

Many radiological models have been developed to enable prediction of radionuclide transfer 

from contaminated soils to the food chain which is an important step towards preparing for and 

responding to nuclear emergencies. To accurately predict the transfer of radiocaesium (137Cs) 

from soil to food chain, it is essential to understand the interaction between caesium and the soil 

components (Ogasawara et al., 2013).  Radiocaesium may be released during nuclear weapon 

detonation or nuclear accidents and when it is deposited in soils it remains available for many 

years (Tarsitano et al., 2011). Radiocaesium in soil is readily available and may become absorbed 

by crops through their root and eventually may find its way to the edible parts of human foods 

(Absalom et al., 2001). When absorbed by plant it can contaminate agricultural and human food 

chain. Health risks have been associated with long term intake of radiocaesium from human food 

and the consumption of these foods would lead to an increase in internal dose of the 

radionuclides. The extent of radiocaesium retention in soil plays an important role in 

understanding caesium contamination of food chains. Several studies have been conducted to 

determine Radiocaesium Interception Potential (RIP) in European soils for which it has been used 

to characterise soils/soil minerals’ ability to selectively adsorb radiocaesium (Cremers et al., 

1988). However, according to Vandebroek et al. (2012), tropical or subtropical soils have received 

little consideration for RIP measurement and for Sub-Saharan Africa, this study is the first of its 

kind to undertake RIP measurement in Nigerian soils. Sixteen principal soils from Nigeria in three 

replicates each were collected and analysed. The major soil types were identified using the FAO 

Nigerian soil map. RIP measurement was determined in the soil samples and the ranges were 

between 14.4-2470 mmol/kg. Other soil parameters and chemical properties (including 

exchangeable potassium (K+), Cation Exchange Capacity (CEC) and clay content) were 

determined. 

A semi-mechanistic model to predict uptake of radiocaesium by plant based on soil 

characteristics has been described by Absalom et al (Absalom et al.,1999, 2001). Three soil 

parameters are required by the model to estimate radiocaesium bioavailability and uptake by 

plants and these include labile caesium distribution coefficient (KDl), K+ concentration in the soil 
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solution (Mk) and the soil solution to plant concentration factor (CF, Bqkg-1 plant/ Bqdm-3).  These 

three parameters were derived as a function of five soil characteristics (soil clay content, organic 

matter (OM) content, pH, exchangeable potassium(K+), ammonium concentration (Absalom et 

al., 2001) and the time since radiocaesium entered the soil. The determination of these 

parameters in the Nigerian soil presented the opportunity to establish a spatially implementable 

model for radiocaesium using the Absalom (or SAVE) approach (Absalom et al., 2001; Crout et 

al., 2009). RIP data obtained from the Nigerian soil were then applied to the “Absalom approach”. 

This approach did not predict well for Japanese soils after the Fukushima accident, raising 

questions to its applicability in other regions of the world.  

5.2. Introduction 

Caesium can be a major component of all accidental releases as demonstrated by Chernobyl and 

Fukushima Nuclear power plant in May 1986 and March 2011, respectively and to a lesser degree 

Windscale in 1957 (Absalom et al, 2001, Chino et al, 2011). Major accidents (Windscale, 

Chernobyl and Fukushima) resulted in comparatively large-scale contamination. In the case of 

Chernobyl, this impacted on many countries, leading to the need for implementation of 

countermeasures, in some cases for decades and until the present-day (Absalom et al, 2001). 

Radiocaesium is of environmental and public health concern due to its relatively long half-life 

(about 30 years), comparatively high mobility, biochemical similarity to potassium (K) 

(Vandebroek et al, 2011) and hence potential for uptake and contamination of the human food 

chain (Merz et al., 2013; Beresford et al., 2016). The contamination routes can be through the 

foliage or root or both and interception and absorption by foliage can contaminate food crops 

and pastures for months (Almahayni et al., 2019). Deposition in soils and uptake via plants route 

could last for decades and therefore requires planned and implementable long-term 

countermeasures (Wright et al., 2003). Radiocaesium can be retained in the topsoil and 

selectively bind to soil particles especially clay minerals (micaceous) for a very long time 

(Vandebroek et al, 2012). Vertical migration rates or mobility of 137Cs in agricultural soils is usually 

very low (Almgren and Isaksson, 2006) and transfer to edible parts of food crops is via root uptake 

and can thus pose long term risks of human exposure via ingestion. Radiocaesium availability 

may vary between soil types (Absalom et al, 2001). However, high amounts of organic matter 

may facilitate radiocaesium (RCs) contamination of food chain as can be observed in areas with 

a high level of organic soils. The fate of RCs is governed by selective sorption usually between 
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weathered clay layer (called frayed edge sites (FES) (Brouwer et al., 1983, Cremers et al., 1988). 

These specific sites in clays (especially 2:1 clay- vermiculites, illites, smectites), control 

radiocaesium (RCs) adsorption in soil (Cremers, 1983, Rigol et al., 2002). The interaction of RCs 

occurs on the cation exchange sites (mainly OM and clay). Since radiocaesium bio-availability is 

strongly affected by soil properties, some useful models have been developed to predict the 

activity concentration of radiocaesium in plants, using readily available soil characteristics 

(exchangeable K, % clay, organic matter, CEC and solid-liquid distribution coefficient (KDl) 

(Absalom et al, 2001). Many experimental approaches have been used to quantify radiocaesium 

retention, among these is the Radiocaesium Interception Potential (RIP) (Cremers, Elsen et al. 

1988). RIP is defined as the ability of clay minerals (illites, mica) through the FES to selectively 

retain radiocaesium (RCs) therefore reduces its mobility and availability to plant (Sweeck et al., 

1990). More specific definition regard RIP as the product of the Cs++ ⇋ (K+ + NH4+) exchange 

constant and the content of Cs+/K+ /NH4+ specific sites (Absalom et al.,2001) and according to 

Uematsu et al. (2015), it is the parameter used to quantify sorption characteristics of 

radiocaesium on frayed edge sites. However, RCs adsorption can occur in non-specific sites only 

in organic soils with more than 95% of OM content and negligible clay. 

5.3. Rationale for the study 

Radiocaesium is major component of discharges from a nuclear reactor and long-term 

implementable remedial actions needs to be planned (Raskob et al., 2018). Therefore, in the 

event of emergency preparedness and responses, the study of radiocaesium interception 

potential and modelling RCs soil- plant transfer semi- mechanistically, using soil characteristics is 

important (Almahayni et al., 2019). In addition, soil in the tropical and subtropical environment 

which are dominated by 1:1 clay mineral and are different from soil in the temperate in terms of 

percentage composition and mineralogy (Six et al., 2002). Available evidence from the literature, 

suggested that Nigerian soils, are predominantly kaolinitic soil (Ojanuga, 1979; Akpanikan et 

al.,1987; Igwe, Akamigbo et al., 1999; Eshett et al., 1989; Abe et al., 2009). However, in European 

soil, the dominant clay minerals are the 2:1 clay soil, which are mainly illite, vermiculite and mica. 

(Wilson et al., 1984; Loveland et al., 1984). European soil differs from soils from Nigeria; 

therefore, it is important to establish that the semi mechanistic model would apply to the 

Nigerian soils for the purpose of future planning and management. Absalom model was 

configured using European soils which are different from SSA soils, there may be a question of 
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whether this model is applicable to the Sub-Saharan Africa. On the contrary, the lesson learnt 

from the application of existing European model to RCs transfer in Fukushima renewed interest 

especially in RCs transfer modelling to a wide range of environmental conditions (Hinton et al., 

2013; Almahayni et al., 2019). 

5.4. Bioavailability of radiocaesium in soil-plant systems 

Soil physical and chemical characteristics affect radiocaesium availability to plant (Sanchez et al., 

1999, Bunzl et al., 2000; White and Broadley, 2000; Ehlken and Kirchner, 2002; Fesenko et 

al.,2002; Staunton et al., 2003; Beresford et al., 2007; Mihsra et al., 2016; Burger and Lichtscheidl, 

2018). Low soil exchangeable potassium (K+), low solid-liquid distribution coefficient, low clay 

content and high NH4+ concentration in the soil solution can influence high RCs transfer (Rigol et 

al., 2002). The mobility of RCs is more enhanced in organic soils as compared to mineral soils and 

much higher mobility was reported in organic-clay soils compared to organic soil (Cremers et al., 

1988; Rigol et al, 2002; Staunton et al., 2002). Similarly, soil clay mineral types influence RCs 

retention or transfer (Waegeneers et al., 1999;). Sorption on soil constituents’ controls RCs 

mobility and transfer to plants and at such the selectivity coefficient of radiocaesium against 

other species depends on species and the sites of the solid phase involved in RCs interaction. For 

example, in mineral soils such as illites and micas, the frayed edge sites (FES) selectively retain 

radiocaesium reducing its mobility and availability to plant. The abundance and selectivity of FES 

in soil is commonly described with the term radiocaesium interception potential (RIP) (Cremers 

et al., 1990, Sweeck et al., 1990). The 2:1 clay such as illites and micas also present high RIP values 

due to abundance of RCs adsorption sites (FES) (Waegeneers et al., 1999).  NH4+and K+ are the 

major competitive species for RCs adsorption at the specific sites (Rigol et al., 2002), while Ca2+ 

compete with RCs on a non-specific site. Soluble K+ in soil solution affects RCs transfer to plants 

while in soil it enhances RCs mobility in soil through competition for sorption sites (Absalom et 

al., 1999). White and Broadley, (2000) stated that K plays a major role in Cs uptake from soil. Soil 

micro-organisms such as Mycorrhizal are involved in symbiotic relationship with plant roots and 

have played a role in plant nutrient uptake especially in organic soils (Parekh et al., 2008), 

however, recent evidence suggested little contribution of mycorrhizal to RCs uptake by plants 

(Boulois et al., 2008)   

According to Nakao et al. (2014), RIP has been positively correlated with some soil properties 

such as the K content for smectite and micaceous soils. Micaceous clay mineral absorbs 137Cs 
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more than smectite (expansible 2:1 clay) (Zachara et al., 2002). According to Nakao et al. (2014), 

relatively small RIP values were found for both amorphous and kaolinitic clay minerals. Similar 

low RIP values were also observed for kaolinitic soil (Nakao et al.,2009). In contrast, all soil groups 

belonging to the micaceous, vermiculite and chloritic groups have high RIP values (Nakoa et al., 

2014) this in part is because of the presence of FES at the intermediate site between the clay 

minerals which demonstrated significant correlation exists between total clay and exchangeable 

calcium and suggested that this was due to exchangeable calcium residing in the clay fraction 

which also stabilises the clay mineral. RIP clay has been observed to decrease slightly with 

increasing organic matter (Sanchez et al., 1999).  

5.5. Modelling radiocaesium (RCs) transfer to food chain 

Soil properties such soil texture and potassium status have major effects on soil to plant transfer 

of radiocaesium (Guivarch et al., 1999; Zhu et al., 2000). Several food chains models have been 

developed to predict RCs transfer to plant. The empirical model relies on soil to plant transfer 

factor to estimate radiocaesium activity concentration (conventional CRs approach) (Nisbet and 

Woodman, 2000; Frissel et al., 2002; IAEA, 2010) and the mechanistic models are largely based 

on plant nutrient transport and uptake mechanism to simulate transfer of RCs (Oates and Barber, 

1987; Kirk and Staunton, 1999). BioRUR model predicts RCs based on the ratio of potassium 

uptake to RCs concentration in soil solution using the selectivity coefficient and discrimination 

transport mechanism between K and RCs (Casadesus et al., 2008). None of these models are 

suitable for emergency and response conditions due to large variability, and disregard soil and 

plant parameters or simply too complex for emergency purposes except for the semi- 

mechanistic model which requires few inputs and regards to soil parameters (Almahayni et al., 

2019).  

5.5.1. Absalom model 

Nisbet and Woodman (2000) by analysing a large database of radiocaesium transfer factors found 

that transfer factor of radiocaesium appeared to be independent of RCs concentration in the soil. 

Further analysis of trends showed that the uptake of RCs can be predicted from soil solution 

concentration of both Cs and K (Smolder et al., 2000).  This argument led to the use of transfer 

factor approach and the development of the (Absalom et al., 1999) model to predict plant uptake 

of radiocaesium from readily available soil parameters (Absalom et al., 1999). The Absalom 
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approach is a semi mechanistic approach which factorises the effects of soil characteristics on 

radiocaesium transfer (RCs) (Almahayni et al., 2019). This model defined the distribution of 

solution 137Cs and sorbed 137Cs as the labile distribution coefficient (KDl), dm3kg-1, estimated as a 

function of soil clay and exchangeable K+ (Absalom et al., 1999). Plant uptake of radiocaesium, 

described by a concentration factor (CF, Bqkg-1 plant/ Bqdm-3), was defined as the ratio of 

radiocaesium activity concentration in plant (Cs-plant) to that in the soil solution which was 

related to K+ concentration (Mk), moles dm-3.  Arguably, the Absalom 1999 model, was limited to 

grasses, mineral soils, no consideration for organic soils and short period of contamination (<100 

days). Absalom et al. (2001) model was applied to measurements made in 53 well characterised 

soils from two pot trials involving two crops; ryegrass (Lolium perenne grown on mineral soil) and 

bent grass (Agrostis capillaris grown on organic soils) (Sanchez et al., 1999). Absalom et al. (2001) 

model has been applied for the modelling of long-term transfer of radiocaesium in Ukraine by 

workers.  Gillett et al. (2001) and Cos et al. (2005) applied it for spatial prediction in England and 

Wales respectively. Cox et al. (2001) used it for the optimisation of long-term countermeasure 

management respectively. The model initial applications on a range of soil and crops 

combinations revealed good agreement with observed values (Smolder et al., 2000). Simon et al. 

(2002), could not apply the model to carbonate soils of the Marshall Island atolls and its 

vegetation, indicating that model only work best when applied within the range of conditions for 

which it was developed. In 2005, the Absalom model evaluation was undertaken, and the model 

was able to make a prediction for grass vegetation but performed poorly with rice. At such, the 

model was extended to include tropical plants and soils (Rahman and Voigt, 2004; Rahman et al., 

2005). This semi mechanistic model, Absalom 2001 model, has been incorporated in the ARGOS 

nuclear emergency decision support system, a system maintained by an international consortium 

of ten countries which further reemphasised the importance of the model (Tarsitano et al ., 2011; 

www.pdc.dk/argos). However, Absalom et al. (2001) model has been re-parameterized, and the 

re-parameterised model was applied to the Nigerian soil to predict RCs transfer factor. 

5.6. Materials and methods 

5.6.1. Sampling location  

Nigeria was chosen for the study campaign to represents the semi-arid region for which the sub-

Saharan Africa belongs. Sub-Saharan Africa showed variable climatic conditions and soil types 

(Waha et al., 2013).  The vegetational zones across Nigeria are broadly divided into the savannah 

http://www.pdc.dk/argos
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(North) and forest (South) vegetation with further sub- vegetational zones within the majors 

vegetational types. There are abundant uncultivated grassland and natural environments, 

dominated by grasses, shrubs and woody vegetation (Bandyopadhyay et al., 2012). The derived 

savannah’ is a transition between the two vegetational zones and within each zone, important 

seasonal differences exist (Oguntoyinbo, 1970). The region’s terrestrial ecosystem is typical of a 

tropical monsoon climate with a warm and humid climate. The temperature is comparatively 

stable throughout the year and the relative humidity is always high. The mean monthly 

temperature ranges from 24oC in July to 26oC in January while in northern Nigeria, the observed 

maximum temperature is between 38oC- 42oC. Rain falls in most months of the year, but peak 

rainfall is observed between June an average of 125 rainy days in each year (Bandyopadhyay et 

al., 2012; www.weather-and-climate.com/Nigeria). The soil and vegetation of the Sub- Saharan 

Africa is heavily impacted by variation in climatic conditions (changes in temperature, rainfall and 

humidity) (Omogbai, 2010). 

5.6.2. Nigeria soil sampling and sample types 

Basic soil classification in Nigeria uses the USDA soil taxonomy (1975) as well as the FAO/UNESCO 

(1988) classification system. On the basis this taxonomic classification and international soil 

classification system coupled with FAO Nigeria soil map, major soil types in Nigeria were 

identified (Harpstead, 1973). On the field, physical characteristic assessment of soil was 

undertaken, including physical colour matching and textural feeling in comparison to stated soil 

on the Nigeria soil map. Different soil types in Nigerian including ferralsol, nitisol, luvisol, acrisol, 

fluvisol, lixisol, regosol, arenosol, cambisol and gleysol (Nwachokor and Uzu, 2008) were sampled 

during the sampling campaign. Major soils types sampled from Nigeria and characteristics are 

highlighted in the Table 6.6. 
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Table 5.6. Principal Nigerian soil types and properties (Bationo et al., 2006; FAO,2014; 

http://www.fao.org/3/i3794en/I3794en 

 

  

Soil types Distribution in 
Nigeria 

Colours Characteristics (OM, Soil water, 
structure and texture) 

Remarks 

Gleysols Akwa-ibom, 
Delta, Ondo, 
Taraba, Benue, 
Bauchi, Plateau 

Reddish 
brown/ 
yellow, 
Wetness 

Mineral soils, Reducing gleyic 
properties. Suitable for growing rice, 
naturally deficient of oxygen. 
Presence of Fe and Mn oxides 

Groundwater 
affected 

Fluvisols Delta, Lagos, 
Niger, Kaduna, 
Akwa-ibom 

Yellow/ 
brownish  

Alluvial soils, Young soils found in 
temporary flooded sites. Good for 
growing swampy rice 

Presence of 
stratified 
fluviatile 
sediments 

Acrisols Sokoto, 
Katsina, Kano, 
Kebbi, Enugu, 
Kaduna, 
Benue, Niger 

Very 
deep, 
reddish, 
pale 
yellow 

Poorly drained, High leaching 
Highly susceptible to erosion, low 
mineral, high water holding capacity, 
high clay content in subsoil. Strongly 
weathered soils, they are acidic soils 
liming requirements 

High level 
low activity 
clay mineral, 
paedogenic 
process 

Ferralsols Zamfara, 
Kaduna, Zaria, 
Rivers, Delta, 
Akwa-ibom 

Red or 
yellow 
colour 

Low silt to clay ratios, Well drained. 
Good structure, low profile, low 
water holding capacity, low 
nutrients. Good for deep rooted 
crops. High in kaolinitic clay. high in 
quartz and hydrated oxide, low Ca 
and Mg 

Dominant 
kaolinite and 
oxides 

Nitisols Akwa-ibom, 
Lagos, Delta, 
Kogi, Edo, 
Bayelsa, Oyo, 
Abuja, Niger, 
Ondo, Kwara 

Dark red 
or yellow 

Deep well drained soil High in Fe and 
kaolin, Rich OM and clay content, 
good soil structure, high fertility, 
high water holding capacity 

Low activity 
clay, P- 
fixation, 
strongly 
structured 
with many Fe 
oxides 
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Table 5.6 continued 

Soil types Distribution in 
Nigeria 

Colours Characteristics (OM, Soil water, 
structure and texture) 

Remarks 

Luvisols Kwara, Oyo, 
Kano, Bauchi, 
Abuja, Osun, 
Kogi, Zamfara 

Grey-
brown 

Contains variety of alluvial materials   
Distinct clay differentiation, mainly 
high activity clay, contains high silt. 
Permits deep rooting perennial 
crops and resistant to erosion 
Crops like wheat, sugar, beets can be 
cultivated High base saturation, high 
CEC 

High activity 
clay high 
base status 

Cambisols Kwara, Abuja, 
Gombe, Kano, 
Kaduna 

Mostly 
brownish 
intense 
dark 
colour  

Rich OM, Weak and moderately 
develop soils. Medium to fine 
texture, well developed horizon 
evident in colour structure and clay 
content High water holding capacity, 
retains good amount of nutrient. 
Dominated by kaolin 
Permits deep rooting perennial cops 

Moderately 
developed 

Lixisols Abuja, Oyo, 
Kano, Kogi, Edo 

Red or 
yellow 

Low capacity to retain nutrients, 
high amount of OM. Highly 
saturated with cations. Easily 
depleted of nutrients 

Low activity 
clay high 
base status 

Arenosols Zamfara, 
Lagos, River, 
Kano 

Deep 
sandy soil 
brown 

Weakly structured, susceptible to 
erosion, Mostly sandy soil. Low 
water holding capacity, low nutrient 
content and high leaching. Rich in 
quartz and sedimentary rocks and 
contains Kaolin. Poor soil for 
agricultural use but may permit 
permanent crops 

Sandy 

Regosols Ibadan, Zaria, 
Adamawa 

Brown Weakly developed soils require 
irrigation. Rich in unconsolidated 
coarse fragments. Poor soil for 
agricultural purpose but useful for 
livestock grazing, acidic found in arid 
and dry location 

No significant 
profile 
development 
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Samples of the ten soil types listed in Table 5.6 were collected during the research campaign in 

Nigeria. At every location, five spot sample of undisturbed soil were collected.  As much as 

possible sampling involved making 25m by 25m squared measurements and within the squared 

area five soil samples were collected. See figure 4.3C (ISO-10381-1. 2002) highlighting soil 

sampling approach. This approach ensured uniform soil samples were collected at every sampled 

location. According to IAEA. (2009), 0-10cm soil depth, should be considered soil zone for 

pastures for soil-to-plant transfer sampling. Consequently, 0-10cm depth was considered 

because radiocaesium is strongly retained on the surface topsoils for a long time after deposition 

and this zone is the rooting zone for most crops (Takeda et al., 2015). The five samples were 

thoroughly mixed together, and one representative soil sample retained for subsequent analyses. 

To ensure sampling variability, the next sampling point was about 1-2km away from the previous 

sampling point.  Three representative samples of each principal soil types were collected and a 

total of 48 soil samples were obtained for the analysis. Some principal soils were sampled from 

more than one location.  Soils were air dried for 2-3 days and sieved with a 2mm sieve. Fifty 

grams of each sample was enclosed in a sampling bags and taken to the controlled lab in SCK•CEN 

to determine the radiocaesium interception potential (RIP). Principal soil samples collected were 

representative soil type and covered the geographical spread of Nigeria. On the spot or field 

assessment of soil physical characteristics (soil colour inspection, soil textural feeling in between 

fingers) were performed and corroborated with the soil types indicated on the FAO-UNESCO soil 

map.  Figure 5.1 shows the map of Nigeria and the locations sampled.  
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Figure 5.1. Locations where soils for RIP measurement were collected. 

The codes represent the first two letters of each soil types (Ar=arenosol, Re= regosol, Ca= 

cambisol, Fl= fluvisol, Ni= nitisol, Li= lixisol, Ac= acrisol, Lu= luvisol, Gl= gleysol, Fe= ferralsol). The 

large dotted signs indicate locations where soil samples were collected. 

5.6.3. Soil chemical analysis  

Soil pH was determined using a pH meter and measurement was undertaken in a supernatant 

suspension of soil to water ratio of 1:1 (Udo & Ogunwale, 1986). Twenty grams of the fresh soil 

sample was weighed into 50 ml beaker and 20ml of distilled water was added. The solution was 

stirred with a glass rod and allowed to stand for 30minutes. The electrode of the pH meter was 

inserted into the partly settled suspension and the pH was determined. The soil Cation Exchange 

Capacity (CEC) was measured by mixing excess sodium acetate (NaOAc) with the soil solution, 

stopper the tube and shake in a mechanical shaker for 2 minutes and centrifuge at 1600rpm for 

10 minutes until the supernatant liquid became clear. The liquid was decanted, and the process 

repeated three times.  The process resulted in exchange of the added sodium cations for the 

matrix cations. Subsequently, the sample was washed with isopropyl alcohol. To determine 

exchangeable cations (K, Ca, Mg, Na), ammonium acetate (NH4OAc) solution at a pH of 7 was 

added which replaces the absorbed sodium with ammonium. The concentration of absorbed 

sodium and other cations were then determined by Inductively coupled plasma mass 
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spectrometer (ICPOES) (Chapman, 1965). To determine the soil organic matter content, the loss 

on Ignition (LOI) method was used. The LOI was determined by weight loss percentage of oven 

dried soil sample during ignition at 5500C in a controlled muffle furnace overnight.  

5.6.4. Soil textural analysis 

Soil textures and particle sizes were determined by LA-960 Laser diffraction soil particle size 

analyser. This equipment offers high resolution, reproducibility and good accuracy-based that 

permits the analysis of particles over a large size range (Coulter, 2011). Hydrogen peroxide (30ml) 

was added to soils suspected to have high organic matter content to remove the organic matter 

component of the soil. About 0.5g of the soil was introduced into the particle size analyser and 

agitated for a few minutes. With the help of the ultrasound and laser diffraction, the sizes of the 

sample were determined (Eshel et al., 2004). 

5.7. RIP measurement 

The materials for the experiment include 48 dialysis membrane bags, 48 pots (250ml), four pots 

2litres each and 160 glass vials(20ml). The RIP of soil (RIP soil) was determined according to the 

procedure outlined in Wauters et al. (1996). The steps involved preparation of materials and 

reagents  

5.7.1. Preparation of dialysis membrane bags, 250ml KCl solution, RIP solution & radiocaesium 

solution 

Forty-eight dialysis membrane bags were prepared by making 19cm measurement of spectra 

/por molecular porous membrane tubing. The membrane tubing was dipped into water to enable 

a knot-tie to be made at one end. The membrane tubing was opened and allowed to dry. The 

250ml solution (100mml/l of K), was prepared by weighing 1.864g of KCl and dissolving it in 

demineralised water in a glass beaker. The solution was transferred to a 250ml volumetric flask 

and filled with demineralised water to the mark. The radiocaesium interception potential (RIP) 

solution is a 2Litres solution containing 100mmol/l of Ca and 0.5 mmol/l of K and it was prepared 

by dissolving 29.702g of CaCl2.2H2O in demineralised water in a glass beaker. The solution was 

then transferred to 2Litres volumetric flask and 10ml of concentrated KCl was added. The 

resultant solution (RIP solution) was filled up to the mark with demineralised water. The 

radiocaesium solution is a labelled radiocaesium solution with known activity concentration (the 

activity concentration is about 2x105 Bq/l in 100mmol/l of Ca and 0.5 mmol/l of K. This was 
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obtained by weighing 150g/sample of a solution containing 100mmol/l of Ca and 0.5mmol/l of K 

and then add minimum volume of high activity radiocaesium solution to prepare a solution with 

an activity concentration around 2x105 Bq/l.  

5.7.2. Method 

The membrane was placed in the dialysis vial and the weight of the dialysis membrane tubing 

taken dry.  1g of soil was added to each of the dialysis membrane bag and the weight was 

measured and recorded and 10ml of RIP solution was added to soils in the bag and the bags were 

closed at the other end. To the 250ml sorption assay pots, 150g of RIP solutions was added. The 

dialysis bag (containing soil and 10ml of RIP solution) was placed into each sorption assay bottle 

containing 150g of RIP solution and this was shaken in an end over end shaker, at room 

temperature for 8hrs. Afterwards, the supernatants were discarded. 

To each bottle, 150g of fresh RIP solution was added and the bottles were loaded again over an 

end to end shaker and shaken at room temperature for 16hrs. The supernatant (which contains 

impurities including ions that are initially present in the soil) was discarded.  The pre- 

equilibration of the soil was repeated with a solution containing 100mmol.l-1 of Ca and 0. 

5mmol.l-1 of K (that is the carrier free RCs - 137CsCl solution for which its molarity was known) and 

the bottle were loaded over an end- to- end shaker, at room temperature for 24hrs.  The weight 

of the vials was measured empty and measured with the supernatants added. Four vials with the 

initial labelled solution were prepared in the same way and the activity of the labelled solution 

in Bq/g solution was determined. In each of the four 2 litre pots, 1900ml of RCs solution was 

required to be contaminated with 0.427 ml of caesium. The activity concentration of RCs in each 

measured vial that contains the supernatant was then determined. Radiocaesium solution after 

equilibration was measured using NAI (TI) gamma counter (1480, wizard 3” PerkinElmer).  

5.7.2.1. The principle of KD determination method 

The RIP was determined using the principle of the KD determination, which involves a known 

mass of soil being pre-equilibrated with a solution of 100mmol.l-1 of Ca and 0.5 mmol. l-1 of K.  

The solid-liquid coefficient (KD) value is calculated from the ratio between the concentration of 

RCs (137Cs) in the soil to that in the solution (L/kg). This value is used to calculate RIP (mmol/kg). 
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RIP, therefore, is the value of the product of the KD and the potassium concentration represented 

as Mk (mmol. l-1) 

RIP= KD* Mk  

where RIP is the Radiocaesium Interception Potential and Mk is the K+ concentration in the 

equilibrated solution. The 137Cs concentration of the original soil sample before spiking with 

radiocaesium was measured by NAI gamma counter. KD = The solid-liquid distribution coefficient 

(KD) is expressed as (Bq/g in soil)/ (Bq/ml solution), Mk =0. 5mmol.l-1                    

5.8. Statistical analysis 

R statistics was used to compute correlation coefficients among soil parameters and using 

multiple regression analysis to predict relationship between RIP soil in relations to other soil 

parameters. The climatic conditions in the tropics favours high rate of disintegration (mineral soil 

components including OM) such that the formation of finely weathered mineral soils such kaolin 

is enhanced. Dioctahedral micaceous clay are known for selective adsorption of caesium ion 

(Francis and Brinkley, 1976, Bouwer et al., 1983). Dominant Nigerian soils, kaolinites express 

weak adsorption for caesium ion, and these may have resulted to the low RIP values recorded. 

However, the range from Nigeria soil is higher than RIP reported by Rigol et al., 1999 and 

comparable with those reported by Cremers et al. (1990). Rigol et al. (1999) experimented on 

four organic soils obtained from Russia (150km and 200km north of Chernobyl and from Obninsk 

and Birnie in Scotland which were mainly histosol, fulvic/ humic and peaty podzol (Rigol et al., 

1999). Table 6.4b compares RIP across different literatures and the current study. The highest 

RIP values were observed with fluvisols and lowest values recorded with acrisols.  Figure 5.7a 

presents the RIP mean in different soil types sampled from Nigeria. 
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Figure 5.7a. Comparing Nigerian soil types and RIP values 
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Table 5.8a. The Nigerian soil properties (mean and standard deviation (SD) (mean 
±SD) of the different soil types. 

      

Sample Ferralsol Fluvisol Nitisol Acrisol Cambisol Luvisol Lixisol Arenosol Regosol Gleysol 

 

n 3 6 12 3 3 3 3 3 6 2 

Sand (%) 80.0±7.5 66.7±6.8 68.3±3.1 57.5±2.5 71.7±1.4 50.0±17.3 75.8±2.9 70.8±1.4 73.3±2.0 65.0±0.0 

Clay (%) 20.0±7.5 33.3±6.8 31.7±3.1 42.5±2.5 28.3±1.4 50.0±17.3 24.2±2.9 29.2±1.4 26.7±2.0 35.0±0.0 

pH in H2O 9.4±0.4 5.6±0.1 5.4±0.7 5.3±0.1 6.3±0.0 8.5±0.3 8.3±0.12 6.2±0.0 6.5±0.3 5.0±0.7 

Ca (cmolc/kg) 15.3±6.8 5.7±7.8 0.4±0.2 7.3±9.6 12.9±10.9 13.0±7.3 10.8±8.7 0.2±0.2 5.6±7.2 0.4±0.1 

Mg (cmolc/kg) 14.7±15.8 0.9±1.2 0.1±0.1 13.9±18.5 1.0±0.8 0.8±0.5 27.9±36.2 0.2±0.1 9.9±19.0 0.1±0.1 

K (cmolc/kg) 7.3±10.6 0.1±0.1 0.1±0.1 8.1±11.9 0.1±0.0 0.1±0.0 22.7±33.9 0.1±0.0 6.7±13.9 0.1±0.0 

CEC (cmolc/kg) 9.9±12.7 1.4±1.1 7.8±11.6 10.5±14.7 2.6±1.0 1.1±1.0 28.8±38.2 1.9±0.5 69.4±50.0 46.7±9.2 

OM (%) 3.7±3.0 1.0±0.2 2.5±2.1 0.2±0.1 0.6±0.1 0.3±0.1 0.6±0.0 0.5±0.1 0.5±0.2 1.0±1.0 

RIP mmol/kg 
374.8±205
.7 

1218.7±1298
.3 191.0±165.3 16.2±1.9 572.5±29.6 162.3±109.7 942.6±61.3 919.0±41.6 709.9±488.6 57.8±14.1 
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Table 5.8b.   Comparisons between RIP from different studies (Rigol et al., 2002; Vandebroek et al., 2012) 

Source Locations Soil types 
                                
n O.M. [%] Clay [%] 

RIP 
[mmol kg−1] 

Cremers et al., 1990 Europe organic soils 8 23–88 3–23 65–2450 

Sweeck et al., 1990 Belgium plant spinach 12 0.5–8.6 0.5–33 67–4890 

Valcke, 1995 
Belgium, Cumbria, Ireland, 
Scotland peat podzol 33 7–97 – 7–9199 

Smolders et al., 1997 Belgium plant spinach 30 2–28 0.5–36 54–5861 
Waegeneers et al., 
1999 

Belgium, France, Germany, 
Spain and UK Podzol, Luvisol, fluvisol 88 2–28 0.5–40 50–11 200 

Rigol et al., 1999 Russia and Scotland peaty, podzol 4 69–97 – 7–520 

Sanchez et al., 1999 
Wales, North England  
Scotland 23 12.6–96.5 2–57.6 5–6545 

Yera et al., 1999 
Belgium, France, Germany, 
Spain and UK Podzol, luvisol and fluvisol 5 1–4.5 4.9–16.4 443–2732 

Delvaux et al., 2000 
Belgium, Austria, Germany, 
Italy, Ireland, Switzerland 

histosol, leptosol, regosol, luvisol, 
cambisol, podzol 47 0.5–96 00.7–66 13–4861 

Sanchez et al., 2002 Wales, North England Scotland Gleysol, histosol, peat and cambisol 53 1.9–96.5 0.5–93.8 5–6545 

Gil-García et al., 2009 Compilations 30 0.2–9.4 6.3–52.4 179–7000 

Vandebroek et al., 
2012 Worldwide 

Podzol, regosol, vertisol, nitisol, luvisol, 
fluvisol, gleysol, ferralsol, arenosols, 
cambisols 88 0–19.5 0–84 1.8–13 343 

This study Nigeria 
ferralsol, fluvisol, gleysol, nitisol, lixisol, 
arenosol, cambisol, acrisol, regosol 48 0.2-7 13-60 14.1-2466 
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5.9. Results 

The results of the radiocaesium interception potential (RIP) of the Nigerian major soil types 

and soil physicochemical properties were presented in table 6.8a. No specific pattern has 

been detected from the results presented. According to Vanderbroek et al. (2012), RIP values 

below 2000mmol/kg can be classified as ‘low’. Majority of the RIP results from Nigeria soils 

were below 2000mmol/kg except for fluvisol with RIP values of 2403mmol/kg.  The second 

table 6.8b shows the comparisons of Nigerian RIP values with those of other literatures from 

other parts of the world. RIP values from this study were higher compared to RIP values 

obtained by Rigol et al. (1999) which experimented low illitic Mediterranean soil, low in OM 

as well as Russian soil (Low OM, CEC<5% clay fraction & high peat content). However, RIP 

values from this study were comparable with RIP values from Cremer et al., 1990 and Yera et 

al., 1999 (European soils, from Belgium, France, Spain, Germany, and UK) within a similar 

order of magnitude and the clay mineral were kaolin and mixture of illites and smectite (Yera 

et al., 1999).  From table 6.8a the mean values of CEC, OM, pH, % clay for the different soil 

types are also presented. Both tables 5.8a and 5.8b would be discussed below. 

5.9.1. Discussion of results 

The influence of organic matter on radiocaesium transfer was evaluated by examining the 

relationship of organic matter and RIP in the different soil analysis using statistical regression. 

Fan et al. (2014) stated that OM can reduce RIP to a certain extent but the results from the 

study did not suggest OM matter has relationship with RIP. Similarly, no relationship was 

observed with other parameters such as percentage clay content, CEC, K+ and pH. The log of 

each parameters was checked again evaluated with RIP and the result was not different from 

the initial results. Therefore, the variation between RIP and soil properties compared to 

reports from Fan et al., 2014, showed that difference may be due to other factors especially 

the clay mineral types. According to Vandebroek et al. (2012), RIP values of various kind of 

soils are closely associated with soil mineralogy.  Further to this, Vandebroek et al. (2012) 

suggested that kaolinite and montmorillonite have small RIPs while vermiculite and illites 

usually present larger RIP values. The result of this research agrees with this report of 

Vandebroek et al. (2012) and as earlier established, the dominant mineral for the Nigeria soil 

is kaolinite (Igwe et al, 1999). Comparison of RIP from Nigeria to other RIP from other part of 

the world in table 6.8b, showed Nigerian soil RIP were relatively low which may likely be 
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attributed to the dominant kaolinitic clay mineral in Nigerian soils (Vandebroek et al., 2012).  

RIP compiled from literature across different geography did not conform to a uniform pattern, 

an indication that 137Cs sorption may not be based on reference soil group classification, 

especially when the FAO international soil classification were not based on clay mineralogy 

but agronomical criteria which do not explain the sorption behaviour of RCs. Therefore, clay 

mineralogy is the major factor that controls caesium sorption capacity in soil (Maes et al., 

1999; Joussein et al., 2004; Vanderbroek et al., 2011). 

5.9.2. Multiple statistical analysis 

Both tables 5.8c and 5.8d show the results of the regression analysis of RIP and soil properties. 

Table 5.8c. Summary statistics of linear regression analysis of Nigerian RIP soil sample. 
 

Variable Intercept  R-Sq  R-Sq 

(adjusted) 

Df P- value F-value 

pH (water) 11.16 0.04 0.02 45.00 0.20 1.75 

CEC (cmolc/kg) 380.35 0.02 0.00 45.00 0.31 1.05 

Mg (cmolc/kg) 542.37 0.00 -0.02 45.00 0.89 0.02 

%Clay 685.46 0.07 0.06 45.00 0.01 8.07 

%Sand -1562.31 0.18 0.17 45.00 0.00 10.09 

K (cmolc/kg) 536.28 0.00 -0.02 45.00 0.97 0.00 
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Table 5.8d. Multiple regression analysis summary statistics. 
 

Variables  Intercept  R-Sq.  R-Sq. (Ad)  Df P- value F-value 

OM+CEC  582.22 0.05 0.01  44 0.29 1.27 

K+CEC  483.66 0.02 -0.02  44 0.58 0.56 

CEC+Clay  1452.03 0.18 0.15  44 0.01 4.99 

K+ Clay  1521.12 0.19 0.15  44 0.01 5.04 

K+CEC+Clay   1468.70 0.19 0.13  43 0.03    3.36 

All variables  1433.16 0.32 0.20  39 0.02 2.68 

 

Using R statistical package, the correlation and regression analysis of RIP with soil properties 

was undertaken to understand the relationship of a combination of soil properties on 

radiocaesium interception potential (RIP). The results of the individual factor analysis are 

presented in Table 6.8c. The Regression Analysis (RIP and CEC of the Nigerian soil) with 

(adjusted R-squared value = 1.17X10-3, DF=45, p value =0.31 F-statistic: 1.05) and the F- 

statistics shows no significant difference between RIP and CEC. Similarly, the analysis of RIP 

and K+ with (adjusted R-squared value = -0.02, DF=45, p value =0.97 F-statistic: 1.4X10-3) 

shows no relationship between K+ and RIP. For %clay analysis (adjusted R-squared value=0.06, 

DF=45, P value= 0.01, F- value 8.07), RIP was negatively correlated (-0.42) with percentage 

clay content. RIP value is not strictly related to the clay content of soil (Fan et al ., 2014) and 

the reason why some soils (including Gleysols and Acrisols) even with their high clay 

content(35% and 43% respectively), possible that these soils do not contain illitic minerals 

that contribute to a large RIP, may be the reason for their small RIP shown  in table 5.8a. The 

relationship of RIP with clay may be due to the composition of the clay minerals rather than 

percentage clay of the soil (Fan et al., 2014). However, with sand, there was a contrast as RIP 

showed a weak relationship sand. The regression analysis (adjusted R-squared value = 0.17, 

DF=45, p value =0.003 F-statistic: 10.09) showed an adjusted R- squared value of 17% which 

suggested a gradual increase in RIP as the percentage of sand in the soil particle increases. 

This result is supported by Waegeneers et al. (1999) who found a correlation between RIP 
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and percentage sand with significant r value. However, Vandebroek et al. (2012) found a 

negative RIP correlation with sand).  

 RIP does not show strong relationship with any of the soil properties evaluated and this led 

to evaluation of multiple factors effect. Multiple regression analysis was computed to 

understand the effects of combined variables on the RIP. The results of the multiple 

regression analysis, involving the combination of variables (Sand, Clay, OM, pH, CEC) showed 

slight improvement in relationship between RIP and combined soil properties. The influence 

of all parameters (Adjusted R-Squared value of 0.2038) was higher than single factor effects. 

The R-Squared value also increases as the number of factor combination increases. 

Surprisingly, certain soil parameters which empirically were suggested to control RCs 

adsorption such as %clay, OM, CEC did not appear to show any relationship or of negligible 

impact.  The geological origin of the soil and especially the mineralogy were the most 

important intrinsic soil characteristics which controls RCs retention in the soil. This assertion 

agrees with Waegeneers et al. (1999) and Vandebroek et al. (2012) that in considering large 

spatial scale, attention should focus on soil group and region and then other categories. 

5.10. The revised Absalom models 

Recent research work has emphasised the need for critical evaluation of the Absalom2001 

model structure (Crout et al., 2009, Kimmins et al., 2008, Cox et al.,2006, Anderson, 2005).  

Conceptual simple method to evaluate the model structure based on reducing the model and 

replacement of variables with quantities which are constant was undertaken by Crout et al. 

(2009). The reduced model was then used to predict observations and compared with the 

original model to test the importance of the replaced variable in the model (Bernhardt, 2008). 

Crout et al. (2009) used the same data as Absalom2001 to demonstrate this method and 

suggested that Absalom2001 was over-parameterised and required to be simplified. This 

process led to a small improvement in the model’s predictive performance (Tarsitano et al., 

2011). However, more extensive data (including grass, wheat and barley) were introduced to 

enable a wide range of plant types and an extended radiocaesium contact time. The model 

structure was revised and evaluated using a subset of the available data not used for the 

model parameterisation (Tarsitano et al., 2011) which included independent radiocaesium 

transfer data for barley (n=71) covering contamination time between 1.2-10 years with 
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transfer factor ranging from (0.001-0.1). The model test accounted for 52% of observed 

variation in log transfer factor (Absalom et al., 2001).  

5.10.1.  Application of model to Nigerian data 

The revised Absalom(X) model was applied to the Nigerian RIP soil data and evaluation of the 

model was done using concentration ratios of stable elements obtained from case study 

locations in Nigeria. Grass, barley and wheat data were used in the model and parameters 

values have been assigned to each plant. In the model application, parameter values for grass 

(a1= 3.1) were used and parameter estimates were made by fitting the model with the input 

data using excel. The input data include soil physical and chemical parameter data from a 

total of 48 Nigerian soil (obtained from undisturbed vegetation at least for 10yrs). Model 

performance was evaluated using four statistical criteria including Nash and Sutcliffe (NS), 

root mean squared error (RMSE) criterion, total sum of square and the mean absolute error 

and model fit was tested using linear regression line of best fit (Myung, 2000). The mean 

absolute error (MAE) is the average absolute deviation between predicted and observed 

values. MAE of 0.03 was estimated between model prediction and site-specific 

measurements used for the model evaluation. This implies that the average model prediction 

was 0.03 off the actual values. MAE was calculated using the equation below 

MAE=1/N∑i=1/N*(|Oi−Pi|) 

They both give values between 0 to infinity.  

The prediction sum of square (PSS or PRESS) is used in regression analysis as a cross validation 

to provide a summary measure of the fitness of model to data that were not used in the 

model. It is an estimation of the sum of squares of all resulting prediction errors. It was 

estimated using the equation below 

PSS =∑i=1N|Oi−Pi|2 

The Nash and Sutcliffe (NS) Criterion, 1970, given by the equation below was used to assess 

model performance.  

 NS=1−∑i=1N(Oi−Pi)2/∑i=1N(Oi−O¯i)2 

Where N represents the number of data points and P and O are the predicted and observed 

(observed is same as site specific radiocaesium CRs. When NS=0 indicates model performs as 

well as the mean of the data while NS=1 suggest a good match between model and data and 

NS with negative value indicating the observed mean is a better predictor than is the model. 
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The closer the NS value is to 1 the better the model efficiency and more accurate the model 

is. Essentially, values between the threshold (0.5 < NS < 0.65) would suggest good 

performance of the model. The robustness of the model is indicated by a significant test of 

the NS and the probability of obtaining NS greater than the threshold. However, in this study, 

the NS value of 0.64 was obtained, suggesting that the Absalom model predictions were very 

good. At such model may be applicable to Nigeria and SSA environment.  

5.11. Method description 

The Absalom model was applied using constants values from the model parameter as well as 

measurements made from research sampling in Nigeria. These values were applied to sets of 

function derived for the model to determine transfer factor for grass. Estimation of 

concentration factors were made using the equation below  

 Log (CF) =-a1-a2log (Mk) …………………………………………………………………………………………….…equ 1 

Where a1= 3.1 and   a2 1.8. These are the constants defined within the Absalom X model for 

deriving transfer to grass (Tarsitano et al., 2011).      

Input values were substituted to estimate other variable parameters in the model which 

includes soil solution potassium concentration (Mk), radiocaesium activity concentration in 

soil (Bql-1), whole soil labile radiocaesium distribution coefficient (KD Lkg-1) and ultimately 

Transfer factor (TF). The input variables used include Kxsoil, (whole soil exchangeable 

potassium concentration (Cmolckg-1)), Soil pH, and gravimetric clay content (gg-1). The 

scheme of calculations and model parameter equations are given in figure 5.10a. 
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Figure 5.10a. The Absalom model (Tarsitano et al., 2011) 

The function below was used to estimate the dynamic factor which describes the changes in 

labile radiocaesium with time. The time, 10 years, was assumed as the minimum fallow period 

of undisturbed vegetation. The time (t) was converted to hour equivalent (8760 hours) 

D = exp (-kfast × t) …………………………………………………………………………………………………………equ 2 

Where Kfast   is a constant with a value =0.0019 and t has previously been defined 

KD clay was estimated using the equation below, where the molarity of ammonium ion was 

assumed to be zero (Tarsitano et al., 2011), a7 was a constant RIPclay and alpha clay were both 

obtained from soil analysis results 

 …………………………………………………………………………………………………equ 3 

KD1 was determined with equation 4 as KDmin tends to zero (Tarsitano et al., 2011), and KDclay 

obtained from equation 3 

 ………………………………………………….……………………………………………………equ 4 

Soil solution potassium concentration (Mk) was estimated using the equation below, K of soil 

and alpha clay were obtained from Nigerian soil data while the alpha humus was assumed to 

be zero 
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 ………………………………………………………………………………………equ 5 

Thereafter, the log10RIPclay was calculated using the function given below where the values of 

a9 and a8 were both constants (Tarsitano et al., 2011) 

 ………………………………………………………………………………………equ 6 

Finally, transfer factor (TF) was determined with equation 7 

TF = (CF / KDl) × D……………………………………………………………………………………………………………. equ 

7 

Where TF refers to transfer factor (dimensionless), D is the dynamic factor which describes 

the changes in labile radiocaesium with time. CF is the concentration factor for plant to soil 

solution radiocaesium concentration (L/kg), KDl is the whole soil labile radiocaesium 

distribution coefficient (L/kg) and Mk represents concentration of K+ in soil solution. Results 

of parameter inputs are presented in appendix 14. Comparison of predicted TF and actual TF 

from SSA data is illustrated in figure 5.10b.  

 

 

 

Figure 5.10b. Comparison of predicted transfer factor (TF) values against measured transfer 

factor (TF) values 
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5.12. Discussion 

Figure 5.10 compared the mean Absalom predicted TF with mean transfer factors obtained 

from site specific 1 in Nigeria. Nitisols parameters obtained during the determination of soil 

RIP (Geregu) were applied to the model. Predicted transfer factor (TF) were compared with 

measured transfer factor for nitisol from Geregu (this measured TF data were for grass from 

Geregu and were not applied to the model). The mean of the measured transfer factor (1.67E-

02) was higher by an order of magnitude compared to the mean of the predicted transfer 

factor (1.66E-03). Similarly, the major soil types in Itu, was gleysol. RIP gleysol data from Itu 

were applied to the model and predicted transfer factor were compared with measured 

gleysol transfer factor from Itu. The results of the mean measured transfer factor (0.09) was 

comparable to the mean of the Absalom predicted transfer factor (0.11 for gleysol in Itu. The 

predicted results in the context of transfer factor showed extremely good agreement and 

suggests that the Absalom model could be applied to the SSA.  

5.13. Conclusion 

Radiocaesium Interception Potential (RIP)in Nigeria soils has been determined. The range of 

RIPs of the Nigerian soils have been compared with range of RIP reported from the literature. 

The RIP from the Nigerian soils was generally low compared to values reported from other 

studies. The implication of this is that transfer of caesium may likely be higher for SSA which 

agrees with results presented in chapter three and four of this study. Essentially, this would 

imply that there is more potential for caesium contamination of the human food chain in SSA. 

In other words, the SSA environment (soil properties and prevailing climatic conditions) are 

more vulnerable or susceptible to caesium contamination of the human food chain. 

Therefore, this study is important for emergency preparedness and responses towards 

remediation of likely effects of caesium contamination. Absalom model has been applied and 

model performance was good. The model statistical performance validation using Nash and 

Sutcliffe yielded (0.64). An indication that the model performed very well for the Nigerian 

data.  
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6. GENERAL DISCUSSION/SUMMARY CONCLUSIONS 

6.1. Introduction 

This chapter will discuss the major findings and the scientific contribution of this research. It 

will discuss the application of both the ERICA and Absalom model to data from Sub-Saharan 

Africa and highlights some of the implications of the research findings. It will discuss the 

maintenance of the Sub-Saharan Africa database (SSAD). It will make recommendations on 

future directions and finally establish logical conclusion based on research findings. 

6.2. Main findings 

This thesis provides an in-depth insight into radionuclide transfer to the human food chain 

and non-human biota (wildlife) in Sub-Saharan Africa (SSA). In the case of human food chain, 

the knowledge of radionuclide transfer is critical to human health in terms of contamination, 

monitoring of releases of radioactivity to the environment as well as environmental 

protection. Wildlife are an important protected component of many ecosystems and 

assessment of radiation impact on these non-human biotas has gained significant recognition 

over the last few decades (Wood et al., 2011). Detailed, systematic review of published and 

unpublished literature revealed a lack of data on the transfer of radionuclides. In all six 

databases reviewed for the development of the SSAD, transfer parameter data were recorded 

for 12 radionuclides including 238U,235U 234U, 234Th, 233Th, 232Th, 230Th, 228Th, 228Ra, 226Ra, 210Po, 

210Pb for wildlife and most of the radionuclides were naturally occurring radionuclides. For 

food crops transfer parameters data were obtained for 8 radionuclides including 137Cs, 226Ra, 

227Ra, 228Ra 229Ra, 228Th 232Th and 238U and except 137Cs, other radionuclides were uranium and 

thorium isotopes. The transfer parameter database developed will provide data useful for 

environmental radiological assessment. Grass yielded single elemental replicates with a total 

of 102 n values for zinc (Zn) and lead (Pb) but for freshwater and marine organisms, fish 

produced 614 replicates for strontium. Evidently, the systematic review suggests a lack of 

data especially for several radioisotopes (including 133I, 131I, 90Sr 241Pu, 137Cs, etc). Data has 

been extracted from total of 211 references to compile the Sub-Saharan Africa database 

(SSAD) compared to 523 references utilised in the development of the wildlife transfer 
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database (Howard et al., 2013; Copplestone et al., 2013) which seemed to be very good for 

SSA, because the 523 references came from different part of the world. The SSAD database 

comprised a total of 26,346 CRs (Terrestrial wildlife=3,764, Food chain= 14,168 and fresh & 

marine water=8,414) which appears to be a good contribution towards developing a robust 

transfer database.  The mean of SSAD CRs were compared with transfer data from established 

international dataset (IAEA, 2009; IAEA, 2014) and   variability of CRs for individual crop and 

wildlife were observed to range up to three orders of magnitude (Nisbet and Woodman, 

2000). The reasons for the variability of CRs has been attributable to a combination of factors 

which include soil biological, chemical and physical processes, plant physiology as well as 

other external factors (including climate and human agricultural practices). How these factors 

influence transfer has been highlighted in chapter two. Other major findings of the study are 

discussed below. 

6.2.1. Sub-Saharan Africa database (SSAD) 

In chapter three transfer parameters for terrestrial wildlife from the IAEA publication were an 

order of magnitude higher compared to SSAD transfer parameters. However, for the food 

chain, SSAD CRs were an order of magnitude higher compared to IAEA values. Overall, the 

mean SSAD transfer parameter was higher (4 times) than the mean values of IAEA transfer. 

Similarly, for freshwater and marine wildlife IAEA CRs values were 1-2 order of magnitude 

higher compared to mean values of SSAD.  

6.2.2. Concentration Ratios (CRs) for human food chain and RAPs 

The mean CRs data from GERITU (Geregu and Itu) were slightly higher than the mean of the 

IAEA reported CRs. Concentration ratios between the two case study locations were 

compared for both RAPs and food crops. For RAPs (Between Geregu and Itu), the mean CRs 

of Itu was 1 order of magnitude higher than Geregu (approximately 3 times higher). For the 

food crops CRs values were the same order of magnitude, although Itu values were slightly 

higher than Geregu. Results of CRs compared across site specific data (GERITU), SSAD and 

IAEA revealed that site specific data and SSAD mean CRs were in the same order of magnitude, 

however, site specific CRs were 3 times higher than SSAD in food crops. Similarly, SSAD were 

4 times higher than IAEA in the following order (GERITU>SSAD>IAEA).  
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6.2.3. Nigeria data and model application 

The chapter six result showed that radiocaesium interception potential does not show any 

relationship with most of the soil properties analysed (clay, sand, soil pH, CEC, OM). The ERICA 

Tool was applied for dose assessment of the non-human biota (wildlife) and was used to 

assess the environmental impact of establishing the nuclear power plant in Nigeria. The 

results of the Tier 2 assessment confirmed there was no risk to the environment as the dose 

level were below the benchmark values(10µGyh-1) and the risk quotient were less than one. 

The revised Absalom approach was applied to predict transfer factor for radiocaesium. The 

predicted values were comparable with measured transfer factor which suggests that the 

Absalom model applied well to the SSA data. 

6.3. Implication for environmental protection and management 

Successful characterisation and management of environmental risk, assessment of exposure 

and effects, coupled with decision making related to environmental effects of ionising 

radiation, depends on a system capable of predicting radionuclide transfer in the 

environment (Brown et al., 2008; Howard et al., 2008). The SSAD provides fundamental 

transfer data to enable environmental risk characterisation and radiation impact assessment 

for the region. Similarly, the results of this study will form a useful input to the International 

Atomic Energy Agency (IAEA) working group which is currently developing new programmes 

on the behaviour of radionuclides in arid environments (iaea.org/projects/emras/emras2). 

Model application and validation using parameter data from this study has been undertaken 

both for wildlife and human food chain using ERICA tool and Absalom model respectively. 

Although model fit may not be a hundred percent however, available evidence from the 

results of model predictions reinforced confidence in the applicability of European model to 

Sub-Saharan Africa regions. The results also confirm the research aims that parameter values 

predominantly derived from European and North America data will be applicable to SSA.  

6.4. Radionuclide transfer in SSA 

There is an increasing commitment to the development of nuclear programmes in Sub-

Saharan Africa. In Nigeria, the government has commenced plan on its nuclear power project 

and feasibility studies undertaken with two locations selected for the nuclear facility 
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construction. The nuclear power roadmap is aimed at generating 1000MW of electricity by 

2020 and 4000MW by 2030 (Ejiogu,2013; http://www.world-nuclear-news.org/articles/iaea-

helps-nigeria-plan-for-new-research-reactor). Similarly, in August 2019, the Ghanaian vice 

president confirmed a nuclear commitment and support towards construction and operation 

of Ghana’s first nuclear power plant with both legal and regulatory framework to commence 

immediately (http://www.world-nuclear-news.org/Articles/Vice-President-confirms-Ghana-

nuclear-commitment). Other SSA countries such as Niger, Kenya and Sudan have plans to 

develop nuclear power to improve energy security. As a result of the increasing nuclear 

commitments, radionuclide transfer must be assessed. This thesis will make huge 

contribution to knowledge in the area of environmental assessment of radionuclides transfer 

to human food chain and wildlife in Sub-Saharan Africa. Already the study has established the 

Sub-Saharan Africa Database (SSAD) of radionuclides transfer parameters. This is the first 

radionuclide transfer database to be developed for the region. This database is required to 

quantify radionuclides transfer to both human food chain and non-human biota. More so, in 

the course of the research work characterisation of radionuclides (stable elemental 

analogues) transfer at the planned location for the construction of nuclear power in Nigeria 

was undertaken. Site specific data were produced which provided the opportunity to assess 

potential impact and risks that may be associated with the construction of the nuclear plant. 

Risk impact assessment of the nuclear power plant has been undertaken using ERICA tool and 

the study can confirm there will be no impact on wildlife.  

Furthermore, with the growing concerns and development of nuclear power in the region, 

there is a need to develop a robust system for the region that would ensure radiological 

information required for environmental impact assessment are readily available and to 

ensure systems are in place to determine risk impact of radionuclides transfer. The ERICA 

integrated approach will be an applicable approach for radionuclides transfer, effects and risk 

assessment for wildlife in the region (Brown et al,2008; Howard et al., 2008; Copplestone et 

al., 2013; Brown et al., 2016). This study also provided the first comprehensive transfer data 

on default assessment organisms (RAPs) for the region.  Furthermore, the development of 

site-specific data provided transfer data which can serve as baseline radionuclide dataset for 

the planned nuclear power plant in Nigeria. In addition, radiocaesium interception potential 

(RIP) measurements have been determined for Nigerian soil and the first RIP data for the 

http://www.world-nuclear-news.org/Articles/Vice-President-confirms-Ghana-nuclear-commitment
http://www.world-nuclear-news.org/Articles/Vice-President-confirms-Ghana-nuclear-commitment
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Nigeria. This data is significant for the purpose for future emergency planning preparedness 

and response. The RIP data alongside soil physical properties will enabled spatially 

implementable model (Absalom model) to predict radiocaesium transfer factor for the region. 

Finally, database will be maintained online to encourage other researchers to provide data 

relevant to food chain and wildlife transfer and at such contribute to periodic update of the 

SSAD. 

6.5. Future direction 

By Assessing environmental radionuclide transfer in Sub-Saharan Africa, the present study 

provides the fundamental knowledge required to assess radiation impact on humans and 

wildlife in the SSA which set out the basis for environmental protection and management. 

The result findings highlighted important questions for which further researches are required 

to advance the knowledge of environmental radionuclide transfer in SSA. Firstly, is the area 

of the applicability of currently used assessment approaches to other geographical locations 

and in this case Sub-Saharan Africa. In chapter two, the review of the application of 

radiological assessment model was done. Very few of the assessment model have been 

applied to SSA. Further assessment of the applicability of currently used assessment 

approaches for implementation in Sub-Saharan Africa needs to be done. This would assess 

organisms from SSA including protected species, carefully matching protected species in SSA 

ICRP RAPs & ERICA Reference Organisms (ROs). It will help to identify protected species in SSA 

for consideration in the reference organism list for which transfer data is lacking as well as 

improve understanding to the full list of RAPs and ROs available in SSA, more research study 

is required. Secondly, further study to address data gaps in radionuclides transfer is required. 

the gaps that require further research include radionuclides transfer to freshwater and 

marine organisms to develop a comprehensive freshwater and marine database of 

radionuclide transfer in a whole range of organisms and radionuclides combinations for Sub-

Saharan Africa is required. There is lack of data for radioisotopes for both human food chain 

and non-human biota for which data gap filling is required. Further research will address these 

gaps which would lead to a robust radionuclide transfer database for the region. Thirdly, the 

use of models to implement radiological approaches and to aid in decision making on 

contamination by radionuclides is critical. There is a need to further explore the use of 

predictive models to assess radiological releases (planned or accidental) of contaminations 
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(90Sr, 137Cs and others) and establish remediation and restoration responses for the Sub-

Saharan Africa region as well as develop GIS-based vulnerability assessment for 

contaminations such as radiocaesium mobility in the environment and availability to crops in 

the Sub-Saharan Africa. Fourthly, naturally occurring radionuclides material (NORM) from 

industries and heavy metals that need to be assessed. There are several mining activities in 

Niger, Ghana, Nigeria, South Africa and many other countries in the region (Steenkamp and 

Clark-mostert, 2012) as well as oil exploration activities and other solid minerals extractions 

leading to releases of naturally occurring radionuclides and heavy metals. With huge legacy 

of contaminants from industrial activities in SSA, it is important for further research to explore 

the transfer of these elements to human food chain and wildlife. Finally, other research 

questions include field measurement and study on radionuclide dose exposures. Dosimetry 

study combined with transfer will give better understanding of exposure level and help to 

quantify risk, management environmental radiation effects and ultimately better decision. 

Consequently, the maintenance of the Sub-Saharan African database (SSAD) will continue 

even after the PhD thesis as a result of continuous update and further incorporation of 

transfer data especially in areas with limited datasets to produce a highly robust database.  

6.6. Conclusion 

In conclusion, Sub-Saharan Africa database (SSAD) of radionuclides transfer parameters has 

been developed and the research objective one has been accomplished. This database has 

been compared with currently available database from Europe and North America. Result 

revealed that transfer parameters within the SSAD are different from those of international 

database, although comparable in some food crops and wildlife species and with this, the 

second objective of the research was met. The developed SSAD for wildlife will be 

incorporated into the wildlife transfer database and the food crop database for SSA will be 

available for use in future update of international compilations of human food chain transfer 

parameters values. Furthermore, site specific transfer parameters at the two case study 

locations, Geregu and Itu, were determined for various stable elements and radionuclides, in 

line with the research objective three and has been incorporated into the SSAD to fill in the 

data gaps. Dose assessment of the potential impact of the nuclear power plant was 

undertaken using ERICA model. The dose assessment result confirmed that, potential 

discharges from the nuclear power plant will be negligible. Further assessment of the soil 
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radiocaesium interception potential was undertaken and RIP results from a Sub-Saharan 

Africa setting was compared to RIP from other parts of the world. The RIP of the Nigerian soil 

was low compared to RIP from other regions due to several factors highlighted in chapter five. 

Applying the Absalom model confirmed model applicability to an SSA setting and in the event 

of nuclear emergency planning and response situation.  By studying environmental 

radionuclides transfer in Sub-Saharan Africa, the thesis provides key insights to transfer 

parameters in human food chain and wildlife in SSA. The insights gained on dose assessment 

and application of the Absalom model establish the aim of the research that datasets and 

models developed in Europe and North America may be applicable to the SSA. Together, the 

results present a significant advancement in international understanding of radionuclides and 

stable elements behaviour within the Sub-Saharan Africa and help to underpinning the 

development of a system of radiological protection as well as emergency planning within the 

SSA. 

 

 

 

 

 

 

 

 

 

 

 

 



 

133 
  

REFERENCES 

 

Abanda, P. A., Compton, J. S., & Hannigan, R. E. (2011). Soil nutrient content, above-ground 
biomass and litter in a semi-arid shrubland, South Africa. Geoderma, 164(3-4), 128-
137. 

 
Abbott, M. L., & Rood, A. S. (1994). COMIDA: a radionuclide food chain model for acute fallout 

deposition. Health Physics, 66(1), 17-29. 
 
Abe, S. S., Oyediran, G. O., Masunaga, T., Yamamoto, S., Honna, T., & Wakatsuki, T. (2009). 

Soil development and fertility characteristics of inland valleys in the rain forest zone 
of Nigeria: mineralogical composition and particle-size distribution. Pedosphere, 19(4), 
505-514. 

 
Absalom, J. P., Young, S. D., Crout, N. M. J., Nisbet, A. F., Woodman, R. F. M., Smolders, E., & 

Gillett, A. G. (1999). Predicting soil to plant transfer of radiocaesium using soil 
characteristics. Environmental science & technology, 33(8), 1218-1223. 

 
Absalom, J. P., Young, S. D., Crout, N. M. J., Sanchez, A., Wright, S. M., Smolders, E., ... & Gillett, 

A. G. (2001). Predicting the transfer of radiocaesium from organic soils to plants using 
soil characteristics. Journal of Environmental Radioactivity, 52(1), 31-43. 

 
Adakole, J. A., & Abolude, D. S. (2012). Pollutional status of Kubanni Lake through metal 

concentrations in water and sediment columns, Zaria, Nigeria. Res. J. Environ. Earth 
Sci, 4(4), 424-427. 

 
Adebayo-Tayo, B. C., & Ajibesin, K. K. (2008). Antimicrobial activities of Coula edulis. Research 

Journal of Medicinal Plant, 2(2), 86-91. 
 
Adebiyi, F. M., & Asubiojo, O. I. (2008). Assessment of element accumulation from bitumen 

deposit by vegetation using Energy Dispersive X-ray Fluorescence (EDXRF) 
spectroscopy technique. Chemistry and Ecology, 24(6), 423-435. 

 
Adebowale, A. A., Sanni, L. O., & Onitilo, M. O. (2008). Chemical composition and pasting 

properties of tapioca grits from different cassava varieties and roasting methods. 
African Journal of Food Science, 2(7), 077-082. 

 
Ademola, J. A., & Ehiedu, S. I. (2010). Radiological analysis of 40K, 226Ra and 232Th in fish, 

crustacean and sediment samples from fresh and marine water in oil exploration area 
of Ondo State, Nigeria. African Journal of Biomedical Research, 13(2), 99-106. 

 
Adeniji, O. T., Kehinde, O. B., Ajala, M. O., & Adebisi, M. A. (2008). Genetic studies on seed 

yield of West African okra [Abelmoschus caillei (A. Chev.) Stevels]. Journal of Tropical 
Agriculture, 45(1), 36-41. 

 



 

134 
  

Adeyeye, E. I. (1994). Determination of trace heavy metals in Illisha Africana fish and in 
associated water and soil sediments from some fishponds. International journal of 
environmental studies, 45(3-4), 231-238. 

 
Adler, P. R., & Wilcox, G. E. (1985). Rapid perchloric acid digest methods for analysis of major 

elements in plant tissue. Communications in Soil Science and Plant Analysis, 16(11), 
1153-1163. 

 
Aduba, O. (2012). Nigeria to attain 4000 MW from nuclear power plants by 2030. Guardian 

Newspaper, 18. 
 
Adukpo, O. K., Faanu, A., Lawluvi, H., Tettey-Larbi, L., Emi-Reynolds, G., Darko, E. O., ... & 

Amoah, P. A. (2015). Distribution and assessment of radionuclides in sediments, soil 
and water from the lower basin of river Pra in the Central and Western Regions of 
Ghana. Journal of Radioanalytical and Nuclear Chemistry, 303(3), 1679-1685. 

 
Afolayan, A. O. (2018). Accumulation of heavy metals from battery waste in topsoil, surface 

water, and garden grown maize at Omilende area, Olodo, Nigeria. Global 
Challenges, 2(3), 1700090. 

 
Agbalagba, E. O., Avwiri, G. O., & Ononugbo, C. P. (2013). Activity concentration and 

radiological impact assessment of 226Ra, 228Ra and 40K in drinking waters from (OML) 
30, 58 and 61 oil fields and host communities in Niger Delta region of Nigeria. Journal 
of environmental radioactivity, 116, 197-200. 

 
Agbalagba, E. O., & Onoja, R. A. (2011). Evaluation of natural radioactivity in soil, sediment 

and water samples of Niger Delta (Biseni) flood plain lakes, Nigeria. Journal of 
environmental radioactivity, 102(7), 667-671. 

 
Agbenin, J. O., Danko, M., & Welp, G. (2009). Soil and vegetable compositional relationships 

of eight potentially toxic metals in urban garden fields from northern Nigeria. Journal 
of the Science of Food and Agriculture, 89(1), 49-54. 

 
Agboola, P. O., Ikpi, A. E., & Kormawa, P. M. (2004). Factors influencing food insecurity among 

rural farming households in Africa: Results of analysis from Nigeria. University of 
Ibadan, 1-18. 

 
Agu, M. N. (2012, March). Preparation for environmental impact assessment for the first 

nuclear power plant. In IAEA Technical meeting on environmental issues in new 
Nuclear Power Programs (pp. 20-23). 

 
Agyarko, K., Darteh, E., & Berlinger, B. (2010). Metal levels in some refuse dump soils and 

plants in Ghana. Plant, Soil and Environment, 56(5), 244-251. 
 
Ajibesin, K. K., Rene, N., Bala, D. N., & Essiett, U. A. (2008). Antimicrobial activities of the 

extracts and fractions of Allanblackia floribunda. Biotechnology, 7(1), 129-133. 
 



 

135 
  

Akter, M., Kader, M. A., Pierreux, S., Gebremikael, M. T., Boeckx, P., & Sleutel, S. (2016). 
Control of Fe and Mn availability on nitrogen mineralization in subtropical paddy soils. 
Geoderma, 269, 69-78. 

 
Al-Ghamdi, A. A., Nuru, A., Khanbash, M. S., & Smith, D. R. (2013). Geographical distribution 

and population variation of Apis mellifera jemenitica Ruttner. Journal of Apicultural 
Research, 52(3), 124-133. 

 
Aliscioni, S. S., Giussani, L. M., Zuloaga, F. O., & Kellogg, E. A. (2003). A molecular phylogeny 

of Panicum (Poaceae: Paniceae): tests of monophyly and phylogenetic placement 
within the Panicoideae. American Journal of Botany, 90(5), 796-821. 

 
Aliyu, A. S., Ramli, A. T., & Saleh, M. A. (2015). Assessment of potential human health and 

environmental impacts of a nuclear power plant (NPP) based on atmospheric 
dispersion modelling. Atmósfera, 28(1), 13-26. 

 
Alloway, B. J. (2012). Heavy metals in soils: trace metals and metalloids in soils and their 

bioavailability (Vol. 22). Springer Science & Business Media. 
 
Almahayni, T., Beresford, N. A., Crout, N. M., & Sweeck, L. (2019). Fit-for-purpose modelling 

of radiocaesium soil-to-plant transfer for nuclear emergencies: a review. Journal of 
environmental radioactivity, 201, 58-66. 

 
Alonzo, F., Hertel-Aas, T., Gilek, M., Gilbin, R., Oughton, D. H., & Garnier-Laplace, J. (2008). 

Modelling the propagation of effects of chronic exposure to ionising radiation from 
individuals to populations. Journal of environmental radioactivity, 99(9), 1464-1473. 

 
Amiro, B. D., Sheppard, S. C., Johnston, F. L., Evenden, W. G., & Harris, D. R. (1996). Burning 

radionuclide question: what happens to iodine, caesium and chlorine in biomass fires? 
Science of the Total Environment, 187(2), 93-103. 

 
Amusan, A. A., Ige, D. V., & Olawale, R. (2005). Characteristics of soils and crops’ uptake of 

metals in municipal waste dump sites in Nigeria. Journal of Human Ecology, 17(3), 167-
171. 

 
Andersson, K. G., & Nielsen, S. P. (2009). Food chain modelling of Nordic conditions. In 

EcoDoses: Improving radiological assessment of doses to man from terrestrial 
ecosystems: A status report for the NKS-B activity 2006 (pp. 29-43). NKS. 

 
Andersson, P., Garnier-Laplace, J., Beresford, N. A., Copplestone, D., Howard, B. J., Howe, P., 

... & Whitehouse, P. (2009). Protection of the environment from ionising radiation in 
a regulatory context (PROTECT): proposed numerical benchmark values. Journal of 
Environmental Radioactivity, 100(12), 1100-1108. 

 
Andriesse, W., & Fresco, L. O. (1991). A characterization of rice-growing environments in West 

Africa. Agriculture, Ecosystems & Environment, 33(4), 377-395. 
 



 

136 
  

ANSTO. (2014). Safety Assessment of the Little Forest Legacy Site (LFLS). Australian Nuclear 
Science and Technology Organisation (2014). ANSTO/T/TN/2013-10 rev 1. 

 
Antoniadis, V., Levizou, E., Shaheen, S. M., Ok, Y. S., Sebastian, A., Baum, C., ... & Rinklebe, J. 

(2017). Trace elements in the soil-plant interface: Phytoavailability, translocation, and 
phytoremediation–A review. Earth-Science Reviews, 171, 621-645. 

 
Antoniadis, V., Shaheen, S. M., Boersch, J., Frohne, T., Du Laing, G., & Rinklebe, J. (2017). 

Bioavailability and risk assessment of potentially toxic elements in garden edible 
vegetables and soils around a highly contaminated former mining area in Germany. 
Journal of Environmental Management, 186, 192-200. 

 
Arogunjo, A. M., Höllriegl, V., Giussani, A., Leopold, K., Gerstmann, U., Veronese, I., & Oeh, U. 

(2009). Uranium and thorium in soils, mineral sands, water and food samples in a tin 
mining area in Nigeria with elevated activity. Journal of environmental radioactivity, 
100(3), 232-240. 

 
Asaolu, S. S., & Olaofe, O. (2005). Biomagnification of some heavy and essential metals in 

sediments, fishes and crayfish from Ondo State coastal region, Nigeria. Pakistan 
Journal of Scientific and Industrial Research, 48(2), 96. 

 
Avila, A., & Rodrigo, A. (2004). Trace metal fluxes in bulk deposition, throughfall and stemflow 

at two evergreen oak stands in NE Spain subject to different exposure to the industrial 
environment. Atmospheric Environment, 38(2), 171-180. 

 
Babatunde, B. B., Sikoki, F. D., & Hart, I. (2015). Human health impact of natural and artificial 

radioactivity levels in the sediments and fish of Bonny estuary, Niger Delta, Nigeria. 
Challenges, 6(2), 244-257. 

 
Baeza, A., Paniagua, J. M., Rufo, M., Sterling, A., & Barandica, J. (1999). Radiocaesium and 

radiostrontium uptake by turnips and broad beans via leaf and root absorption. 
Applied Radiation and Isotopes, 50(3), 467-474. 

 
Balasubramanian, V., Sie, M., Hijmans, R. J., & Otsuka, K. (2007). Increasing rice production in 

Sub-Saharan Africa: challenges and opportunities. Advances in agronomy, 94, 55-133. 
 
Ball, B. C., Guimarães, R. M., Cloy, J. M., Hargreaves, P. R., Shepherd, T. G., & McKenzie, B. M. 

(2017). Visual soil evaluation: a summary of some applications and potential 
developments for agriculture. Soil and Tillage Research, 173, 114-124. 

 
Balonov, M., Barnett, C. L., Belli, M., Beresford, N. A., Berkovsky, V., Bossew, P., ... & Choi, Y. 

H. (2010). Handbook of parameter values for the prediction of radionuclide transfer 
in terrestrial and freshwater environment. 

 
Bandyopadhyay, S., Kanji, S., & Wang, L. (2012). The impact of rainfall and temperature 

variation on diarrheal prevalence in Sub-Saharan Africa. Applied Geography, 33, 63-
72. 



 

137 
  

 
Barescut, J. C., Gariel, J. C., Péres, J. M., Balonov, M., Linsley, G., Louvat, D., ... & Cabianca, T. 

(2005). The IAEA standards for the radioactive discharge control: Present status and 
future development. Radioprotection, 40(S1), S721-S726. 

 
 
Barescut, J. C., Gariel, J. C., Péres, J. M., Wasserman, M. A., Viana, A. G., Bartoly, F., ... & 

Vivone, R. J. (2005). Bio-geochemical behaviour of 90Sr and 137Cs in tropical soil. 
Radioprotection, 40(S1), S135-S142. 

 
Barescut, J., Lariviere, D., Stocki, T., Wood, M. D., Beresford, N. A., & Copplestone, D. (2011). 

Limit of detection values in data analysis: Do they matter? Radioprotection, 46(6), S85-
S90. 

 
Barescut, J., Barnett, C. L., Gaschak, S., Beresford, N. A., Howard, B. J., & Maksimenko, A. 

(2009). Radionuclide activity concentrations in two species of reptiles from the 
Chernobyl exclusion zone. Radioprotection, 44(5), 537-542. 

 
Barnett, C. L., Belli, M., Beresford, N. A., Bossew, P., Boyer, P., Brittain, J. E., ... & Colle, C. 

(2009). Quantification of Radionuclide Transfer in Terrestrial and Freshwater 
Environments for Radiological Assessments. IAEA-TECDOC-1616. 

 
Barnett, C. L., Beresford, N. A., Walker, L. A., Baxter, M., Wells, C., & Copplestone, D. (2014). 

Transfer parameters for ICRP reference animals and plants collected from a forest 
ecosystem. Radiation and environmental biophysics, 53(1), 125-149. 

 
Bationo, A., Hartemink, A. E., Lungo, O., Naimi, M., Okoth, P., Smaling, E. M. A., & Thiombiano, 

L. (2006). African soils: their productivity and profitability of fertilizer use: background 
paper for the African Fertilizer Summit 9-13th June 2006, Abuja, Nigeria. IFDC. 

 
Begum, A., Ramaiah, M., Khan, I., & Veena, K. (2009). Analysis of heavy metals concentration 

in soil and lichens from various localities of Hosur road, Bangalore, India. Journal of 
Chemistry, 6(1), 13-22. 

 
Beresford, N. A., Broadley, M. R., Howard, B. J., Barnett, C. L., & White, P. J. (2004). Estimating 

radionuclide transfer to wild species—data requirements and availability for 
terrestrial ecosystems. Journal of Radiological Protection, 24(4A), A89. 

 
Beresford, N., Brown, J., Copplestone, D., Garnier-Laplace, J., Howard, B., Larsson, C. M., ...& 

Zinger, I. (2007). “D-ERICA”. An integrated approach to the assessment and 
management of environmental risk from ionising radiation. Description of purpose, 
methodology and application. Community Research, European Commission. Retrieved 
from www.erica-projects.org.  23/ 01/2017. 

 
Beresford, N. A., Mayes, R. W., Barnett, C. L., & Howard, B. J. (2007). The transfer of 

radiocaesium to ewes through a breeding cycle–an illustration of the pitfalls of the 
transfer coefficient. Journal of environmental radioactivity, 98(1-2), 24-35. 

http://www.erica-projects.org/


 

138 
  

 
Beresford, N. A., Balonov, M., Beaugelin-Seiller, K., Brown, J., Copplestone, D., Hingston, J. L., 

... & Nedveckaite, T. (2008). An international comparison of models and approaches 
for the estimation of the radiological exposure of non-human biota. Applied radiation 
and Isotopes, 66(11), 1745-1749. 

 
Beresford, N. A., Barnett, C. L., Howard, B. J., Scott, W. A., Brown, J. E., & Copplestone, D. 

(2008). Derivation of transfer parameters for use within the ERICA Tool and the default 
concentration ratios for terrestrial biota. Journal of Environmental Radioactivity, 
99(9), 1393-1407. 

 
Beresford, N. A., Gaschak, S., Barnett, C. L., Howard, B. J., Chizhevsky, I., Strømman, G., ... & 

Copplestone, D. (2008). Estimating the exposure of small mammals at three sites 
within the Chernobyl exclusion zone–a test application of the ERICA Tool. Journal of 
environmental radioactivity, 99(9), 1496-1502. 

 
Beresford, N. A., Barnett, C. L., Jones, D. G., Wood, M. D., Appleton, J. D., Breward, N., & 

Copplestone, D. (2008). Background exposure rates of terrestrial wildlife in England 
and Wales. Journal of Environmental Radioactivity, 99(9), 1430-1439. 

 
Beresford, N. A., Barnett, C. L., Brown, J. E., Cheng, J. J., Copplestone, D., Filistovic, V., ... & 

Kryshev, A. (2008). Inter-comparison of models to estimate radionuclide activity 
concentrations in non-human biota. Radiation and Environmental Biophysics, 47(4), 
491-514. 

 
Beresford, N. A., Balonov, M., Beaugelin-Seiller, K., Brown, J., Copplestone, D., Hingston, J. L., 

... & Nedveckaite, T. (2008). An international comparison of models and approaches 
for the estimation of the radiological exposure of non-human biota. Applied radiation 
and Isotopes, 66(11), 1745-1749. 

 
Beresford, N. A., Anderson, P., Beaugelin-Seiller, K., Brown, J., Copplestone, D., Garnier-

Laplace, J., ... & Oughton, D. H. (2008). Approaches to demonstrate protection of the 
environment from ionising radiation. In Workshop report for the EC EURATOM 
PROTECT project (Contract Number: 036425 (FI6R)), Available from: http://www. ceh. 
ac. uk/protect. 

 
Beresford, N. A., Hosseini, A., Brown, J. E., Cailles, C., Copplestone, D., Barnett, C. L., & 

Beaugelin-Seiller, K. (2008). Evaluation of approaches for protecting the environment 
from ionising radiation in a regulatory context. 

 
Beresford, N. A., Barnett, C. L., Jones, D. G., Wood, M. D., Appleton, J. D., Breward, N., & 

Copplestone, D. (2008). Background exposure rates of terrestrial wildlife in England 
and Wales. Journal of Environmental Radioactivity, 99(9), 1430-1439. 

 
Beresford, N. A. (2010). The transfer of radionuclides to wildlife. 

Beresford, N. A., Hosseini, A., Brown, J. E., Cailes, C., Beaugelin-Seiller, K., Barnett, C. L., & 
Copplestone, D. (2010). Assessment of risk to wildlife from ionising radiation: can 



 

139 
  

initial screening tiers be used with a high level of confidence? Journal of Radiological 
Protection, 30(2), 265. 

Beresford, N. A. (2010). The transfer of radionuclides to wildlife. Radiation &Environmental 
Biophysics, 49(4), pp 505-508. 

 
 
Beresford, N. A., & I Batlle, J. V. (2013). Estimating the biological half-life for radionuclides in 

homoeothermic vertebrates: a simplified allometric approach. Radiation and 
environmental biophysics, 52(4), 505-511. 

 
Beresford, N. A., Yankovich, T. L., Wood, M. D., Fesenko, S., Andersson, P., Muikku, M., & 

Willey, N. J. (2013). A new approach to predicting environmental transfer of 
radionuclides to wildlife: a demonstration for freshwater fish and caesium. Science of 
the total environment, 463, 284-292. 

 
Beresford, N. A., Vives I Batlle, J., Wood, M. D., Willey, N., & Yankovich, T. L. (2013). Making 

the most of what we've got: developing radioecological extrapolation approaches. 
 
Beresford, N. A., & Wood, M. D. (2014). A new simplified allometric approach for predicting 

the biological half-life of radionuclides in reptiles. Journal of environmental 
radioactivity, 138, 116-121. 

 
Beresford, N. A., Beaugelin-Seiller, K., Burgos, J., Cujic, M., Fesenko, S., Kryshev, A., ... & I 

Batlle, J. V. (2015). Radionuclide biological half-life values for terrestrial and aquatic 
wildlife. Journal of environmental radioactivity, 150, 270-276. 

 
Beresford, N. A., Gaschak, S., Maksimenko, A., & Wood, M. D. (2016). The transfer of 137Cs, Pu 

isotopes and 90Sr to bird, bat and ground-dwelling small mammal species within the 
Chernobyl exclusion zone. Journal of environmental radioactivity, 153, 231-236. 

 
Beresford, N. A., Wood, M. D., I Batlle, J. V., Yankovich, T. L., Bradshaw, C., & Willey, N. (2016). 

Making the most of what we have: application of extrapolation approaches in radio 
ecological wildlife transfer models. Journal of Environmental Radioactivity,151, pp 
373-386. 

 
Beresford, N. A., & Willey, N. (2019). Moving radiation protection on from the limitations of 

empirical concentration ratios. Journal of environmental radioactivity, 208, 106020. 
 
Beresford, N. A., Barnett, C. L., Gashchak, S., Maksimenko, A., Guliaichenko, E., Wood, M. D., 

& Izquierdo, M. (2020). Radionuclide transfer to wildlife at a ‘Reference Site’in the 
Chernobyl Exclusion Zone and resultant radiation exposures. Journal of environmental 
radioactivity, 211, 105661. 

 
Beresford, N. A., Scott, E. M., & Copplestone, D. (2020). Field effects studies in the Chernobyl 

Exclusion Zone: Lessons to be learnt. Journal of environmental radioactivity, 211, 
105893. 

 



 

140 
  

Berg, I. (2015). Validation of MP-AES at the Quantification of Trace Metals in Heavy Matrices 
with Comparison of Performance to ICP-MS. 

 
Bernhardt, K. (2008). Finding alternatives and reduced formulations for process-based 

models. Evolutionary computation, 16(1), 63-88. 
 
Blench, R. M. (1995). A history of domestic animals in north-eastern Nigeria. Cahiers des 

sciences humaines, 31(1), 181-237. 
 
Boamponsem, L. K. (2009). Heavy metals levels in lichens, soils, sediments and water bodies 

of teberebie and its environs in the Western Region of Ghana (Doctoral dissertation). 
 
Bolton, J. J., & Stegenga, H. (2002). Seaweed species diversity in South Africa. South African 

Journal of Marine Science, 24(1), 9-18. 
 
Boulois, H. D., Joner, E. J., Leyval, C., Jakobsen, I., Chen, B. D., Roos, P., ... & Declerck, S. (2008). 

Impact of arbuscular mycorrhizal fungi on uranium accumulation by plants. Journal of 
Environmental radioactivity, 99(5), 775-784. 

 
Boyd, R. (2006). "Metal concentrations of insects associated with the South African Ni 

hyperaccumulator Berkheyacoddii (Asteraceae) " Insect Science 132, pp 85-102. 
 
Branch, W. R. (2014). Conservation status, diversity, endemism, hotspots and threats. Atlas 

and Red List of the Reptiles of South Africa, Lesotho and Swaziland. Suricata, 1, 22-50. 
 
Bréchignac, F. (2001). Impact of radioactivity on the environment: Problems, state of current 

knowledge and approaches for identification of radioprotection 
criteria. Radioprotection, 36(4), 511-535. 

 
Brechignac, F., Alexakhin, R., Godoy, J. M., Oughton, D., Sheppard, S., & Strand, P. (2008). 

Integrating environment protection, a new challenge: strategy of the International 
Union of Radioecology. Radioprotection, 43(3), 339-356. 

 
Bréchignac, F., Bradshaw, C., Carroll, S., Jaworska, A., Kapustka, L., Monte, L., & Oughton, D. 

(2011). Recommendations from the International Union of Radioecology to improve 
guidance on radiation protection. Integrated environmental assessment and 
management, 7(3), 411-413. 

Bréchignac, F., Oughton, D., Mays, C., Barnthouse, L., Beasley, J. C., Bonisoli-Alquati, A., ... & 
Glenn, T. (2016). Addressing ecological effects of radiation on populations and 
ecosystems to improve protection of the environment against radiation: Agreed 
statements from a Consensus Symposium. Journal of environmental 
radioactivity, 158, 21-29. 

Brokbartold, M., Wischermann, M., & Marschner, B. (2012). Plant availability and uptake of 
lead, zinc, and cadmium in soils contaminated with anti-corrosion paint from pylons 
in comparison to heavy metal contaminated urban soils. Water, Air, & Soil 
Pollution, 223(1), 199-213 



 

141 
  

Brouwer, E., Baeyens, B., Maes, A., & Cremers, A. (1983). Caesium and rubidium ion 
equilibriums in illite clay. The Journal of Physical Chemistry, 87(7), 1213-1219. 

Brown, J., & Simmonds, J. R. (1995). FARMLAND. A dynamic model for the transfer of 
radionuclides through terrestrial food chains (No. NRPB-R--273). National Radiological 
Protection Board. 

 
Brown, J. E., Alfonso, B., Avila, R., Beresford, N. A., Copplestone, D., Pröhl, G., & Ulanovsky, A. 

(2008). The ERICA tools. Journal of Environmental Radioactivity, 99(9), 1371-1383. 
 
Brown, J. E., Beresford, N. A., & Hosseini, A. (2013). Approaches to providing missing transfer 

parameter values in the ERICA Tool–How well do they work? Journal of Environmental 
Radioactivity, 126, pp 399-411. 

 
Brown, J. E., Alfonso, B., Avila, R., Beresford, N. A., Copplestone, D., & Hosseini, A. (2016). A 

new version of the ERICA tool to facilitate impact assessments of radioactivity on wild 
plants and animals. Journal of Environmental Radioactivity, 153, pp141-148. 

 
Buccianti, A., Nisi, B., Martín-Fernández, J. A., & Palarea-Albaladejo, J. (2014). Methods to 

investigate the geochemistry of groundwaters with values for nitrogen compounds 
below the detection limit. Journal of Geochemical Exploration, 141, 78-88. 

 
Bunzl, K., Albers, B. P., Schimmack, W., Belli, M., Ciuffo, L., & Menegon, S. (2000). Examination 

of a relationship between 137Cs concentrations in soils and plants from alpine 
pastures. Journal of Environmental Radioactivity, 48(2), 145-158. 

 
Burger, A., & Lichtscheidl, I. (2018). Stable and radioactive caesium: a review about 

distribution in the environment, uptake and translocation in plants, plant reactions 
and plants' potential for bioremediation. Science of the Total Environment, 618, 1459-
1485. 

 
Carini, F. (2009). Radionuclide transfer to fruit in the IAEA TRS 364 Revision. Journal of 

environmental radioactivity, 100(9), 752-756. 
 
Carini, F., Pellizzoni, M., & Giosuè, S. (2012). Radionuclide transfer to fruit in the IAEA TRS No. 

472. In EPJ Web of Conferences (Vol. 24, p. 06002). EDP Sciences. 
 
Carolan, J. V., Hughes, C. E., & Hoffmann, E. L. (2011). Dose assessment for marine biota and 

humans from discharge of 131I to the marine environment and uptake by algae in 
Sydney, Australia. Journal of environmental radioactivity, 102(10), 953-963. 

Carter, L. J., Ryan, J. J., & Boxall, A. B. (2016). Effects of soil properties on the uptake of 
pharmaceuticals into earthworms. Environmental pollution, 213, 922-931 J. Environ. 
Radioact., 102 (10) (2011), pp. 953-963 

Casadesus, J., Sauras-Yera, T., & Vallejo, V. R. (2008). Predicting soil-to-plant transfer of 
radionuclides with a mechanistic model (BioRUR). Journal of environmental 
radioactivity, 99(5), 864-871. 

 



 

142 
  

Chad-Umoren, Y. E., & Ebiwonjumi, B. F. (2013). Nigeria’s nuclear power generation project: 
current state and future-prospects. Journal of Energy Technologies and Policy, 3(7), 
10-20. 

 
CHANGE, I. P. O. C. (2007). Climate change impacts, adaptation and vulnerability-working 

group II. Climate Change. 
 
Chen, S. B., Zhu, Y. G., & Hu, Q. H. (2005). Soil to plant transfer of 238U, 226Ra and 232Th on a 

uranium mining-impacted soil from south-eastern China. Journal of Environmental 
radioactivity, 82(2), 223-236. 

Cheyns, K., Nkulu, C. B. L., Ngombe, L. K., Asosa, J. N., Haufroid, V., De Putter, T., ... & Nemery, 
B. (2014). Pathways of human exposure to cobalt in Katanga, a mining area of the DR 
Congo. Science of the Total Environment, 490, 313-321. 

Chino, M., Nakayama, H., Nagai, H., Terada, H., Katata, G., & Yamazawa, H. (2011). Preliminary 
estimation of release amounts of 131I and 137Cs accidentally discharged from the 
Fukushima Daiichi nuclear power plant into the atmosphere. Journal of nuclear 
science and technology, 48(7), 1129-1134. 

Clayton, W. D. (1961). Derived savanna in Kabba province, Nigeria. The Journal of Ecology, 
595-604. 

Cohen, B. L. (1995). Test of the linear-no threshold theory of radiation carcinogenesis for 
inhaled radon decay products. Health Physics, 68(2), 157-174. 

Collaboration for Environmental Evidence. (2013). Guidelines for Systematic Review and 
Evidence Synthesis in Environmental Management. Version 4.2 Environmental 
Evidence: http://www.environmentalevidence.org/wp-content/uploads/2014/06/ 
Review-guidelines-version-4.2-final.pdf. Retrieved on 18/ 02/ 2017 

 
Conti, M. E., & Botrè, F. (2001). Honeybees and their products as potential bioindicators of 

heavy metals contamination. Environmental monitoring and assessment, 69(3), 267-
282. 

 
Conyers, M., & Davey, B. (1990). The variability of pH in acid soils of the Southern Highlands 

of New South Wales. Soil Science, 150(4), pp 695-704. 
 
Cosby, B. J., Hornberger, G. M., Clapp, R. B., & Ginn, T. (1984). A statistical exploration of the 

relationships of soil moisture characteristics to the physical properties of soils. Water 
resources research, 20(6), 682-690. 

 
Coscione, A. R., de Andrade, J. C., & van Raij, B. (1998). Revisiting titration procedures for the 

determination of exchangeable acidity and exchangeable aluminium in soils. 
Communications in Soil Science & Plant Analysis, 29(11-14), 1973-1982. 

 
Copplestone, D., Bielby, S., Jones, S. R., Patton, D., Daniel, P., & Gize, I. (2001). Impact 

Assessment of ionising Radiation on Wildlife. R & D Publication. Environment Agency, 
Bristol, p 128. 



 

143 
  

Copplestone, D., Wood, M. D., Bielby, S., Jones, S. R., i Batlle, J. V., & Beresford, N. A. (2003). 
Habitat Regulations for Stage 3 Assessments: Radioactive Substances Authorisations. 
R&D Technical Report P3-101/Sp1a. 

 
Copplestone, D., Brown, J. E., & Beresford, N. A. (2010). Considerations for the integration of 

human and wildlife radiological assessments. Journal of Radiological Protection, 30(2), 
283. 

 
Copplestone, D., Beresford, N. A., Brown, J. E., & Yankovich, T. (2013). An international 

database of radionuclide concentration ratios for wildlife: development and 
uses. Journal of environmental radioactivity, 126, 288-298. 

 
Coughtrey, P. J., Jackson, D., & Thorne, M. C. (1983). Radionuclide distribution and transport 

in terrestrial and aquatic ecosystems. A critical review of data. Volume 3. AA Balkema. 
 
Cox, G., Beresford, N. A., Alvarez-Farizo, B., Oughton, D., Kis, Z., Eged, K., ... & Gil, J. M. (2005). 

Identifying optimal agricultural countermeasure strategies for a hypothetical 
contamination scenario using the strategy model. Journal of environmental 
radioactivity, 83(3), 383-397. 

 
Cox, G. M., Gibbons, J. M., Wood, A. T. A., Craigon, J., Ramsden, S. J., & Crout, N. M. J. (2006). 

Towards the systematic simplification of mechanistic models. Ecological Modelling, 
198(1-2), 240-246. 

 
Crafford, D, Avenant-Oldewage, A. (2010). "Bioaccumulation of non-essential trace metals in 

tissues and organs of Clarias gariepinus (sharptooth catfish) from the Vaal River 
system: strontium, aluminium, lead and nickel." Water SA 36 pp 621-640. 

 
Cremers, A., Elsen, A., De Preter, P., & Maes, A. (1988). Quantitative analysis of radiocaesium 

retention in soils. Nature, 335(6187), 247-249. 
 
Crout, N., Beresford, N., & Sanchez, A. (2003). Predicting transfer of radionuclides: soil-plant-

animal. In Radioactivity in the Environment (Vol. 4, pp. 261-286). Elsevier. 
 
Crout, N. M., Tarsitano, D., & Wood, A. T. (2009). Is my model too complex? Evaluating model 

formulation using model reduction. Environmental modelling & software, 24(1), 1-7. 
 
Daniel, O. (1992). Population dynamics of Lumbricus terrestris L. (Oligochaeta: Lumbricidae) 

in a meadow. Soil Biology and Biochemistry, 24(12), 1425-1431. 
 
Darko, G, Faanu, A, Akoto, O, Acheampong, A, Goode, E. J, & Gyamfi, O. (2015). Distribution 

of natural and artificial radioactivity in soils, water and tuber crops, Environmental 
Monitoring and Assessment, 187(6), pp1-11 

 
Decker, C., Griffiths, C., Prochazka, K., Ras, C., & Whitfield, A. (2003, September). Marine 

biodiversity in Sub-Saharan Africa: The known and the unknown. In Workshop reports: 
Summary of the first two days (Vol. 284, p. 285). 



 

144 
  

 
Dobigny, G., Tatard, C., Gauthier, P., Ba, K., Duplantier, J. M., Granjon, L., & Kergoat, G. J. 

(2013). Mitochondrial and nuclear genes-based phylogeography of Arvicanthis 
niloticus (Murinae) and sub-Saharan open habitats Pleistocene history. PLoS One, 
8(11). 

 
Doering, C., & Bollhöfer, A. (2016). A soil radiological quality guideline value for wildlife-based 

protection in uranium mine rehabilitation. Journal of environmental 
radioactivity, 151, 522-529. 
 

Dowdall, M., Standring, W., Shaw, G., & Strand, P. (2008). Will global warming affect soil-to-
plant transfer of radionuclides? Journal of Environmental Radioactivity, 99(11), 1736-
1745. 

 
Doyi, I. N. Y., Essumang, D. K., Agyapong, A. K., & Asumadu-Sarkodie, S. (2018). Soil-to-cassava 

transfer of naturally occurring radionuclides from communities along Ghana's oil and 
gas rich Tano Basin. Journal of environmental radioactivity, 182, 138-141. 

 
Dragović, S., &Mandić, L. J. (2010). Transfer of radionuclides to ants, mosses and lichens in 

semi-natural ecosystems. Radiation and Environmental Biophysics, 49(4), pp 625-634. 
 
Eardley, C. D., Gikungu, M., & Schwarz, M. P. (2009). Bee conservation in Sub-Saharan Africa 

and Madagascar: diversity, status and threats. Apidologie, 40(3), 355-366. 
 
Edema, M. O., Sanni, L. O., & Sanni, A. I. (2005). Evaluation of maize-soybean flour blends for 

sour maize bread production in Nigeria. African Journal of Biotechnology, 4(9). 
 
Eggertson, B. (2002). Clear intentions? South Africa's transition towards renewable 

energy. Refocus, 3(5), 42-44. 
 
Ehlken, S., & Kirchner, G. (1996). Seasonal variations in soil-to-grass transfer of fallout 

strontium and cesium and of potassium in North German soils. Journal of 
Environmental Radioactivity, 33(2), 147-181.  

 
Ehlken, S., & Kirchner, G. (2002). Environmental processes affecting plant root uptake of 

radioactive trace elements and variability of transfer factor data: a review. Journal of 
Environmental Radioactivity, 58(2-3), 97-112. 

 
Ehlken, S., & Kirchner, G. (2002). Environmental processes affecting plant root uptake of 

radioactive trace elements and variability of transfer factor data: a review. Journal of 
Environmental Radioactivity, 58(2-3), 97-112. 

 
Eisler, R. (2009). Compendium of Trace Metals and Marine Biota: Volume 1: Plants and 

Invertebrates (Vol. 1). Elsevier. 
 
Ejiogu, A. R. (2013). A nuclear Nigeria: How feasible is it? Energy Strategy Reviews, 1(4), 261-

265. 



 

145 
  

 
Emurotu, J. E., & Onianwa, P. C. (2017). Bioaccumulation of heavy metals in soil and selected 

food crops cultivated in Kogi State, north central Nigeria. Environmental Systems 
Research, 6(1), 21. 

 
Erenstein, O., Lançon, F., Akande, S. O., Titilola, S. O., Akpokodje, G., Ogundele, O. O., & 

Abidjan, C. D. I. (2003). Rice production systems in Nigeria: A survey. Abidjan, Côte 
d’Ivoire: West Africa Rice Development Association. http://www.inter-
reseaux.org/IMG/pdf_nigeria_rice_production_systems.pdf. 

 
Eshel, G., Levy, G. J., Mingelgrin, U., & Singer, M. J. (2004). Critical evaluation of the use of 

laser diffraction for particle-size distribution analysis. Soil Science Society of America 
Journal, 68(3), 736-743. 

 
 Eshett, E. T., Omueti, J. A. I., & Juo, A. S. R. (1989). Soil properties and mineralogy in relation 

to land use on a sedimentary toposequence in south-eastern Nigeria. The Journal of 
Agricultural Science, 112(3), 377-386. 

 
Ezeh, H. N, & Anike, O, L. (2009). The preliminary assessment of the pollution status of streams 

and artificial lakes created by mining in the mining district of Enyigba, South Eastern 
Nigeria, and their consequences Global Journal of Environmental Sciences 8(1) pp 41. 

 
Ezemonye, L. I., Adebayo, P. O., Enuneku, A. A., Tongo, I., & Ogbomida, E. (2019). Potential 

health risk consequences of heavy metal concentrations in surface water, shrimp 
(Macrobrachium macrobrachion) and fish (Brycinus longipinnis) from Benin River, 
Nigeria. Toxicology reports, 6, 1-9. 

 
Fan, T. W. M., Teh, S. J., Hinton, D. E., & Higashi, R. M. (2002). Selenium biotransformations 

into proteinaceous forms by food web organisms of selenium-laden drainage waters 
in California. Aquatic Toxicology, 57(1-2), 65-84. 

 
Fan, W., Xu, Z., & Wang, W. X. (2014). Metal pollution in a contaminated bay: relationship 

between metal geochemical fractionation in sediments and accumulation in a 
polychaete. Environmental pollution, 191, 50-57. 

 
FAO. (2004). Globalization of food systems in developing countries: impact on food security 

and nutrition. 
 
FAO. (2005). “Food and Agricultural Organization, the state of Food Insecurity in the World, 

2005. Rome, pp 2. 
 
FAO. (2013). Grow: Cassava. A guide to sustainable production intensification. Rome: Food 

and Agriculture Organization of the United Nation. 
 
FASSET. (2004). Framework for Assessment of Environmental Impact, Final Report of EC 5th 

Framework Programme, Contract FIGE-CT-2000–00102, 111 pages. 
 

http://www.inter-reseaux.org/IMG/pdf_nigeria_rice_production_systems.pdf
http://www.inter-reseaux.org/IMG/pdf_nigeria_rice_production_systems.pdf


 

146 
  

Faul, F., Erdfelder, E., Buchner, A., & Lang, A. G. (2009). Statistical power analyses using G* 
Power 3.1: Tests for correlation and regression analyses. Behaviour research 
methods, 41(4), 1149-1160. 

 
Ferla, B. L., Taplin, J., Ockwell, D., & Lovett, J. C. (2002). Continental scale patterns of 

biodiversity: can higher taxa accurately predict African plant distributions? Botanical 
Journal of the Linnean Society, 138(2), 225-235. 

 
Fesenko, S. V., Spiridonov, S. I., Sanzharova, N. I., Anisimov, V. S., & Aleksakhin, R. M. (2002). 

Simulation of 137Cs Migration over the Soil–Plant System of Peat Soils Contaminated 
after the Chernobyl Accident. Russian journal of ecology, 33(3), 170-177. 

 
Fesenko, S, Fesenko, E, Titov, I, Karpenko, E, Sanzharova, N, Fonseca, A. G, & Brown, J. (2010). 

Radionuclide transfer to marine biota species: review of Russian language studies. 
Radiation and Environmental Biophysics, 49(4), pp 531-547. 

 
Franzen, D. W., Cihacek, L. J., Hofman, V. L., & Swenson, L. J. (1998). Topography-based 

sampling compared with grid sampling in the Northern Great Plains. Journal of 
Production Agriculture, 11(3), 364-370. 

 
Frissel, M. J., Deb, D. L., Fathony, M., Lin, Y. M., Mollah, A. S., Ngo, N. T., ... & Twining, J. R. 

(2002). Generic values for soil-to-plant transfer factors of radiocesium. Journal of 
Environmental Radioactivity, 58(2-3), 113-128. 

 
Fuma, S., Ihara, S., Kawaguchi, I., Ishikawa, T., Watanabe, Y., Kubota, Y., ... & Soeda, H. (2015). 

Dose rate estimation of the Tohoku hynobiid salamander, Hynobius lichenatus, in 
Fukushima. Journal of environmental radioactivity, 143, 123-134. 
 

Galeriu, D, Melintescu, A, Beresford, N.A, Crout, N. M. J, Peterson, R, & Takeda, H. (2007). 
Modelling 3H and 14C transfer to farm animals and their products under steady state 
conditions. Journal of Environmental Radioactivity, 98(1), pp 205-217. 

 
Garnier-Laplace, J., Gilek, M., Sundell-Bergman, S., & Larsson, C. M. (2004). Assessing 

ecological effects of radionuclides: data gaps and extrapolation issues. Journal of 
Radiological Protection, 24(4A), A139. 

 
Garnier-Laplace, J., Della-Vedova, C., Andersson, P., Copplestone, D., Cailes, C., Beresford, N. 

A., ... & Whitehouse, P. (2010). A multi-criteria weight of evidence approach for 
deriving ecological benchmarks for radioactive substances. Journal of Radiological 
Protection, 30(2), 215. 

Garnier-Laplace, J., Beaugelin-Seiller, K., & Hinton, T. G. (2011). Fukushima wildlife dose 
reconstruction signals ecological consequences. Environ. Sci. Technol., 45 (2011), 
pp. 5077-5078. 

 
Garnier-Laplace, J., Geras’kin, S., Della-Vedova, C., Beaugelin-Seiller, K., Hinton, T. G., Real, A., 

& Oudalova, A. (2013). Are radiosensitivity data derived from natural field conditions 
consistent with data from controlled exposures? A case study of Chernobyl wildlife 



 

147 
  

chronically exposed to low dose rates. Journal of environmental radioactivity, 121, 12-
21. 

 
Gashchak, S, Beresford, N, A, Maksimenko, A, &Vlaschenko, A, S. (2010). Strontium-90 and 

caesium-137 activity concentrations in bats in the Chernobyl exclusion zone, Radiation 
and Environmental Biophysics, 49(4), pp 635-64. 

 
Gee, G. W., & Bauder, J. W. (1986). Particle-size analysis 1. Methods of soil analysis: Part 1—

Physical and mineralogical methods, (methodsofsoilan1), 383-411. 
 
Gil-García, C., Rigol, A., & Vidal, M. (2009). New best estimates for radionuclide solid–liquid 

distribution coefficients in soils, Part 1: radiostrontium and radiocaesium. Journal of 
environmental radioactivity, 100(9), 690-696. 

 
Gillett, A. G., Crout, N. M. J., Absalom, J. P., Wright, S. M., Young, S. D., Howard, B. J., ... & 

Voigt, G. (2001). Temporal and spatial prediction of radiocaesium transfer to food 
products. Radiation and environmental biophysics, 40(3), 227-235. 

 
Golmakani, S., Moghaddam, M. V., & Hosseini, T. (2008). Factors affecting the transfer of 

radionuclides from the environment to plants. Radiation Protection 
Dosimetry, 130(3), 368-375. 

 
Green, N., Wilkins, B., & Hammond, D. (1997). Transfer of radionuclides to fruit. Journal of 

Radioanalytical and Nuclear Chemistry, 226(1-2), 195-200. 
 
Guillén, J., Muñoz-Muñoz, G., Baeza, A., Salas, A., & Mocanu, N. (2017). Modification of the 

137Cs, 90Sr, and 60Co transfer to wheat plantlets by NH4
+ fertilizers. Environmental 

Science and Pollution Research, 24(8), 7383-7391. 
 
Guillén, J., Beresford, N. A., Baeza, A., Izquierdo, M., Wood, M. D., Salas, A., ... & Muñoz-

Muñoz, J. G. (2018). Transfer parameters for ICRP's Reference Animals and Plants in a 
terrestrial Mediterranean ecosystem. Journal of environmental radioactivity, 186, 9-
22. 

 
Guillén, J. (2018). Factors influencing the soil to plant transfer of strontium. In Behaviour of 

Strontium in Plants and the Environment (pp. 19-31). Springer, Cham. 
 
Guivarch, A., Hinsinger, P., & Staunton, S. (1999). Root uptake and distribution of 

radiocaesium from contaminated soils and the enhancement of Cs adsorption in the 
rhizosphere. Plant and Soil, 211(1), 131-138. 

 
Gwenzi, W., Chaukura, N., Mukome, F. N., Machado, S., & Nyamasoka, B. (2015). Biochar 

production and applications in Sub-Saharan Africa: Opportunities, constraints, risks 
and uncertainties. Journal of environmental management, 150, 250-261. 

 



 

148 
  

Haile, M. (2005). "Weather patterns, food security and humanitarian response in Sub-Saharan 
Africa." Philosophical Transactions of the Royal Society B: Biological Sciences 360 
(1463): 2169-2182. 

 
Haines, T. A., Akielaszek, J. J., Norton, S. A., & Davis, R. B. (1983). Errors in pH measurement 

with colorimetric indicators in low alkalinity waters. Hydro-biologia, 107(1), 57-61. 
 
Hakonson, T. E. (2007). The distribution and transport of radionuclides in dryland 

ecosystems. Radioactivity in the Environment, 10, 177-191. 
 
Hamilton, S. J., & Hoffman, D. J. (2003). Trace element and nutrition interactions in fish and 

wildlife. Handbook of ecotoxicology, 2nd ed. Lewis Publishers, Boca Raton, FL, 1197-
1236. 

 
Hamilton, S. J., & Palace, V. P. (2001). Assessment of selenium effects in lotic ecosystems. 
 
Harpstead, M. I. (1973). The classification of some Nigerian soils. Soil Science, 116(6), 437-

443. 
 
Hawker, S., Payne, S., Kerr, C., Hardey, M., & Powell, J. (2002). Appraising the evidence: 

reviewing disparate data systematically. Qualitative health research, 12(9), 1284-
1299. 

 
Hendrix, P. F., & Bohlen, P. J. (2002). Exotic earthworm invasions in North America: ecological 

and policy implications: expanding global commerce may be increasing the likelihood 
of exotic earthworm invasions, which could have negative implications for soil 
processes, other animal and plant species, and importation of certain 
pathogens. Bioscience, 52(9), 801-811. 

 
Higley, K. A., Domotor, S. L., & Antonio, E. J. (2003). A kinetic-allometric approach to predicting 

tissue radionuclide concentrations for biota. Journal of Environmental 
Radioactivity, 66(1-2), 61-74. 

 
Higley, K. A., Domotor, S. L., & Antonio, E. J. (2003). A probabilistic approach to obtaining 

limiting estimates of radionuclide concentration in biota. Journal of environmental 
radioactivity, 66(1-2), 75-87. 

 
Higley, K. A., & Bytwerk, D. P. (2007). Generic approaches to transfer. Journal of 

environmental radioactivity, 98(1-2), 4-23. 
 
Higley, K. A. (2010). Estimating Transfer Parameters in the absence of Data. Radiation and 

Environmental Biophysics, 49(4), pp 645-656. 
 
Hijmans, R. J., & Serraj, R. (2009). Modeling spatial and temporal variation of drought in rice 

production. In Drought frontiers in rice: Crop improvement for increased rainfed 
production (pp. 19-31). 

 



 

149 
  

Hilson, G. (2009). Small-scale mining, poverty and economic development in Sub-Saharan 
Africa: An overview. Resources Policy, 34(1), pp 1-5. 

 
Himmel, D., Goll, S. K., Leito, I., & Krossing, I. (2010). A unified pH scale for all phases. Anguine 

Chemie International Edition, 49(38), 6885-6888. 
 
Hinton, T. G., Garnier-Laplace, J., Vandenhove, H., Dowdall, M., Adam-Guillermin, C., Alonzo, 

F., ... & Brown, J. (2013). An invitation to contribute to a strategic research agenda in 
radioecology. Journal of environmental radioactivity, 115, 73-82. 

 
Hirth, G, A., Carpenter, J. G., Bollhofer, A., Johansen, M. P., & Beresford, N. A. (2014). Whole-

organism concentration ratios in wildlife inhabiting Australian uranium mining 
environments. 3rd International Conference on Radioecology and Environmental 
Radioactivity, Barcelona, 7-12 Sept 2014. 

 
Hirth, G. (2014). A review of existing Australian radionuclide activity concentration data in 

non-human biota inhabiting uranium mining environments. 
 
Hirth, G. A., et al. (2017). "Whole-organism concentration ratios in wildlife inhabiting 

Australian uranium mining environments." Journal of Environmental Radioactivity 
178: 385-393. 

 
Hoffman, F. O., Bergström, U., Gyllander, C., & Wilkens, A. B. (1984). Comparison of 

predictions from internationally recognized assessment models for the transfer of 
selected radionuclides through terrestrial food chains. Nuclear Safety, 25(4), 533-546. 

 
Home Office. (2013). Research and testing using animals. Scientific research and development 

and Animal research and testing.  Retrieved March, 2017, from 
https://www.gov.uk/guidance/research-and-testing-using-animals#animals-
scientific-procedures-act-1986 

 
Horneck, D. A., Sullivan, D. M., Owen, J. S., & Hart, J. M. (2011). Soil test interpretation guide: 

[Corvallis, Or.]: Oregon State University, Extension Service. 
 
Hossain, M., Bose, M. L., & Mustafi, B. A. (2006). Adoption and productivity impact of modern 

rice varieties in Bangladesh. The Developing Economies, 44(2), 149-166. 
 
Hosseini, A., Thørring, H., Brown, J, E., Saxén, R., &Ilus, E. (2008). Transfer of radionuclides in 

aquatic ecosystems–default concentration ratios for aquatic biota in the Erica Tool. 
Journal of Environmental Radioactivity, 99(9), pp 1408-1429. 

 
Hosseini, A., Brown, J. E., Dowdall, M., Standring, W., & Strand, P. (2011). Application of an 

environmental impact assessment methodology to a site discharging low levels of 
radioactivity to a freshwater environment in Norway. Environmental monitoring and 
assessment, 173(1-4), 653-667. 

 

https://www.gov.uk/guidance/research-and-testing-using-animals#animals-scientific-procedures-act-1986
https://www.gov.uk/guidance/research-and-testing-using-animals#animals-scientific-procedures-act-1986


 

150 
  

Howard, B. J., & Larsson, C. M. (2008). The ERICA Integrated Approach and its contribution to 
protection of the environment from ionising radiation. Journal of environmental 
radioactivity, 99(9), 1361. 

 
Howard, B. J., Beresford, N. A., Barnett, C. L., & Fesenko, S. (2009). Quantifying the transfer 

of radionuclides to food products from domestic farm animals. Journal of 
Environmental Radioactivity, 100(9), 767-773. 

 
Howard, B. J., Beresford, N. A., Andersson, P., Brown, J. E., Copplestone, D., Beaugelin-Seiller, 

K., ... & Whitehouse, P. (2010). Protection of the environment from ionising radiation 
in a regulatory context—an overview of the PROTECT coordinated action 
project. Journal of Radiological Protection, 30(2), 195-214. 

 
Howard, B. J., Beresford, N. A., Copplestone, D., Telleria, D., Proehl, G., Fesenko, S., ... & 

Johansen, M. (2011). A new IAEA Technical Report Series handbook on radionuclide 
transfer to wildlife. 

 
Howard, B. J., Beresford, N. A., Copplestone, D., Telleria, D., Proehl, G., Fesenko, S., ... & 

Johansen, M. P. (2013). The IAEA handbook on radionuclide transfer to wildlife. 
Journal of environmental radioactivity, 121, 55-74. 

 
Howard, B, J. (2013). A new IAEA handbook quantifying the transfer of radionuclides to 

wildlife for assessment tools (editorial). Journal of Environmental Radioactivity, 126, 
pp 284-287. 

 
IAEA. (1989). Measurement of Radionuclides in Food and the Environment - A Guidebook. 

Vienna. 
 
IAEA. (2000). Regulatory Control of Radioactive Discharges to the Environment. Safety 

Standards Series No. WS-G-2.3. IAEA, Vienna. 
 
IAEA. (2001). Co-ordinated Research Programme on radioactive particle. Report by an 

International Advisory Committee. Tech. Doc., IAEA, Vienna. 

IAEA. (2002). Ethical considerations in protecting the environment from the effects of ionizing 
radiation: a report for discussion. IAEA-TECDOC-1270, IAEA, Vienna, Austria, 29 pages. 

 
IAEA. (2003). International Conference on the Protection of the Environment from the Effects 

of Ionizing Radiation, 6 – 11 October 2003. 
 
IAEA. (2004). Sediment distribution coefficients and concentration factors for biota in the 

marine environment. IAEA Safety Standards Series No SF. IAEA: Vienna. 
 
IAEA. (2006). Fundamental Safety principles. IAEA Safety Standards Series No SF-1. IAEA: 

Vienna. 
 
IAEA. (2009). Quantification of radionuclide transfer in terrestrial and freshwater 

environments for radiological assessments, IAEA-TECDOC-1616, IAEA, Vienna, Austria. 



 

151 
  

 
IAEA. (2010). Handbook of Parameter Values for the Prediction of Radionuclide Transfer in 

Terrestrial and Freshwater Environments Technical Reports Series No. 472. IAEA, 
Vienna. 

 
IAEA. (2011). R. P. Safety of Radiation Sources: International Basic Safety Standards—Interim 

Edition, General Safety Requirements Part 3 No. GSR Part 3 (Interim). International 
Atomic Energy Agency: Vienna. 

 
IAEA. (2014). Handbook of Parameter Values for the Prediction of Radionuclide Transfer to 

Wildlife Technical Reports Series No. 479. IAEA, Vienna. 
 
ICRP. (1991). 1990 Recommendations of the International Commission on Radiological 

Protection. 
 
ICRP. (1997). Individual Monitoring for Internal Exposure of Workers: Replacement of ICRP 

Publication 54: Adopted by the Commission in May 1997. Pergamon. 
 
ICRP. (2002). Basic anatomical and physiological data for use in radiological protection: 

reference values ICRP Publication (Oxford: Pergamon). 
 
ICRP. (2003). A framework for assessing the impact of ionising radiation on non-human 

species. ICRP Publication 91. Ann. ICRP 33(3) (Protection 2007). 
 
ICRP. (2003). Protection of Non-human Species from Ionising Radiation. Proposal for a 

Framework for the assessment of ionising radiation in the environment. 

ICRP. (2007). The 2007 Recommendations of the International Commission on Radiological 
Protection, ICRP Publication 103. Ann. ICRP 37(2–4). 

ICRP. (2007). ICRP Environmental protection: the concept and use of reference animals and 
plants. Annals of the ICRP, Elsevier, Amsterdam. Radioprotection, 43 (3) (2008), 
pp. 339-356. 

 
ICRP. (2008). Environmental protection: the concept and use of Reference Animals and Plants. 

ICRP Publication 108. Ann ICRP 38(4–6). 

ICRP. (2009). Environmental protection: transfer parameters for Reference Animals and 
Plants. ICRP Publication 114. Ann ICRP 39(6) http://www.icrp.org/publications.asp/ 
Assessed on 21/07/2016. 

 
ICRP. (2009). Adult reference computational phantoms ICRP Publication (Oxford: 

International Commission on Radiological Protection). 
 
ICRP. (2010). Conversion coefficients for radiological protection quantities for external 

radiation exposures ICRP Publication (Oxford: International Commission of 
Radiological Protection). 

 



 

152 
  

ICRP. (2014). Publication 124: Protection of the Environment under Different Exposure 
Situations (Oxford: International Commission of Radiological Protection). 

 
Igwe, C. A., Akamigbo, F. O. R., & Mbagwu, J. S. C. (1999). Chemical and mineralogical 

properties of soils in south-eastern Nigeria in relation to aggregate 
stability. Geoderma, 92(1-2), 111-123. 

 
Igwe, J. C., Nnororm, I. C., & Gbaruko, B. C. (2005). Kinetics of radionuclides and heavy metals 

behaviour in soils: Implications for plant growth. African Journal of 
Biotechnology, 4(13). 

 
IITA. (2016). Soil manual. Soil laboratory procedures. Retrieved 23rd September, 2017, from 

http://www.iita.org/knowledge/publications/laboratory_procedures/. 
 
IITA/USAID. (2016). Commercial Crop Production Guide Series: Growing Maize in Nigeria. 

Ibadan Nigeria: IITA Retrieved from 
http://biblio.iita.org/documents/U03ManIitaMaizeNothomNodev.pdf-
43dafa4ce4033f16250975d3b036c570.pdf. 

 
Ikingura, J. R., & Akagi, H. (1996). Monitoring of fish and human exposure to mercury due to 

gold mining in the Lake Victoria goldfields, Tanzania. Science of the Total 
Environment, 191(1-2), 59-68. 

 
Imam, M. Z., &Akter, S. (2011). Musa paradisiaca L. and Musa sapientum L.: a phytochemical 

and pharmacological review. Journal of Applied Pharmaceutical Science, 1(5), 14-20. 
 
ISO, I. (2002). 10381-1: Soil Quality—Sampling. Part 1: Guidance on the Design of Sampling 

Programmes. International Organization for Standardization: Geneva, Switzerland. 
 
ISO, I. (2002). 10381-2: Soil Quality—Sampling. Part 2: Guidance on Sampling Techniques. 

International Organization for Standardization: Geneva, Switzerland. 
 
IUR. (1989). IUR – International Union of Radioecologists, 1989. Report of the Working Group 

Soil-to-Plant Transfer Factors, Bilthoven, Netherlands. 

IUR. (2000). Dose and effects to non-human systems. Summary of the work of the action 
group of IUR. IUR Report 01, Oslo, Norway, available at http://www.iur.org. 

 
IUR. (2002). Protection of the environment. Current status and future work. IUR Report 03, 

Oslo, Norway, available at http://www.iur.org. 
 
IUR. (2002). Protection of the environment: current Status and future work. IUR Report no. 3, 

Osteras, Norway. 
 
IUR. (2012). Towards an ecosystem approach for protection with emphasis on radiological 

hazards. IUR Report 7, 2nd Edition, Cadarache, France. 
 

http://www.iita.org/knowledge/publications/laboratory_procedures/
http://biblio.iita.org/documents/U03ManIitaMaizeNothomNodev.pdf-43dafa4ce4033f16250975d3b036c570.pdf
http://biblio.iita.org/documents/U03ManIitaMaizeNothomNodev.pdf-43dafa4ce4033f16250975d3b036c570.pdf


 

153 
  

IUSS Working Group, W. R. B. (2006). World reference base for soil resources. World Soil 
Resources Report, 103. 

 
Jaeschke, B., Smith, K., Nordén, S., & Alfonso, B. (2013). Assessment of Risk to Non-human 

Biota from a Repository for the Disposal of Spent Nuclear Fuel at Forsmark 
Supplementary Information. SKB Technical Report TR-13e23. Svensk K 
ärnbränslehantering ABSwedish Nuclear Fuel, and Waste Management Co.  

 
Jagtap, S. S. (1995). Environmental characterization of the moist lowland savanna of 

Africa. Moist savannas of Africa: potentials and constraints for crop production, 9-30. 
 
Jianguo, L., & Zhaorong, S. (2008). Evaluation of the Transfer Parameters of Radionuclides in 

China. Journal of Nuclear Science and Technology, 45 (sup5), 614-618. 
 
Johansen, M, P., & Twining, J, R. (2010). Radionuclide concentration ratios in Australian 

terrestrial wildlife and livestock: data compilation and analysis. Radiation and 
Environmental Biophysics, 49(4), pp 603-611. 

 
Johansen, M. P., Barnett, C. L., Beresford, N. A., Brown, J. E., Černe, M., Howard, B. J., ... & 

Vandenhove, H. (2012). Assessing doses to terrestrial wildlife at a radioactive waste 
disposal site: inter-comparison of modelling approaches. Science of the Total 
Environment, 427, 238-246. 

 
Johansen, M. P., Child, D, P., Davis, E., Doering, C., Harrison, J, J., Hotchkis, M, A, C., ...& Wood, 

M, D. (2014). Plutonium in wildlife and soils at the Maralinga legacy site: persistence 
over decadal time scales. Journal of Environmental Radioactivity, 131, pp 72-80. 

Jongsma, G. F., Barej, M. F., Barratt, C. D., Burger, M., Conradie, W., Ernst, R., ... & Portik, D. 
M. (2018). Diversity and biogeography of frogs in the genus Amnirana (Anura: 
Ranidae) across Sub-Saharan Africa. Molecular phylogenetics and evolution, 120, 274-
285. 

 
Jones, C., Jacobsen,  

J., & Olson-Rutz, K. (2001). Nutrient Management Module, No.1: Soil Sampling and Laboratory 
Selection. Retrieved from; 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1486.3216&rep=rep1&typ
e=pdf. 

Jones, D., Domotor, S., Higley, K., Kocher, D., & Bilyard, G. (2003). Principles and issues in 
radiological ecological risk assessment. Journal of environmental radioactivity, 66(1-
2), 19-39. 

 
 
Jordaan, L. J. (2014). Determining the role of catchment geochemistry on the chemistry of 

water, sediment and fish from impoundments within selected large catchments in 
South Africa (Doctoral dissertation, University of Johannesburg). 

 



 

154 
  

Joussein, E., Kruyts, N., Righi, D., Petit, S., & Delvaux, B. (2004). Specific retention of 
radiocesium in volcanic ash soils devoid of micaceous clay minerals. Soil Science 
Society of America Journal, 68(1), 313-319. 

 
Julius, A., Adewunmi, B., Kehinde, O., Oluseyi, A., & Adeyemi, A. (2015). Heavy metal 

accumulation and biochemical evaluation of earthworms from sawmills in Abeokuta, 
South-Western Nigeria. Revista de Biología Tropical, 63(4), 1213-1221. 

 
Kabata-Pendias, A. (1995). Agricultural problems related to excessive trace metal contents of 

soils. In Heavy metals (pp. 3-18). Springer, Berlin, Heidelberg. 
 
Kabata-Pendias, A. (2010). Trace metals in soils; occurrence and behaviour. Soil Sci, 140, 53-

70. 

Kabata-Pendias, A., & Pendias, H. (2010). Guideline for Fe concentration for food safety. Safe 
levels of iron to prevent renal toxicity of human subjects. J Nutr, 77, 791-1174. 

 
Kader, M. A., Sleutel, S., Begum, S. A., Moslehuddin, A. Z. M., & De Neve, S. (2013). Nitrogen 

mineralization in sub-tropical paddy soils in relation to soil mineralogy, management, 
pH, carbon, nitrogen and iron contents. European Journal of Soil Science, 64(1), 47-57. 

 
Kaggwa, M., Mutanga, S. S., & Nhamo, G. (2013). South Africa's Green Economy Transition: 

Implications for Reorienting the Economy Towards a Low Carbon Growth Trajectory. 
  
Karlsson, S., Sjöberg, V., & Ogar, A. (2015). Comparison of MP AES and ICP-MS for analysis of 

principal and selected trace elements in nitric acid digests of sunflower (Helianthus 
annuus). Talanta, 135, 124-132. 

 
Kathren, R. L., & Ziemer, P. L. (1980). Introduction: The first fifty years of radiation 

protection—A brief sketch. In Health Physics: A Backware Glance (pp. 1-7). Pergamon 
Press. 

 
Kathren, R. L. (1996). Pathway to a paradigm: the linear non-threshold dose-response model 

in historical context: ti-ie american academy of health physics 1995 radiology 
centennial hartman oration. Health Physics, 70(5), 621-635. 

 
Kettler, T. A., Doran, J. W., & Gilbert, T. L. (2001). Simplified method for soil particle-size 

determination to accompany soil-quality analyses. Soil Science Society of America 
Journal, 65(3), 849-852. 

 
Khan, H. M., Ismail, M., Khan, K., & Akhter, P. (2011). Measurement of radionuclides and 

gamma-ray dose rate in soil and transfer of radionuclides from soil to vegetation, 
vegetable of some northern area of Pakistan using γ-ray spectrometry. Water, Air, & 
Soil Pollution, 219(1-4), 129-142. 

 
Kihanda, F. M., & Gachingiri, J. M. (2013, October). Effect of selected soil amendments on 

growth and yield of beans in acidic Nitisol of Nyeri County, central Kenya. In Joint 



 

155 
  

Proceedings of the 27th Soil Science Society of East Africa and the 6th African Soil 
Science Society Conference (pp. 477-482). 

 
Kimmins, J. P. H., Blanco, J. A., Seely, B., Welham, C., & Scoullar, K. (2008). Complexity in 

modelling forest ecosystems: How much is enough. Forest Ecology and 
Management, 256(10), 1646-1658. 

 
Kitchenham, B. and S. Charters. (2007). "Guidelines for performing systematic literature 

reviews in software engineering". 
 
Koch-Steindl, H., & Pröhl, G. (2001). Considerations on the behaviour of long-lived 

radionuclides in the soil. Radiation and environmental biophysics, 40(2), 93-104. 
 
Kolawole, G. O., Tian, G., & Tijani-Eniola, H. (2003). Dynamics of phosphorus fractions during 

fallow with natural vegetation and planted Pueraria phaseoloides in south-western 
Nigeria. Plant and soil, 257(1), 63-70. 

 
Köhler, H., Peterson, S. R., & Owen, H. (1991). Multiple model testing using Chernobyl fallout 

data of I-131 in forage and milk and Cs-137 in forage, milk, beef and grain. Pt. 1 (No. 
BIOMOVS--13 (PT. 1)). Swedish Radiation Protection Inst. 

 
Kotir, J. H. (2011). "Climate change and variability in Sub-Saharan Africa: a review of current 

and future trends and impacts on agriculture and food security." Environment, 
Development and Sustainability 13(3): 587-605. 

 
Kreft, H., & Jetz, W. (2010). A framework for delineating biogeographical regions based on 

species distributions. Journal of Biogeography, 37(11), 2029-2053. 
 
Kwapong, R. (2014). Diversity and distribution of amphibians in three land use types in the 

Dormaa-Ahenkro District in the Brong-Ahafo Gegion of Ghana (Doctoral dissertation, 
University of Cape Coast). 

 
Larsson, C. M. (2004). The FASSET Framework for assessment of environmental impact of 

ionising radiation in European ecosystems—an overview. Journal of Radiological 
Protection, 24(4A), A1. 

Larsson, C. M. (2008). An overview of the ERICA Integrated Approach to the assessment and 
management of environmental risks from ionising contaminants. Journal of 
Environmental Radioactivity, 99(9), 1364-1370. 

Leita, L., Muhlbachova, G., Mondini, C., Marchiol, L., & De Nobili, M. (1997). Soil microbial 
biomass as a marker of heavy metal contamination and bioavailability. In Modern 
Agriculture and the Environment (pp. 449-457). Springer, Dordrecht. 

Li, X., Liu, L., Wang, Y., Luo, G., Chen, X., Yang, X., ... & He, X. (2012). Integrated assessment of 
heavy metal contamination in sediments from a coastal industrial basin, NE 
China. PloS one, 7(6), e39690. 



 

156 
  

Li, J., Liu, S., Zhang, Y., Chen, L., Yan, Y., Cheng, W., ... & Zhang, Y. (2015). Pre-assessment of 
dose rates of 134Cs, 137Cs, and 60Co for marine biota from discharge of Haiyang Nuclear 
Power Plant, China. Journal of environmental radioactivity, 147, 8-13. 

Linder, H. P., de Klerk, H. M., Born, J., Burgess, N. D., Fjeldså, J., & Rahbek, C. (2012). The 
partitioning of Africa: statistically defined biogeographical regions in sub-Saharan 
Africa. Journal of Biogeography, 39(7), 1189-1205. 

 
Linder, H. P. (2014). The evolution of African plant diversity. Frontiers in Ecology and 

Evolution, 2, 38. 
 
Livens, F. R., & Loveland, P. J. (1988). The influence of soil properties on the environmental 

mobility of caesium in Cumbria. Soil Use and Management, 4(3), 69-75. 
 
Loveland, P. J. (1984). The soil clays of Great Britain: I. England and Wales. Clay 

Minerals, 19(5), 681-707. 
 
Loveland, P., & Webb, J. (2003). Is there a critical level of organic matter in the agricultural 

soils of temperate regions: a review? Soil and Tillage research, 70(1), 1-18. 
 
Maes, E., Iserentant, A., Herbauts, J., & Delvaux, B. (1999). Influence of the nature of clay 

minerals on the fixation of radiocaesium traces in an acid brown earth–podzol 
weathering sequence. European Journal of Soil Science, 50(1), 117-125. 

 
Mani, N. S. and E. Ginier. (2016). "An Evidence-Based Approach to Conducting Systematic 

Reviews on CKD." Advances in chronic kidney disease 23(6): 355-362. 
 
Manning, E. J., Kucera, T. E., Gates, N. B., Woods, L. M., & Fallon-McKnight, M. (2003). Testing 

for Mycobacterium avium subsp. paratuberculosis infection in asymptomatic free-
ranging tule elk from an infected herd. Journal of Wildlife Diseases, 39(2), 323-328. 

 
Manyong, V. M. (2000). Impact: The contribution of IITA-improved cassava to food security in 

Sub-Saharan Africa. IITA. 
 
Maredia, M. K., Byerlee, D., & Pee, P. (2000). Impacts of food crop improvement research: 

evidence from Sub-Saharan Africa. Food policy, 25(5), 531-559. 
 
Maria De Rosa, I. M., Kenny, J.., Puglia, D., Santulli, C., & Sarasini, F. (2010). Morphological, 

thermal and mechanical characterization of okra (Abelmoschus esculentus) fibres as 
potential reinforcement in polymer composites. Composites Science and 
Technology, 70(1), 116-122. 

 
Marques, J. (2013). Environmental characteristics of the current Generation III nuclear power 

plantsINTRODUCTIONhttps://www.academia.edu/5140270/Environmental_characte
ristics_of_the_current_Generation_III_nuclear_power_plants_introduction 



 

157 
  

Marshall, J. M. (2014). Influence of topography, bare sand, and soil pH on the occurrence and 
distribution of plant species in a lacustrine dune ecosystem1. The Journal of the Torrey 
Botanical Society, 141(1), 29-39. 

 
Marx, E. S., Hart, J., & Stevens, R. G. (1999b). Soil test Interpretation guide. University journal. 
 
Matthies, M., Eisfeld, K., Mueller, H., Paretzke, H. G., Proehl, G., & Wirth, E. (1982). Simulation 

of radionuclide transfer in agricultural food chains (No. GSF-S--882). Gesellschaft fuer 
Strahlen-und Umweltforschung mbH Muenchen. 

 
May, T. W., Fairchild, J. F., Petty, J. D., Walther, M. J., Lucero, J., Delvaux, M., ... & Armbruster, 

M. (2008). An evaluation of selenium concentrations in water, sediment, 
invertebrates, and fish from the Solomon River Basin. Environmental monitoring and 
assessment, 137(1-3), 213-232. 

 
McCaughey, W. W., & Schmidt, W. C. (2001). Taxonomy, distribution, and history. Whitebark 

pine communities: ecology and restoration. Edited by DF Tomback, SF Arno, and RE 
Keane. Island Press, Washington, DC, 29-40. 

 
Merz, S., Steinhauser, G., & Hamada, N. (2013). Anthropogenic radionuclides in Japanese 

food: environmental and legal implications. Environmental science & 
technology, 47(3), 1248-1256. 

 
Mishra, S., Sahoo, S. K., Bossew, P., Sorimachi, A., & Tokonami, S. (2016). Vertical migration 

of radio-caesium derived from the Fukushima Dai-ichi Nuclear Power Plant accident in 
undisturbed soils of grassland and forest. Journal of Geochemical Exploration, 169, 
163-186. 

 
Moher, D., et al. (2015). "Preferred reporting items for systematic review and meta-analysis 

protocols (PRISMA-P) 2015 statement." Systematic reviews 4(1): 1. 
 
Monte, L. (2009). Predicting the effects of ionising radiation on ecosystems by a generic model 

based on the Lotka–Volterra equations. Journal of environmental 
radioactivity, 100(6), 477-483. 

 
Morris, M. D., & Jones, T. D. (1988). A comparison of dose-response models for death from 

hematological depression in different species. International Journal of Radiation 
Biology, 53(3), 439-456. 

Mouazen, A. M., Maleki, M. R., De Baerdemaeker, J., & Ramon, H. (2007). On-line 
measurement of some selected soil properties using a VIS–NIR sensor. Soil and Tillage 
Research, 93(1), 13-27. 

 
Müller, H., & Pröhl, G. (1993). ECOSYS-87: A dynamic model for assessing radiological 

consequences of nuclear accidents. Health Physics, 64(3), 232-252. 

Müller, R., Betz, I., Anke, M., Witte, H., Schilling, C., & Knoth, E. (2010). Uranium transfer in 
the food chain from soil to plants, animals and man. 



 

158 
  

Mullin, S. K., Taylor, P. J., & Pillay, N. (2004). Skull size and shape of Dasymys (Rodentia, 
Muridae) from Sub-Saharan Africa. Mammalia, 68(2-3), 185-220. 

Munene, J. C., Schwartz, S. H., & Smith, P. B. (2000). Development in sub-Saharan Africa: 
cultural influences and managers' decision behaviour. Public Administration and 
Development: The International Journal of Management Research and Practice, 20(4), 
339-351. 

Munsell, A. H. (2000). Munsell soil color charts: Munsell Color.  
 
Muposhi, V. K., Utete, B., Sithole-Niang, I., & Mukangenyama, S. (2015). Active biomonitoring 

of a subtropical river using glutathione-S-transferase (GST) and heat shock proteins 
(HSP 70) in Oreochromis niloticus as surrogate biomarkers of metal 
contamination. Water Sa, 41(3), 425-431. 

Murphy, J. A. M. E. S., & Riley, J. P. (1962). A modified single solution method for the 
determination of phosphate in natural waters. Analytica chimica acta, 27, 31-36. 

Muscatello, J. R. (2009). Selenium accumulation and effects in aquatic organisms downstream 
of uranium mining and milling operations in northern Saskatchewan (Vol. 71, No. 10). 

Muscatello, J. R., & Janz, D. M. (2009). Selenium accumulation in aquatic biota downstream 
of a uranium mining and milling operation. Science of the total environment, 407(4), 
1318-1325. 

Myung, I. J. (2000). The importance of complexity in model selection. Journal of mathematical 
psychology, 44(1), 190-204. 

Nageswara, R. R., & Kumar, T. M. V. N. (2007). An overview of recent applications of 
inductively coupled plasma-mass spectrometry (ICP-MS) in determination of inorganic 
impurities in drugs and pharmaceuticals. Journal of Pharmaceutical and Biomedical 
Analysis, 43(1), 1-13. doi: http://dx.doi.org/10.1016/j.jpba.2006.07.004. 

 
Nakano, M., & Yong, R. N. (2013). Overview of rehabilitation schemes for farmlands 

contaminated with radioactive cesium released from Fukushima power plant. 
Engineering Geology, 155, 87-93. 

 

Nakao, A., Thiry, Y., Funakawa, S., & Kosaki, T. (2008). Characterization of the frayed edge site 
of micaceous minerals in soil clays influenced by different pedogenetic conditions in 
Japan and northern Thailand. Soil science and plant nutrition, 54(4), 479-489. 

Nakao, A., Ogasawara, S., Sano, O., Ito, T., & Yanai, J. (2014). Radiocesium sorption in relation 
to clay mineralogy of paddy soils in Fukushima, Japan. Science of the total 
environment, 468, 523-529. 

Nakao, A., Funakawa, S., Watanabe, T., & Kosaki, T. (2009). Pedogenic alterations of illitic 
minerals represented by Radiocaesium Interception Potential in soils with different 
soil moisture regimes in humid Asia. European journal of soil science, 60(1), 139-152. 

Nakao, A., Funakawa, S., Tsukada, H., & Kosaki, T. (2012). The fate of caesium-137 in a soil 
environment controlled by immobilization on clay minerals. 



 

159 
  

Nakao, A., Takeda, A., Ogasawara, S., Yanai, J., Sano, O., & Ito, T. (2015). Relationships 
between paddy soil radiocesium interception potentials and physicochemical 
properties in Fukushima, Japan. Journal of environmental quality, 44(3), 780-788. 

Nash, J. E., & Sutcliffe, J. V. (1970). River flow forecasting through conceptual models’ part I—
A discussion of principles. Journal of hydrology, 10(3), 282-290. 

 
National Committee on Radiation Protection, & Measurements (US). (1954). Permissible Dose 

from External Sources of Ionizing Radiation: Recommendations of the National 
Committee on Radiation Protection (Vol. 59). US Government Printing Office. 

 
National Council on Radiation Protection and Measurements, & National Council on Radiation 

Protection and Measu. (1996). Screening Models for Releases of Radionuclides to 
Atmosphere, Surface Water and Ground-Work Sheet. NCRP.  

 
Navarrete, J. M., Zúñiga, M. A., Espinosa, G., & Golzarri, J. I. (2012). Assessment of present 

and future radioactive contamination at global scale. Journal of Chemistry and 
Chemical Engineering, 6(11), 1010. 

 
NCRP. (1996). Deposition, retention and dosimetry of inhaled radioactive substances. NCRP 

Report No. 125., National Council on Radiation Protection and Measurements, 
Bcthesda, MD 20814. 

 
Nedveckaitė, T., Filistovic, V., Marčiulionienė, D., Prokoptchuk, N., Gudelis, A., Plukienė, R., 

...&I Batlle, J. V. (2007). LIETDOS-BIO “Assessment Approach to the Environment non-
human Biota Exposure by Ionizing Radiation”. Lithuanian Journal of Physics, 50(1). 

 
Nedveckaitė, T., Filistovic, V., Marčiulionienė, D., Prokoptchuk, N., Gudelis, A., Plukienė, R., ... 

& i Batlle, J. V. (2010). LIETDOS-BIO assessment approach to the environment non-
human biota exposure by ionizing radiation. Lithuanian Journal of Physics, 50(1). 

 
Nedveckaite, T., Filistovic, V., Marciulioniene, D., Prokoptchuk, N., Plukiene, R., Gudelis, A., ... 

& Beresford, N. A. (2011). Background and anthropogenic radionuclide derived dose 
rates to freshwater ecosystem–Nuclear power plant cooling pond–Reference 
organisms. Journal of environmental radioactivity, 102(8), 788-795. 

 
Nedveckaite, T., Gudelis, A., & i Batlle, J. V. (2013). Impact assessment of ionizing radiation on 

human and non-human biota from the vicinity of a near-surface radioactive waste 
repository. Radiation and environmental biophysics, 52(2), 221-234. 

 
Newell, P., & Mulvaney, D. (2013). The political economy of the ‘just transition’. The 

Geographical Journal, 179(2), 132-140. 
 
Nisbet, A. F., & Woodman, R. F. (2000). Soil-to-plant transfer factors for radiocesium and 

radiostrontium in agricultural systems. Health Physics, 78(3), 279-288. 
 
Nwachokor, M. A., & Uzu, F. O. (2008). Updated classification of some soil series in 

southwestern Nigeria. Journal of Agronomy, 7(1), 76. 



 

160 
  

 
Oates, K., & Barber, S. A. (1987). Nutrient Uptake: A microcomputer program to predict 

nutrient absorption from soil by roots. Journal of Agronomic Education, 16(2), 65-68. 
 
Oatley, T. O., & Prys-Jones, R. P. (1986). A comparative analysis of movements of southern 

African waterfowl (Anatidae), based on ringing recoveries. South African Journal of 
Wildlife Research-24-month delayed open access, 16(1), 1-6. 

 
Obiora, S. C., Chukwu, A., & Davies, T. C. (2016). Heavy metals and health risk assessment of 

arable soils and food crops around Pb–Zn mining localities in Enyigba, south-eastern 
Nigeria. Journal of African Earth Sciences, 116, 182-189. 

 
Ogasawara, S., Nakao, A., & Yanai, J. (2013). Radiocesium interception potential (RIP) of 

smectite and kaolin reference minerals containing illite (micaceous mineral) as 
impurity. Soil science and plant nutrition, 59(6), 852-857. 

 
Oguntoyinbo, J. S. (1970). Reflection coefficient of natural vegetation, crops and urban 

surfaces in Nigeria. Quarterly Journal of the Royal Meteorological Society, 96(409), 
430-441. 

 
Olabanji, I. O., & Oluyemi, E. A. (2014). Preliminary assessment of heavy metal pollution of 

Opa reservoir, Ile-Ife, southwest Nigeria using Mormyrus rume and Tilapia zillii. Ife 
Journal of Science, 16(1), 35-43. 

 
Ojanuga, A. G. (1979). Clay Mineralogy of Soils in the Nigerian Tropical Savanna Regions 1. Soil 

Science Society of America Journal, 43(6), 1237-1242. 
 
Olawuyi, D. S. (2018). From technology transfer to technology absorption: addressing climate 

technology gaps in Africa. Journal of Energy & Natural Resources Law, 36(1), 61-84. 
 
Olawuyi, D. S. (2018). Nature and Scope of the African Extractives Industry. Extractives 

Industry Law in Africa, Springer: 19-54. 
 
 
Oliver, L. A., Prendini, E., Kraus, F., & Raxworthy, C. J. (2015). Systematics and biogeography 

of the Hylarana frog (Anura: Ranidae) radiation across tropical Australasia, Southeast 
Asia, and Africa. Molecular phylogenetics and evolution, 90, 176-192. 

 
Olobatoke, R., & Mathuthu, M. (2015). Radionuclide Content of Pasteurized Milk Sold in 

Mafikeng, South Africa (No. IAEA-CN--221). 
 
Olobatoke, R. Y., & Mathuthu, M. (2015). Radionuclide exposure in animals and the public 

health implications. Turkish Journal of Veterinary and Animal Sciences, 39(4), 381-388. 

Omogbai, B. E. (2010). An empirical prediction of seasonal rainfall in Nigeria. Journal of human 
Ecology, 32(1), 23-27. 



 

161 
  

Otachi, E, O., Plessl, C., Körner, W., Avenant-Oldewage, A., &Jirsa, F. (2015). Trace Elements 
in Water, Sediments and the Elongate Tigerfish Hydrocynus forskahlii (Cuvier 1819) 
from Lake Turkana, Kenya Including a Comprehensive Health Risk Analysis. Bulletin of 
Environmental Contamination and Toxicology, 95(3), 286-291. 

 
Oughton, D. H., Agüero, A., Avila, R., Brown, J. E., Copplestone, D., & Gilek, M. (2008). 

Addressing uncertainties in the ERICA integrated approach. Journal of environmental 
radioactivity, 99(9), 1384-1392. 

Overah, C. L., Iwegbue, C. M. A., Ossa, E. K., & Nwajei, G. E. (2012). Trace Elements 
Concentrations in Water and Aquatic Biota from Ase Creek in Niger Delta. Journal of 
Applied Sciences and Environmental Management, 16(1), 175-178. 

Oyoo-Okoth, E., Admiraal, W., Osano, O., Manguya-Lusega, D., Ngure, V., Kraak, M. H., ... & 
Makwali, J. (2013). Contribution of soil, water and food consumption to metal 
exposure of children from geological enriched environments in the coastal zone of 
Lake Victoria, Kenya. International journal of hygiene and environmental 
health, 216(1), 8-16. 

 
Palace, V. P., Spallholz, J. E., Holm, J., Wautier, K., Evans, R. E., & Baron, C. L. (2004). 

Metabolism of selenomethionine by rainbow trout (Oncorhynchus mykiss) embryos 
can generate oxidative stress. Ecotoxicology and environmental safety, 58(1), 17-21. 

Palarea-Albaladejo, J., & Martin-Fernandez, J. A. (2013). Values below detection limit in 
compositional chemical data. Analytica chimica acta, 764, 32-43. 

Pandey, S., Bhandari, H. S., & Hardy, B. (2007). Economic costs of drought and rice farmers' 
coping mechanisms: a cross-country comparative analysis. Int. Rice Res. Inst. 

 
Pascoe, D., Evans, S. A., & Woodworth, J. (1986). Heavy metal toxicity to fish and the influence 

of water hardness. Archives of Environmental Contamination and Toxicology, 15(5), 
481-487. 

 
Penner, J., Wegmann, M., Hillers, A., Schmidt, M., & Rödel, M. O. (2011). A hotspot revisited–

a biogeographical analysis of West African amphibians. Diversity and 
Distributions, 17(6), 1077-1088. 

 
Penrose, B., Beresford, N. A., Broadley, M. R., & Crout, N. M. J. (2015). Inter-varietal variation 

in caesium and strontium uptake by plants: a meta-analysis. Journal of environmental 
radioactivity, 139, 103-117. 

 
Pentreath, R. J. (1998). Radiological protection criteria for the natural environment. Radiation 

Protection Dosimetry, 75(1-4), 175-179. 
 
Pentreath, R. J. (1999). A system for radiological protection of the environment: some initial 

thoughts and ideas. Journal of Radiological Protection, 19(2), 117. 
 
Pentreath, R. J., & Woodhead, D. S. (2001). A system for protecting the environment from 

ionising radiation: selecting reference fauna and flora, and the possible dose models 



 

162 
  

and environmental geometries that could be applied to them. Science of the Total 
Environment, 277(1-3), 33-43. 

 
Pentreath, R. J. (2002). Radiation protection of people and the environment: developing a 

common approach. Journal of radiological Protection, 22(1), 45. 
 
Pentreath, R. J. (2003). Evaluating the effects of ionising radiation upon the 

environment. Protection of the Environment from Ionising Radiation, 215. 
 
Pentreath, R. J. (2003). Ionising radiation, environmental protection, and nuclear 

power. Nuclear Energy, 42(03), 167-171. 
 
Pentreath, R. J. (2004). Ethics, genetics and dynamics: an emerging systematic approach to 

radiation protection of the environment. Journal of environmental radioactivity, 74(1-
3), 19-30. 

 
Pentreath, R. J. (2005). Concept and use of reference animals and plants. In Protection of the 

environment from the effects of ionizing radiation. Proceedings of an international 
conference. 

 
Pentreath, R. J. (2007). Radiation protection of man and the environment. Journal of Labelled 

Compounds and Radiopharmaceuticals, 50(5-6), 392-394. 
 
Pentreath, R. J. (2009). "Radioecology, radiobiology, and radiological protection: frameworks 

and fractures." Journal of Environmental Radioactivity 100(12): 1019-1026. 
 
Pentreath, R. J., Lochard, J., Larsson, C. M., Cool, D. A., Strand, P., Simmonds, J., ... & Lazo, E. 

(2014). ICRP Publication 124: Protection of the Environment under Different Exposure 
Situations. 

 
Peterson Jr, H. T. (1993, January). Public Aversion to Environmental Releases of Small 

Quantities of Radioactive Material. In Environmental Health Physics. Proceedings of 
the Twenty-Sixth Midyear Topical Meeting of the Health Physics Society (pp. 255-262). 

 
Porrini, C., Sabatini, A. G., Girotti, S., Ghini, S., Medrzycki, P., Grillenzoni, F., ... & Celli, G. 

(2003). Honeybees and bee products as monitors of the environmental 
contamination. Apiacta, 38(1), 63-70. 

 
Posiva, O. (2013). Safety case for the disposal of spent nuclear fuel at Olkiluoto. Models and 

data for the repository system 2012. Parts 1 and 2 (No. POSIVA--13-1). Posiva Oy. 
 

Pyron, R. A., & Wiens, J. J. (2011). A large-scale phylogeny of Amphibia including over 2800 
species, and a revised classification of extant frogs, salamanders, and 
caecilians. Molecular phylogenetics and evolution, 61(2), 543-583. 

 
Rahman, M. M., & Voigt, G. (2004). Radiocaesium soil-to-plant transfer in tropical 

environments. Journal of environmental Radioactivity, 71(2), 127-138. 



 

163 
  

 
Rahman, M. M., Koddus, A., Ahmad, G. U., & Voigt, G. (2005). Soil-to-plant transfer of 

radiocaesium for selected tropical plant species in Bangladesh. Journal of 
environmental radioactivity, 83(2), 199-211. 

 
Raskob, W., Almahayni, T., & Beresford, N. A. (2018). Radioecology in CONFIDENCE: Dealing 

with uncertainties relevant for decision making. Journal of environmental 
radioactivity, 192, 399-404. 

 
Rehan, S. M., Chapman, T. W., Craigie, A. I., Richards, M. H., Cooper, S. J., & Schwarz, M. P. 

(2010). Molecular phylogeny of the small carpenter bees (Hymenoptera: Apidae: 
Ceratinini) indicates early and rapid global dispersal. Molecular Phylogenetics and 
Evolution, 55(3), 1042-1054. 

 
Retief, N. R., Avenant-Oldewage, A. D., & Du Preez, H. H. (2009). Seasonal study on 

Bothriocephalus as indicator of metal pollution in yellow fish, South Africa. Water 
Sa, 35(3). 

 
Reuter, S., Ilim, M., Munch, J. C., Andreux, F., & Scheunert, I. (1999). A model for the formation 

and degradation of bound residues of the herbicide 14C-isoproturon in 
soil. Chemosphere, 39(4), 627-639. 

 
Reynolds, J. W. (1994). Earthworms of the world. Global Biodiversity, 4(1), 11-16. 
 
Rigol, A., Vidal, M., & Rauret, G. (1999). Effect of the ionic status and drying on radiocesium 

adsorption and desorption in organic soils. Environmental science & 
technology, 33(21), 3788-3794. 

 
Rigol, A., Vidal, M., & Rauret, G. (2002). An overview of the effect of organic matter on soil–

radiocaesium interaction: implications in root uptake. Journal of Environmental 
Radioactivity, 58(2-3), 191-216. 

 
Rinklebe, J., & Shaheen, S. M. (2017). Geochemical distribution of Co, Cu, Ni, and Zn in soil 

profiles of Fluvisols, Luvisols, Gleysols, and Calcisols originating from Germany and 
Egypt. Geoderma, 307, 122-138. 

 
Robinson, B., Bolan, N., Mahimairaja, S., & Clothier, B. (2005). Solubility, mobility, and 

bioaccumulation of trace elements: Abiotic processes in the rhizosphere. Trace 
elements in the environment: Biogeochemistry, Biotechnology and Bioremediation. 
CRC press, Boca Raton, 97-110. 

 
Robinson, C. A., Smith, K. L., & Norris, S. (2010). Impacts on non-human biota from a generic 

geological disposal facility for radioactive waste: some key assessment issues. Journal 
of Radiological Protection, 30(2), 161. 

 
Rothenberg, S. E., Windham-Myers, L., & Creswell, J. E. (2014). Rice methylmercury exposure 

and mitigation: a comprehensive review. Environmental research, 133, 407-423. 



 

164 
  

 
Sadremomtaz, A., & Masoumi, M. (2017). Dosimetric analysis for the selection of 

radionuclides in bone pain palliation targeted therapy: A Monte Carlo 
simulation. Iranian Journal of Nuclear Medicine, 25(Supplement 1), 40-46. 

 
Salako, F. K. (2004). Soil physical conditions in Nigerian savannas and biomass production. 

International Atomic Energy Agency (IAEA): 364-377. 
 
Sanchez, A. L., Wright, S. M., Smolders, E., Naylor, C., Stevens, P. A., Kennedy, V. H., ... & 

Barnett, C. L. (1999). High plant uptake of radiocesium from organic soils due to Cs 
mobility and low soil K content. Environmental science & technology, 33(16), 2752-
2757. 

 
Sanchez, A. L., Wright, S. M., Smolders, E., Naylor, C., Stevens, P. A., Kennedy, V. H., ... & 

Barnett, C. L. (1999). High plant uptake of radiocesium from organic soils due to Cs 
mobility and low soil K content. Environmental science & technology, 33(16), 2752-
2757. 

 
Sanchez, A. L., Smolders, E., Van den Brande, K., Merckx, R., Wright, S. M., & Naylor, C. (2002). 

Predictions of in situ solid/liquid distribution of radiocaesium in soils. Journal of 
Environmental Radioactivity, 63(1), 35-47. 

 
Sanzharova, N., Fesenko, S., & Reed, E. (2009). Agricultural Ecosystems: Root 

UPTAKE. Quantification of radionuclide transfer in terrestrial and freshwater 
environments for radiological assessments, 124. 

 
Sanzharova, N., Fesenko, S., & Reed, E. (2009). Processes governing radionuclide transfer to 

plants. Quantification of Radionuclide Transfers in Terrestrial and Freshwater 
Environments for Radiological Assessments, IAEA-TECDOC-1616, IAEA, Vienna, 123-
138. 

 
Saueia, C. H. R., & Mazzilli, B. P. (2006). Distribution of natural radionuclides in the production 

and use of phosphate fertilizers in Brazil. Journal of Environmental 
Radioactivity, 89(3), 229-239. 

 
Schimmack, W., & Auerswald, K. (2004). The radiocaesium interception potential (RIP) at an 

agricultural site in Germany. Journal of environmental radioactivity, 77(2), 143-157. 
 
Schneider, M., Froggatt, A., & Thomas, S. (2011). 2010–2011 world nuclear industry status 

report. Bulletin of the Atomic Scientists, 67(4), 60-77. 
 
Schutte, B. J., Liu, J., Davis, A. S., Harrison, S. K., & Regnier, E. E. (2010). Environmental factors 

that influence the association of an earthworm (Lumbricus terrestris L.) and an annual 
weed (Ambrosia trifida L.) in no-till agricultural fields across the eastern US Corn 
Belt. Agriculture, ecosystems & environment, 138(3-4), 197-205.  

 



 

165 
  

Shaheen, S. M., Tsadilas, C. D., & Rinklebe, J. (2013). A review of the distribution coefficients 
of trace elements in soils: Influence of sorption system, element characteristics, and 
soil colloidal properties. Advances in Colloid and Interface Science, 201, 43-56. 

 
Shaheen, S. M., Shams, M. S., Khalifa, M. R., Mohamed, A., & Rinklebe, J. (2017). Various soil 

amendments and environmental wastes affect the (im) mobilization and Phyto 
availability of potentially toxic elements in a sewage effluent irrigated sandy 
soil. Ecotoxicology and environmental safety, 142, 375-387. 

 
Shaheen, S. M., & Rinklebe, J. (2015). Phytoextraction of potentially toxic elements from a 

contaminated floodplain soil using Indian mustard, rapeseed, and sunflower. 
Environmental Geochemistry and Health, 37(6), 953-967. 

Shaibi, T., Fuchs, S., & Moritz, R. F. (2009). Morphological study of Honeybees (Apis mellifera) 
from Libya. Apidologie, 40(2), 97-105. 

 
Shamseer, L., Moher, D., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., ... & Stewart, L. A. 

(2015). Preferred reporting items for systematic review and meta-analysis protocols 
(PRISMA-P) 2015: elaboration and explanation. Bmj, 349, g7647. 

 
Shaw, G., Hewamanna, R., Lillywhite, J., & Bell, J. N. B. (1992). Radiocaesium uptake and 

translocation in wheat with reference to the transfer factor concept and ion 
competition effects. Journal of Environmental radioactivity, 16(2), 167-180. 

 
Shepherd, T. G. (2009). Visual Soil Assessment. Volume 1. Field guide for pastoral grazing and 

cropping on flat to rolling country. Horizons Regional Council, Palmerston North, 119. 
 
Shepherd, T.G. (2009). Visual soil assessment, Field guide for pastoral grazing and cropping 

on flat to rolling country, 2nd ed. Horizons Regional Council, New Zealand. 
 
Simon, S. L., Graham, J. C., & Terp, S. D. (2002). Uptake of 40K and 137Cs in native plants of the 

Marshall Islands. Journal of environmental radioactivity, 59(2), 223-243. 
 
Singh, R., Singh, D. P., Kumar, N., Bhargava, S. K., & Barman, S. C. (2010). Accumulation and 

translocation of heavy metals in soil and plants from fly ash contaminated 
area. Journal of Environmental Biology, 31(4), 421-430. 

 
Sinha, S., Gupta, A. K., Bhatt, K., Pandey, K., Rai, U. N., & Singh, K. P. (2006). Distribution of 

metals in the edible plants grown at Jajmau, Kanpur (India) receiving treated tannery 
wastewater: relation with physico-chemical properties of the soil. Environmental 
monitoring and assessment, 115(1-3), 1-22. 

 
Six, J., Feller, C., Denef, K., Ogle, S., de Moraes Sa, J. C., & Albrecht, A. (2002). Soil organic 

matter, biota and aggregation in temperate and tropical soils-Effects of no-tillage. 
 
Six, J., Conant, R. T., Paul, E. A., & Paustian, K. (2002). Stabilization mechanisms of soil organic 

matter: implications for C-saturation of soils. Plant and soil, 241(2), 155-176. 
 



 

166 
  

Smical, A. I., Hotea, V., Oros, V., Juhasz, J., & Pop, E. (2008). Studies on transfer and 
bioaccumulation of heavy metals from soil into lettuce. Environmental Engineering 
and Management Journal, 7(5), 609-615. 

 
Smith, K., & Robinson, C. (2008). Non-human biota dose assessment for a generic deep 

geological repository. ENVIROS Consulting Ltd., Edinburgh. 
 

Smolders, E., Van den Brande, K., & Merckx, R. (1997). Concentrations of 137Cs and K in soil 
solution predict the plant availability of 137Cs in soils. Environmental science & 
technology, 31(12), 3432-3438. 

 
Spry, D. J., & Wiener, J. G. (1991). Metal bioavailability and toxicity to fish in low-alkalinity 

lakes: a critical review. Environmental Pollution, 71(2-4), 243-304. 
 
Somado, E. A., Guei, R. G., & Nguyen, N. (2008). Overview: rice in Africa. Africa Rice Center, 

Bouaké. 
 
Stark, K., Andersson, P., Beresford, N. A., Yankovich, T. L., Wood, M. D., Johansen, M. P., ...& 

Doering, C. (2015). Predicting exposure of wildlife in radionuclide contaminated 
wetland ecosystems. Environmental Pollution, 196, pp 201-213. 

 
Staunton, S., & Levacic, P. (1999). Cs adsorption on the clay-sized fraction of various soils: 

effect of organic matter destruction and charge compensating cation. Journal of 
Environmental Radioactivity, 45(2), 161-172. 

 
Staunton, S., Dumat, C., & Zsolnay, A. (2002). Possible role of organic matter in radiocaesium 

adsorption in soils. Journal of Environmental Radioactivity, 58(2-3), 163-173. 
 
Steenkamp, N. C., Clark-Mostert, V., & Delport, P. W. J. (2012, April). Inferred Historic Gold 

Mining Approaches, Giyani Greenstone Belt, South Africa. In 9th International Mining 
History Congress (pp. 17-20). 

 
Stoett, P. (2003). Toward renewed legitimacy? Nuclear power, global warming, and 

security. Global Environmental Politics, 3(1), 99-116. 
 
Strand, P., & Oughton, D. H. (2002). Radiation Protection in the 21st Century: Ethical, 

Philosophical and Environmental Issues. NRPA/AUN, Osteras. 
 
Strand, P., et al. (2009). "Environmental protection: transfer parameters for reference animals 

and plants." Annals of the ICRP 39(6): 1-111. 
 
Strand, P., Aono, T., Brown, J. E., Garnier-Laplace, J., Hosseini, A., Sazykina, T., ... & Vives i 

Batlle, J. (2014). Assessment of Fukushima-derived radiation doses and effects on 
wildlife in Japan. Environmental Science & Technology Letters, 1(3), 198-203.Strand et 
al., 2014. 

 



 

167 
  

Strand, P., Sundell-Bergman, S., Brown, J. E., & Dowdall, M. (2017). On the divergences in 
assessment of environmental impacts from ionising radiation following the Fukushima 
accident. Journal of environmental radioactivity, 169, 159-173. 

 
Strebl, F., Ehlken, S., Gerzabek, M. H., & Kirchner, G. (2007). Behaviour of radionuclides in 

soil/crop systems following contamination. Radioactivity in the Environment, 10, 19-
42. 

 
Sweeck, L., Wauters, J., Valcke, E., & Cremers, A. (1990). The specific interception potential of 

soils for radiocesium. In Transfer of radionuclides in natural and semi-natural 
environments. 

 
Tabutin, D., Schoumaker, B., & Rabenoro, M. (2004). The Demography of Sub-Saharan Africa 

from the 1950s to the 2000s. Population, 59(3), 455-555. 
 
Tagami, K., & Uchida, S. (2010). Can elemental composition data of crop leaves be used to 

estimate radionuclide transfer to tree leaves? Radiation and environmental 
biophysics, 49(4), 583-590. 

 
Taiwo, A. M., & Awomeso, J. A. (2017). Assessment of trace metal concentration and health 

risk of artisanal gold mining activities in Ijeshaland, Osun State Nigeria—part 1. Journal 
of Geochemical Exploration, 177, 1-10. 

 
Takata, H., Aono, T., Tagami, K., & Uchida, S. (2010). Concentration ratios of stable elements 

for selected biota in Japanese estuarine areas. Radiation and Environmental 
Biophysics, 49(4), pp 591-601. 

 
Tamponnet, C., Martin-Garin, A., Gonze, M. A., Parekh, N., Vallejo, R., Sauras-Yera, T., ... & 

Avila, R. (2008). An overview of BORIS: bioavailability of radionuclides in soils. Journal 
of Environmental Radioactivity, 99(5), 820-830. 

 
Tetteh, F., Larbi, A., Nketia, K. A., Senayah, J. K., Hoeschle-Zeledon, I., & Abdulrahman, N. 

(2016). Suitability of soils for cereal cropping in Northern Ghana. 
 
Thiessen, K. M., Batandjieva, B., Andersson, K. G., Arkhipov, A., Charnock, T. W., Gallay, F., ... 

& Kamboj, S. (2008). Improvement of modelling capabilities for assessing urban 
contamination: The EMRAS Urban Remediation Working Group. Applied Radiation 
and Isotopes, 66(11), 1741-1744. 

 
Thomas, G. W. (1996). Soil pH and soil acidity. Methods of soil analysis part 3—chemical 

methods, (methodsofsoilan3), 475-490. 
 
Tomback, D. F., Arno, S. F., & Keane, R. E. (Eds.). (2001). Whitebark pine communities: ecology 

and restoration. Island Press. 
 



 

168 
  

Tome, F. V., Rodríguez, M. B., & Lozano, J. C. (2003). Soil-to-plant transfer factors for natural 
radionuclides and stable elements in a Mediterranean area. Journal of Environmental 
Radioactivity, 65(2), 161-175. 

 
Torudd, J. (2010). Long term radiological effects on plants and animals of a deep geological 

repository. SR-Site Biosphere (No. SKB-TR--10-08). Swedish Nuclear Fuel and Waste 
Management Co. 

 
Tsukada, H., & Nakamura, Y. (1999). Transfer of 137Cs and stable Cs from soil to potato in 

agricultural fields. Science of the total environment, 228(2-3), 111-120. 
 
Twining, J. R., & Baxter, M. (Eds.). (2012). Tropical Radioecology (Vol. 18). Elsevier. 
 
Tsukada, H., Hasegawa, H., Hisamatsu, S. I., & Yamasaki, S. I. (2002). Transfer of 137Cs and 

stable Cs from paddy soil to polished rice in Aomori, Japan. Journal of Environmental 
Radioactivity, 59(3), 351-363. 

 
Uchida, S., Tagami, K., & Komamura, M. (2006). Variation of transfer factors of radionuclides 

for food crops in Japan. Classification of soil systems on the basis of transfer factors of 
radionuclides from soil to reference plants. Food and Environmental Protection 
Section International Atomic Energy Agency, Vienna, Austria, 101-112. 

 
Uchida, S., Tagami, K., & Hirai, I. (2007). Soil-to-plant transfer factors of stable elements and 

naturally occurring radionuclides (1) upland field crops collected in Japan. Journal of 
Nuclear Science and Technology, 44(4), 628-640. 

 
Uchida, S., Tagami, K., & Hirai, I. (2007). Soil-to-plant transfer factors of stable elements and 

naturally occurring radionuclides:(2) Rice collected in Japan. Journal of Nuclear 
Science and Technology, 44(5), 779-790. 

 
Uchida, S., &Tagami, K. (2007). Soil-to-plant transfer factors of fallout 137Cs and native 133Cs in 

various crops collected in Japan. Journal of Radioanalytical and Nuclear 
Chemistry, 273(1), 205-210. 

 
Udo, E. J., & Ogunwale, J. A. (1986). Laboratory manual for the analysis of soil, plant and water 

samples. Dept. of Agronomy, University of Ibadan, Ibadan, Nigeria. 
 
Uematsu, R., Yamamoto, E., Maeda, S., Ito, H., & Taketsugu, T. (2015). Reaction Mechanism 

of the Anomalous Formal Nucleophilic Borylation of Organic Halides with Silylborane: 
Combined Theoretical and Experimental Studies. Journal of the American Chemical 
Society, 137(12), 4090-4099. 

 
Uematsu, S., Smolders, E., Sweeck, L., Wannijn, J., Van Hees, M., & Vandenhove, H. (2015). 

Predicting radiocaesium sorption characteristics with soil chemical properties for 
Japanese soils. Science of the Total Environment, 524, 148-156. 

 



 

169 
  

UNH. (2015). Soil basics. Soil basics. Retrieved 8th September 2017, from 
https://extension.unh.edu/Soil-basics. 

 
UNSCEAR. (2000). Sources and effects of ionizing radiation: sources (Vol. 1). United Nations 

Publications. 
 
UNSCEAR. (1996).  Effects of radiation on the environment. United Nations Scientific 

Committee on the Effects of Atomic Radiation, Report to the General Assembly, Annex 
1, United Nations, New York, 86 pages. 

UNSCEAR. (2000). Effects of Ionizing Radiation. United Nations, New York, 453-487. 

UNSCEAR. (2011). Health effects due to radiation from the Chernobyl accident. Sources and 
effects of ionizing radiation. UNSCEAR 2008 Report Vol. II: Effects, Report to the 
General Assembly Scientific Annexes C, D and E, 189. 

UNSCEAR. (2014). Effects and Risk of Ionizing Radiation. Volume I: Report to the General 
Assembly, Scientific Annex a: Levels and Effects of Radiation Exposure to the Nuclear 
Accident after the 2011 Great East-Japan Earthquake and Tsunami.  Scientific 
Committee on the Effects of Atomic Radiation, Vienna: United Nations (2014), p. 311 
Report to the 68th session of the United Nations General Assembly. 

USDA. (2017). Guide to texture by feel. Retrieved 7th September 2017, from 
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/edu/?cid=nrcs142p2_05431
. 

US DOE. (2000). US DOE Standard 2000 A graded approach for evaluating radiation doses to 
aquatic and terrestrial biota. US Department of Energy, Washington DC 20585 

 

USDOE. (2003). Environmental Protection Program. DOE Order 450.1. Available from: 〈
http://www.directives.doe.gov/pdfs/doe/doetext/neword/450/o4501.pdf. 

US Department of Health and Human Services. (2003). Toxicological profile for selenium. US 
Department of Health and Human Services. Public Health Service, Atlanta, GA. 

Utete, B., Phiri, C., Mlambo, S. S., Maringapasi, N., Muboko, N., Fregene, T. B., & Kavhu, B. 
(2018). Metal accumulation in two contiguous eutrophic peri-urban lakes, Chivero and 
Manyame, Zimbabwe. African journal of aquatic science, 43(1), 1-15. 

Vaillancourt, K., Labriet, M., Loulou, R., & Waaub, J. P. (2008). The role of nuclear energy in 
long-term climate scenarios: An analysis with the World-TIMES model. Energy 
Policy, 36(7), 2296-2307. 

Velasco, H., Ayub, J. J., & Sansone, U. (2008). Analysis of radionuclide transfer factors from 
soil to plant in tropical and subtropical environments. Applied Radiation and 
Isotopes, 66(11), 1759-1763. 

 
Velasco, H., Ayub, J. J., &Sansone, U. (2009). Influence of crop types and soil properties on 

radionuclide soil-to-plant transfer factors in tropical and subtropical environments. 
Journal of Environmental Radioactivity, 100(9), 733-738. 

 

https://extension.unh.edu/Soil-basics
http://www.directives.doe.gov/pdfs/doe/doetext/neword/450/o4501.pdf


 

170 
  

Valcke, E. J. J. (1995). The behaviour dynamics of radiocesium and radiostrontium in soils rich 
in organic matter. 

Valentin, J. (2003). A framework for assessing the impact of ionising radiation on non-human 
species: ICRP Publication 91: Approved by the Commission in October 2002. Annals of 
the ICRP, 33(3), 201-270. 

 
Valentin, J. (2007). "Environmental Protection: The Concept and Use of Reference Animals 

and Plants." Annals of the ICRP. Draft ICRP publication for consultation [http://www. 
icrp. org/draft animals. asp accessed 25 February 2008]. 

 
Valentin, J. (2009). Environmental Protection: The Concept and Use of Reference Animals and 

Plants. 

Vandebroek, L., Van Hees, M., Delvaux, B., Spaargaren, O., & Thiry, Y. (2012).  Relevance of 
Radiocaesium Interception Potential (RIP) on a worldwide scale to assess soil 
vulnerability to 137Cs contamination. Journal of environmental radioactivity, 104, 87-
93. 

 
Vandenhove, H., Sweeck, L., i Batlle, J. V., Wannijn, J., Van Hees, M., Camps, J., ... & Lance, B. 

(2013). Predicting the environmental risks of radioactive discharges from Belgian 
nuclear power plants. Journal of environmental radioactivity, 126, 61-76. 

 
Vandenhove, H., Bradshaw, C., Beresford, N. A., Vives i Batlle, J., Real, A., & Garnier-Laplace, 

J. (2018). ALLIANCE perspectives on integration of humans and the environment into 
the system of radiological protection. Annals of the ICRP, 47(3-4), 285-297. 

 
Van der Meijden, A., Vences, M., Hoegg, S., & Meyer, A. (2005). A previously unrecognized 

radiation of ranid frogs in Southern Africa revealed by nuclear and mitochondrial DNA 
sequences. Molecular phylogenetics and evolution, 37(3), 674-685. 

 
Van der Perk, M., Lev, T., Gillett, A. G., Absalom, J. P., Burrough, P. A., Crout, N. M. J., ... & 

Voigt, G. (2000). Spatial modelling of transfer of long-lived radionuclides from soil to 
agricultural products in the Chernigov region, Ukraine. Ecological modelling, 128(1), 
35-50. 

Varbanova, E. K., Angelov, P. A., & Stefanova, V. M. (2014). a model study of pH effect on 
enaminone complexation activity towards some metals. Journal of International 
Scientific Publications: Ecology & Safety, 8(1000001), 205-213. 

 
Varbanova, E., & Stefanova, V. (2015). A comparative study of inductively coupled plasma 

optical emission spectrometry and microwave plasma atomic emission spectrometry 
for the direct determination of lanthanides in water and environmental samples. J. Int. 
Sci. Publ.: Ecol. Saf, 9, 362-374. 

 
Vecchione, M., Bergstad, O. A., Byrkjedal, I., Falkenhaug, T., Gebruk, A. V., Godø, O. R., ... & 

Piatkowski, U. (2010). Biodiversity patterns and processes on the Mid-Atlantic Ridge. 
Life in the World's Oceans. Wiley-Blackwell, Oxford, 103-121. 

 

http://www/


 

171 
  

Vinhas, D. M., Rochedo, E. R., Wasserman, M. A. V., & Conti, L. F. C. (2005). Modeling the 
dynamics of radionuclide concentration in food after an accident in tropical 
areas. Revista Brasileira de Pesquisa e Desenvolvimento, 7, 139-144. 

 
Vives I Batlle, J. V., & Jones, S. R. (2003). A methodology for the assessment of doses to 

terrestrial biota arising from external exposure to 41Ar and 85Kr. (Accompanying CD). 
In Impact Assessment of Ionising Radiation on Wildlife, Environment Agency R&D 
Publication (Vol. 128). Environment Agency Bristol. 

 
Vives I Batlle, J. V., Balonov, M., Beaugelin-Seiller, K., Beresford, N. A., Brown, J., Cheng, J. J., 

... & Horyna, J. (2007). Inter-comparison of absorbed dose rates for non-human biota. 
Radiation and Environmental Biophysics, 46(4), 349-373. 

 
Vives I Batlle, J. V., Jones, S. R., & Copplestone, D. (2008). Dosimetric approach for biota 

exposure to inhaled radon daughters. In Environment Agency Science Report, 
SC060080. Environment Agency Bristol. 

 
Vives I Batlle, J. V., Jones, S. R., & Copplestone, D. (2008). Dosimetric approach for biota 

exposure to inhaled radon daughters. In Environment Agency Science Report, 
SC060080. Environment Agency Bristol. 

 
Vives I Batlle, J. V., Smith, A., Vives-Lynch, S., Copplestone, D., Pröhl, G., & Strand, T. (2011). 

Model-derived dose rates per unit concentration of radon in air in a generic plant 
geometry. Radiation and environmental biophysics, 50(4), 513. 

 
Vives I Batlle, J, V., Beaugelin-Seiller, K., Beresford, N, A., Copplestone, D., Horyna, J., Hosseini, 

A., ...& Newsome, L. (2011). The estimation of absorbed dose rates for non-human 
biota: an extended intercomparison. Radiation and Environmental Biophysics, 50(2), 
231-251. 

 
Vives I Batlle, J. V., Copplestone, D., & Jones, S. R. (2012). Allometric methodology for the 

assessment of radon exposures to terrestrial wildlife. Science of the total environment, 
427, 50-59. 

 
Vives I Batlle, J. V., Aono, T., Brown, J. E., Hosseini, A., Garnier-Laplace, J., Sazykina, T., ... & 

Strand, P. (2014). The impact of the Fukushima nuclear accident on marine biota: 
retrospective assessment of the first year and perspectives. Science of the total 
environment, 487, 143-153. 

 
Vysetti, B., Vummiti, D., Roy, P., Taylor, C., Kamala, C. T., Satyanarayanan, M., ... & Abburi, K. 

(2014). Analysis of geochemical samples by microwave plasma-AES. Atomic 
Spectroscopy, 35(2), 65-78. 

 
Waegeneers, N., Smolders, E., & Merckx, R. (1999). A statistical approach for estimating the 

radiocesium interception potential of soils. Journal of Environmental Quality, 28(3), 
1005-1011. 

 



 

172 
  

Waegeneers, N., Sauras-Yera, T., Thiry, Y., Vallejo, V. R., Smolders, E., Madoz-Escande, C., & 
Bréchignac, F. (2009). Plant uptake of radiocaesium from artificially contaminated soil 
monoliths covering major European soil types. Journal of environmental 
radioactivity, 100(6), 439-444. 

 
Waha, K., Müller, C., Bandeaux, A., Dietrich, J. P., Kurukulasuriya, P., Heinke, J., & Lotze-

Campen, H. (2013). Adaptation to climate change through the choice of cropping 
system and sowing date in Sub-Saharan Africa. Global Environmental Change, 23(1), 
130-143. 

 
Wang, J., Zhang, C. B., & Jin, Z. X. (2009). The distribution and phytoavailability of heavy metal 

fractions in rhizosphere soils of Paulowniu fortunei (seem) Hems near a Pb/Zn smelter 
in Guangdong, PR China. Geoderma, 148(3), 299-306. 

 
Wang, Y., Xu, D., Fan, X., Zhang, X., Ye, N., Wang, W., ... & Cao, S. (2013). Variation of 

photosynthetic performance, nutrient uptake, and elemental composition of different 
generations and different thallus parts of Saccharina japonica. Journal of applied 
phycology, 25(2), 631-637. 

 
Wang, J. T., Zheng, Y. M., Hu, H. W., Zhang, L. M., Li, J., & He, J. Z. (2015). Soil pH determines 

the alpha diversity but not beta diversity of soil fungal community along altitude in a 
typical Tibetan forest ecosystem. Journal of Soils and Sediments, 15(5), 1224-1232. 

 
Wang, Z. T., Zheng, J., Tagami, K., & Uchida, S. (2015). Newly derived transfer factors for Th, 

Am, Pu, and Cl since publication of IAEA TRS No. 472: a review. Journal of 
Radioanalytical and Nuclear Chemistry, 306(1), 11-20. 

 
Wasserman, M. A. M. (1998). Soil-to-plant transfer of 137Cs related to its geochemical 

partitioning in Oxisols of tropical areas. In Environmental geochemistry in the 
tropics (pp. 17-28). Springer, Berlin, Heidelberg. 

 
Wasserman, M. A., Perez, D. V., Viana, A. G., Bartoly, F., Silva, M. M., Ferreira, A. C., ... & Bourg, 

A. (2005). A sequential extraction protocol proposed to evaluate phytoavailability and 
potential mobility of radionuclides in soils. In XIII International Conference on Heavy 
metals in the Environment, Brazil. 

 
Wasserman, M. A., Viana, A. G., Bartoly, F., Perez, D. V., Conti, C. C., Rochedo, E. R., & Vivone, 

R. J. (2005). The assessment of radiovulnerability in agroecosystems.  
 
Wasserman, M. A., Bartoly, F., Viana, A. G., Silva, M. M., Rochedo, E. R. R., Perez, D. V., & 

Conti, C. C. (2008). Soil to plant transfer of 137Cs and 60Co in Ferralsol, Nitisol and 
Acrisol. Journal of environmental radioactivity, 99(3), 546-553. 

 
Wasserman, M. A., Bartoly, F., Portilho, A. P., Rochedo, E. R. R., Viana, A. G., Perez, D. V., & 

Conti, C. C. (2008). The effect of organic amendment on potential mobility and 
bioavailability of 137Cs and 60Co in tropical soils. Journal of environmental 
Radioactivity, 99(3), 554-562. 



 

173 
  

 
Wauters, J., Elsen, A., Cremers, A., Konoplev, A. V., Bulgakov, A. A., & Comans, R. N. J. (1996). 

Prediction of solid/liquid distribution coefficients of radiocaesium in soils and 
sediments. Part one: a simplified procedure for the solid phase characterisation. 
Applied Geochemistry, 11(4), 589-594. 

 
Wauters, J., Vidal, M., Elsen, A., & Cremers, A. (1996). Prediction of solid/liquid distribution 

coefficients of radiocaesium in soils and sediments. Part two: a new procedure for 
solid phase speciation of radiocaesium. Applied geochemistry, 11(4), 595-599. 

 
Weber, M., & Gonzalez, S. (2003). Latin American deer diversity and conservation: a review 

of status and distribution. Ecoscience, 10(4), 443-454. 
 
Weinreich, R., &Groher, I. (2016). Software architecture knowledge management approaches 

and their support for knowledge management activities: A systematic literature 
review. Information and Software Technology, 80, 265-286. 

 
Whicker, F. W., & Kirchner, T. B. (1987). Pathway: a dynamic food-chain model to predict 

radionuclide ingestion after fallout deposition. Health Physics, 52(6), 717-737. 
 
Whicker, F. W., Shaw, G., Voigt, G., & Holm, E. (1999). Radioactive contamination: state of the 

science and its application to predictive models. Environmental Pollution, 100(1-3), 
133-149. 

 
White, P. J., & Broadley, M. R. (2000). Mechanisms of caesium uptake by plants. New 

Phytologist, 147(2), 241-256. 
 
Wiens, J. J., Sukumaran, J., Pyron, R. A., & Brown, R. M. (2009). Evolutionary and 

biogeographic origins of high tropical diversity in Old World frogs (Ranidae). Evolution: 
International Journal of Organic Evolution, 63(5), 1217-1231. 

 
Willey, N. J., Tang, S., & Watt, N. R. (2005). Predicting inter-taxa differences in plant uptake of 

cesium-134/137. Journal of environmental quality, 34(5), 1478-1489. 
 
Willey, N., & Fawcett, K., (2006).  A phylogenetic effect on strontium concentrations in 

angiosperms. Environmental and Experimental Botany, 57(3), 258-269. 
 
Willey, N. J. (2010). Phylogeny can be used to make useful predictions of soil-to-plant transfer 

factors for radionuclides. Radiation and Environmental Biophysics, 49(4), 613-623. 
 
Wilson, M. J., Bain, D. C., & Duthie, D. M. L. (1984). The soil clays of Great Britain: II. 

Scotland. Clay Minerals, 19(5), 709-735. 
 
Wood, M. D., Beresford, N. A., Copplestone, D., & Leah, R. T. (2008). Assessing radiation 

impact at a protected coastal sand dune site. 
 



 

174 
  

Wood, M. D., Marshall, W. A., Beresford, N. A., Jones, S. R., Howard, B. J., Copplestone, D., & 
Leah, R. T. (2008). Application of the ERICA Integrated Approach to the Drigg coastal 
sand dunes. Journal of environmental radioactivity, 99(9), 1484-1495. 

 
Wood, M. D., Beresford, N. A., Barnett, C. L., Copplestone, D., & Leah, R. T. (2009). Assessing 

radiation impact at a protected coastal sand dune site: an intercomparison of models 
for estimating the radiological exposure of non-human biota. Journal of environmental 
radioactivity, 100(12), 1034-1052. 

 
Wood, M. D., Beresford, N. A., Semenov, D. V., Yankovich, T. L., & Copplestone, D. (2010). 

Radionuclide transfer to reptiles. Radiation and environmental biophysics, 49(4), 509-
530. 

 
Wood, M. D., Beresford, N. A., Howard, B. J., & Copplestone, D. (2013). Evaluating 

summarised radionuclide concentration ratio datasets for wildlife. Journal of 
environmental radioactivity, 126, 314-325. 

 
World Health Organization. (2010). FAO/WHO expert meeting on the application of 

nanotechnologies in the food and agriculture sectors: potential food safety 
implications: meeting report. Geneva: World Health Organization. 

 
Wright, S. M., Smith, J. T., Beresford, N. A., & Scott, W. A. (2003). Monte-Carlo prediction of 

changes in areas of west Cumbria requiring restrictions on sheep following the 
Chernobyl accident. Radiation and environmental biophysics, 42(1), 41-47. 

 
Yankovich, T. L., Beresford, N. A., Wood, M. D., Aono, T., Anderson, P., Barnett, C. L., ...& 

Hosseini, A. (2010). Whole-body to Tissue Concentration Ratios for Use in Biota Dose 
Assessments for Animals. Radiation and Environmental Biophysics, 49(4), pp 549-565. 

 
Yankovich, T. L., i Batlle, J. V., Vives-Lynch, S., Beresford, N. A., Barnett, C. L., Beaugelin-Seiller, 

K., ... & Hosseini, A. (2010). An international model validation exercise on radionuclide 
transfer and doses to freshwater biota. Journal of Radiological Protection, 30(2), 299. 

 
Yankovich, T., Beresford, N. A., Fesenko, S., Fesenko, J., Phaneuf, M., Dagher, E., ... & Wood, 

M. D. (2013). Establishing a database of radionuclide transfer parameters for 
freshwater wildlife. Journal of environmental radioactivity, 126, 299-313. 

 
Yankovich, T., King-Sharp, K. J., Benz, M. L., Carr, J., Killey, R. W. D., Beresford, N. A., & Wood, 

M. D. (2013). Do site-specific radiocarbon measurements reflect localized 
distributions of 14 C in biota inhabiting a wetland with point contamination sources? 
Journal of environmental radioactivity, 126, 352-366. 

 
Yankovich, T. L., Proehl, G., Tellera, D., & Berkovskyy, V. (2014, September). Generic Screening 

Models for Assessing Exposures to the Public and ICRP Reference Animals and Plants. 
In the 3rd International Conference on Radioecology and Environmental Radioactivity. 
Barcelona. 

 



 

175 
  

Yera, T. S., Vallejo, V. R., Valcke, E., Colle, C., FoKrstel, H., MillaHn, R., & Jouglet, H. (1998). Cs 
and Sr root uptake prediction under close-to-real controlled conditions. 

 
Yuqing, M., Jianrong, C., & Keming, F. (2005). New technology for the detection of pH. Journal 

of biochemical and biophysical methods, 63(1), 1-9. 
 
Zachara, J. M., Smith, S. C., Liu, C., McKinley, J. P., Serne, R. J., & Gassman, P. L. (2002). Sorption 

of Cs+ to micaceous subsurface sediments from the Hanford site, USA. Geochimica et 
cosmochimica Acta, 66(2), 193-211. 

 
Zhu, Y. G., & Smolders, E. (2000). Plant uptake of radiocaesium: a review of mechanisms, 

regulation and application. Journal of experimental botany, 51(351), 1635-1645. 
 
 
Websites: 
 
The Wildlife Transfer Database: www.wildlifetransferdatabase.org, / Assessed on 
19/09/2016. 

http://www.cabi.org/isc/datasheet/109385. 

www.world-nuclear-news.org/np-west-africa-states-prepare-mou-o-nuclear-nuclear-
cooperation-29071501/html. 

 
www.world nuclear news/ Africa; 

http://www.world-nuclear.org/information-library/safety-and-security/radiation-and-
health/naturally-occurring-radioactive-materials-norm.aspx. 

 
 

 

 

http://www.wildlifetransferdatabase.org/
http://www.cabi.org/isc/datasheet/109385
http://www.world-nuclear-news.org/np-west-africa-states-prepare-mou-o-nuclear-nuclear-cooperation-29071501/html
http://www.world-nuclear-news.org/np-west-africa-states-prepare-mou-o-nuclear-nuclear-cooperation-29071501/html
http://www.world-nuclear.org/information-library/safety-and-security/radiation-and-health/naturally-occurring-radioactive-materials-norm.aspx
http://www.world-nuclear.org/information-library/safety-and-security/radiation-and-health/naturally-occurring-radioactive-materials-norm.aspx


 

176 
  

APPENDIX 

Appendix 1. Descriptive statistics for CRs of terrestrial wildlife (SSAD vs IAEA) 

CRs of Terrestrial Wildlife (SSAD vs IAEA) 

 

    

Wildlife Environment Elements N AM ASD GM GSD Min Max 

Amphibian IAEA Cr 6 2.74E-03 1.71E-03 2.34E-03 1.82E+00 1.31E-03 5.56E-03 

 SSAD Cr 26 1.31E-01 1.01E-01 9.04E-02 2.68E+00 1.23E-02 4.25E-01 

 IAEA Mn 6 3.59E-02 2.15E-02 3.13E-02 1.75E+00 1.63E-02 7.46E-02 

 SSAD Mn 26 1.82E+00 1.27E+00 1.31E+00 2.57E+00 2.07E-01 5.05E+00 

 IAEA Ni 6 5.83E-03 6.69E-03 3.60E-03 2.82E+00 1.40E-03 1.85E-02 

 SSAD Ni 6 8.84E-04 2.25E-04 8.60E-04 1.30E+00 5.70E-04 1.25E-03 

 IAEA Pb 6 1.55E-02 2.75E-02 5.79E-03 3.93E+00 1.96E-03 7.12E-02 

 SSAD Pb 26 2.96E-01 1.05E-01 2.76E-01 3.93E+00 1.23E-01 4.75E-01 

 IAEA Zn 6 8.62E-01 2.67E-01 8.26E-01 1.39E+00 4.97E-01 1.25E+00 

 SSAD Zn 26 6.33E+00 4.36E+00 3.36E+00 4.90E+00 1.23E-01 1.78E+01 

Annelid IAEA Co 15 4.65E-01 3.67E-01 2.52E-01 4.36E+00 1.23E-02 1.10E+00 

 SSAD Co 5 1.59E-01 9.48E-02 1.37E-01 1.86E+00 5.66E-02 3.10E-01 

 IAEA Cr 12 1.92E-02 2.05E-02 1.24E-02 2.60E+00 2.87E-03 6.55E-02 

 SSAD Cr 16 1.20E-01 3.22E-02 1.15E-01 1.33E+00 6.14E-02 1.75E-01 

 IAEA Mn 12 5.58E-02 5.97E-02 2.13E-02 5.23E+00 3.34E-03 1.67E-01 

 SSAD Mn 15 3.38E-02 4.38E-02 1.39E-02 4.14E+00 1.62E-03 1.20E-01 

 IAEA Ni 12 3.01E-02 1.67E-02 2.67E-02 1.63E+00 1.31E-02 7.24E-02 

 SSAD Ni 21 5.17E-01 5.80E-01 3.53E-01 2.33E+00 1.04E-01 2.66E+00 

 IAEA Pb 12 5.98E-02 1.06E-01 3.24E-02 2.57E+00 1.01E-02 3.93E-01 
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Wildlife Environment Radionuclides      N            AM                ASD 
                                                                  
GM                            GSD           Min Max 

 IAEA Zn 12 6.57E+00 3.96E+00 5.51E+00 1.89E+00 2.15E+00 1.52E+01 

 SSAD Zn 29 1.25E-01 8.13E-02 9.59E-02 2.37E+00 1.27E-02 3.77E-01 

Arthropod IAEA Cr 5 9.49E-03 4.12E-03 8.64E-03 1.67E+00 3.92E-03 1.47E-02 

 SSAD Cr 15 1.60E-03 1.82E-03 1.12E-03 2.18E+00 4.40E-04 7.53E-03 

 IAEA Mn 6 1.86E+00 1.56E+00 1.19E+00 3.05E+00 3.76E-01 3.36E+00 

 SSAD Mn 15 1.62E-02 1.59E-02 1.17E-02 2.14E+00 5.65E-03 5.15E-02 

 IAEA Ni 6 2.70E-01 2.86E-01 1.00E-01 6.00E+00 1.74E-02 6.47E-01 

 SSAD Ni 15 2.12E-02 1.25E-02 1.76E-02 1.97E+00 3.11E-03 4.75E-02 

 IAEA Pb 6 1.02E-01 1.60E-01 4.51E-02 3.81E+00 9.42E-03 4.24E-01 

 SSAD Pb 18 8.94E-03 1.55E-02 2.90E-03 4.51E+00 3.50E-04 5.45E-02 

 IAEA Zn 6 5.14E+00 2.07E+00 4.78E+00 1.52E+00 3.14E+00 7.54E+00 

 SSAD Zn 15 5.98E-03 3.65E-03 4.67E-03 2.22E+00 1.20E-03 1.18E-02 

Grasses IAEA Co 57 4.53E-02 8.76E-02 1.69E-02 4.34E+00 3.60E-04 5.63E-01 

 SSAD Co 30 2.54E-02 2.49E-02 1.42E-02 4.06E+00 2.50E-04 8.90E-02 

 IAEA Cr 13 1.51E-01 1.73E-01 7.98E-02 3.40E+00 1.12E-02 5.59E-01 

 SSAD Cr 61 1.13E-01 1.71E-01 5.04E-02 3.63E+00 8.37E-03 1.06E+00 

 IAEA Cs 52 3.49E-02 6.58E-02 1.67E-02 3.21E+00 1.16E-03 4.12E-01 

 SSAD Cs 7 3.27E-02 1.99E-02 2.84E-02 1.73E+00 1.63E-02 6.85E-02 

 IAEA Cs-137 1005 1.65E+00 2.76E+00 6.16E-01 4.57E+00 1.85E-03 3.65E+01 

 SSAD Cs-137 2 3.09E-01 0.00E+00 3.09E-01 1.00E+00 3.09E-01 3.09E-01 

 IAEA Cu 13 1.28E+00 1.27E+00 8.56E-01 2.51E+00 2.65E-01 4.40E+00 

 SSAD Cu 7 4.66E-01 3.73E-01 3.32E-01 2.58E+00 9.19E-02 1.06E+00 

 IAEA Mn 13 6.80E-01 5.60E-01 5.43E-01 1.90E+00 3.00E-01 1.91E+00 

 SSAD Mn 20 3.36E-01 3.58E-01 2.31E-01 2.26E+00 9.92E-02 1.30E+00 

 IAEA Mo 19 1.07E+00 9.20E-01 6.51E-01 3.22E+00 5.97E-02 3.25E+00 

 SSAD Mo 28 5.87E-01 8.91E-01 2.55E-01 3.84E+00 1.35E-02 3.56E+00 

 IAEA Ni 13 2.67E-01 2.62E-01 1.64E-01 2.98E+00 3.35E-02 9.39E-01 
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Wildlife Environment Radionuclides      N            AM                ASD 
                                                                  

GM                            GSD           Min Max 

 IAEA Pb 13 1.08E-01 2.02E-01 3.00E-02 4.56E+00 5.84E-03 6.26E-01 

 SSAD Pb 102 7.30E-02 8.54E-02 4.48E-02 2.79E+00 3.42E-03 6.17E-01 

 IAEA Ra-226 252 2.09E-01 4.73E-01 2.67E-02 2.21E+01 3.00E-05 4.65E+00 

 SSAD Ra-226 21 8.08E-01 5.43E-01 6.77E-01 1.79E+00 2.93E-01 2.14E+00 

 IAEA Rb 55 1.53E-01 2.57E-01 6.12E-02 4.11E+00 5.32E-03 1.44E+00 

 SSAD Rb 7 5.97E-01 5.29E-01 4.58E-01 2.11E+00 1.97E-01 1.70E+00 

 IAEA Se 34 8.99E-01 1.36E+00 2.31E-01 8.17E+00 2.18E-03 5.40E+00 

 SSAD Se 1 4.51E-03 . 4.51E-03 1.00E+00 4.51E-03 4.51E-03 

 IAEA Th-232 27 1.06E-01 1.62E-01 3.49E-02 5.38E+00 1.63E-03 6.52E-01 

 SSAD Th-232 39 6.49E-01 5.48E-01 4.82E-01 2.21E+00 9.47E-02 2.37E+00 

 IAEA U 82 2.29E-02 3.22E-02 0.00E+00 1.02E+01 0.00E+00 1.64E-01 

 SSAD U 4 2.75E-02 1.96E-02 2.04E-02 2.73E+00 5.21E-03 4.87E-02 

 IAEA U-238 150 1.44E-01 5.32E-01 9.12E-03 1.61E+01 5.00E-05 5.54E+00 

 SSAD U-238 22 2.53E-01 1.29E-01 1.88E-01 2.85E+00 1.05E-02 5.30E-01 

 IAEA Zn 13 1.29E+00 1.09E+00 9.94E-01 2.08E+00 2.86E-01 3.81E+00 

 SSAD Zn 102 6.36E-01 1.01E+00 1.35E-01 1.31E+01 0.00E+00 5.58E+00 
Grasses and 
Herbs IAEA Cs 16 5.79E-02 2.75E-02 5.12E-02 2.11E+00 2.04E-02 9.93E-02 

 SSAD Cs 17 2.47E-02 1.88E-02 1.91E-02 2.19E+00 3.76E-03 8.40E-02 

 IAEA Ra-226 30 1.11E-01 2.19E-01 3.08E-02 5.13E+00 1.84E-03 9.56E-01 

 SSAD Ra-226 12 1.69E+00 6.24E-01 1.57E+00 1.53E+00 8.29E-01 2.44E+00 

 IAEA Th-232 5 1.08E-01 1.45E-01 5.29E-02 3.88E+00 1.22E-02 3.60E-01 

 SSAD Th-232 12 4.58E-01 1.96E-01 4.22E-01 1.52E+00 2.45E-01 7.98E-01 

Herbs IAEA Ce 106 1.65E-02 1.88E-02 7.50E-03 4.02E+00 5.00E-04 6.90E-02 

 SSAD Ce 9 6.21E-03 7.02E-03 2.06E-03 6.57E+00 1.40E-04 1.76E-02 

 IAEA Co 113 2.12E-02 1.75E-02 1.27E-02 3.23E+00 3.00E-04 6.30E-02 

 SSAD Co 82 1.14E-01 1.80E-01 3.42E-02 5.37E+00 6.60E-04 8.61E-01 
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Wildlife Environment Radionuclides      N            AM                ASD 
                                                                  

GM                            GSD           Min Max 

 IAEA Cs 103 9.53E-02 2.75E-01 2.17E-02 4.49E+00 9.50E-04 1.34E+00 

 SSAD Cs 19 5.90E-02 3.05E-02 5.13E-02 1.75E+00 2.09E-02 1.26E-01 

 IAEA Eu 106 1.65E-02 1.72E-02 8.19E-03 3.79E+00 4.80E-04 6.51E-02 

 SSAD Eu 9 8.07E-03 7.43E-03 3.11E-03 6.84E+00 1.60E-04 2.04E-02 

 IAEA Mo 4 2.08E-01 8.52E-02 1.93E-01 1.62E+00 1.00E-01 2.80E-01 

 SSAD Mo 7 2.45E+00 2.14E+00 1.01E-01 3.58E+02 1.00E-05 6.02E+00 

 IAEA Ra-226 26 2.38E-01 3.23E-01 1.20E-01 3.20E+00 1.61E-02 1.33E+00 

 SSAD Ra-226 68 6.68E-01 4.93E-01 5.36E-01 1.93E+00 1.46E-01 2.14E+00 

 IAEA Rb 110 6.94E-02 7.15E-02 4.59E-02 2.58E+00 7.32E-03 4.53E-01 

 SSAD Rb 19 6.48E-01 3.08E-01 5.77E-01 1.68E+00 2.04E-01 1.22E+00 

 IAEA Sr 105 1.03E-01 4.39E-01 4.89E-02 2.12E+00 1.58E-02 4.50E+00 

 SSAD Sr 9 9.64E-02 1.03E-01 1.01E-03 4.32E+02 0.00E+00 2.39E-01 

 IAEA Th-232 41 5.86E-02 1.04E-01 1.66E-02 5.64E+00 2.20E-04 5.10E-01 

 SSAD Th-232 76 6.24E-01 3.77E-01 4.54E-01 2.90E+00 9.53E-03 1.58E+00 

 IAEA U 92 9.64E-02 1.09E-01 5.44E-02 3.24E+00 7.20E-04 5.87E-01 

 SSAD U 15 9.26E-03 1.21E-02 5.49E-03 2.72E+00 1.15E-03 4.80E-02 

 IAEA U-238 37 2.52E-01 6.07E-01 3.99E-02 5.77E+00 2.18E-03 2.79E+00 

 SSAD U-238 9 1.10E-01 1.86E-01 6.27E-03 2.00E+01 2.70E-04 5.13E-01 

Mammal IAEA Pb 18 1.45E-02 3.33E-02 3.79E-03 4.47E+00 8.60E-04 1.42E-01 

 SSAD Pb 40 3.52E-03 1.89E-03 3.04E-03 1.77E+00 7.70E-04 1.07E-02 

 IAEA Se 40 2.36E-01 2.54E-01 9.19E-02 7.69E+00 1.70E-04 1.08E+00 

 SSAD Se 40 4.75E-03 6.83E-03 2.90E-03 2.31E+00 1.57E-03 3.60E-02 

Tree IAEA Cr 27 6.23E-02 9.46E-02 3.10E-02 3.20E+00 3.73E-03 4.44E-01 

 SSAD Cr 7 6.01E+00 7.00E+00 7.63E-01 4.21E+01 3.50E-04 1.46E+01 

 IAEA Cs 24 8.32E-03 1.35E-02 3.59E-03 3.59E+00 5.10E-04 5.71E-02 

 SSAD Cs 3 3.18E-02 1.12E-02 3.06E-02 1.39E+00 2.42E-02 4.46E-02 

 IAEA Cu 27 6.29E-01 4.35E-01 5.26E-01 1.79E+00 2.26E-01 2.02E+00 

 SSAD Cu 3 5.65E-01 2.57E-01 5.24E-01 1.62E+00 3.18E-01 8.31E-01 
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Wildlife Environment Radionuclides      N            AM                ASD 
                                                                  

GM                            GSD           Min Max 

 IAEA Mn 27 9.92E-01 1.68E+00 2.12E-01 7.55E+00 1.28E-02 7.73E+00 

 SSAD Mn 4 2.47E+00 1.61E+00 2.01E+00 2.20E+00 7.60E-01 4.11E+00 

 IAEA Ni 23 1.61E-01 1.71E-01 9.22E-02 3.04E+00 1.11E-02 5.66E-01 

 SSAD Ni 9 4.24E+00 6.31E+00 2.50E-01 2.23E+01 4.32E-03 1.40E+01 

 IAEA Pb 25 9.59E-03 1.30E-02 4.56E-03 3.53E+00 5.60E-04 5.24E-02 

 SSAD Pb 10 9.51E-02 7.04E-02 3.67E-02 1.29E+01 4.00E-05 2.05E-01 

 IAEA Rb 27 5.14E-02 1.12E-01 1.12E-02 5.11E+00 1.39E-03 4.74E-01 

 SSAD Rb 7 3.51E+00 3.15E+00 1.68E+00 4.86E+00 1.80E-01 7.33E+00 

 IAEA Sr 24 2.76E-02 4.87E-02 5.35E-03 6.36E+00 5.10E-04 1.78E-01 

 SSAD Sr 4 5.49E+00 1.85E+00 5.17E+00 1.54E+00 2.72E+00 6.48E+00 

 IAEA U 6 1.84E-03 2.77E-03 9.70E-04 3.02E+00 3.20E-04 7.46E-03 

 SSAD U 2 4.59E-03 3.47E-03 3.88E-03 2.32E+00 2.14E-03 7.04E-03 

 IAEA V 24 1.30E-02 1.90E-02 4.81E-03 4.65E+00 2.50E-04 6.59E-02 

 SSAD V 1 9.51E-05 . 9.51E-05 0.00E+00 1.00E-04 1.00E-04 

 IAEA Zn 27 7.39E-01 9.22E-01 3.67E-01 3.41E+00 6.64E-02 4.04E+00 

 SSAD Zn 21 5.61E-01 7.53E-01 8.79E-02 2.76E+01 1.00E-05 2.78E+00 
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Appendix 2. Concentration ratios for fresh water and marine wildlife (SSAD vs IAEA)  

Wildlife Environment Elements N                  AM         ASD             GM            GSD            Min          Max 

Crustacean IAEA Ba 2 7.31E+02 1.20E+02 7.26E+02 1.18E+00 6.46E+02 8.16E+02 

 SSAD Ba 16 7.30E+00 2.23E+01 7.29E-01 9.09E+00 2.60E-02 9.04E+01 

 IAEA Co 29 3.71E+03 4.15E+03 2.24E+03 3.04E+00 2.20E+02 2.20E+04 

 SSAD Co 2 1.75E+01 2.48E+01 1.18E-01 3.15E+03 0.00E+00 3.51E+01 

Fish IAEA Ba 15 9.59E+00 7.15E+00 7.64E+00 2.00E+00 2.01E+00 2.89E+01 

 SSAD Ba 409 3.53E+02 1.14E+03 2.29E-01 7.58E+01 0.00E+00 6.25E+03 

 IAEA Co 93 5.72E+02 1.27E+03 2.16E+02 4.20E+00 3.18E+00 1.00E+04 

 SSAD Co 252 1.36E+02 6.39E+02 8.11E-02 3.71E+02 0.00E+00 7.64E+03 

 IAEA Mo 23 1.59E+00 4.40E-01 1.54E+00 1.31E+00 1.08E+00 2.43E+00 

 SSAD Mo 70 1.41E+01 2.09E+01 3.83E+00 1.10E+01 0.00E+00 9.18E+01 

 IAEA Rb 20 6.46E+01 3.05E+01 5.81E+01 1.61E+00 2.71E+01 1.29E+02 

 SSAD Rb 34 2.05E+02 1.76E+02 1.40E+02 2.57E+00 1.46E+01 6.74E+02 

 IAEA Se 41 1.01E+03 6.83E+02 8.50E+02 1.76E+00 3.71E+02 2.64E+03 

 SSAD Se 44 3.46E+01 3.34E+01 1.61E+01 4.33E+00 3.26E-01 1.09E+02 

 IAEA Sr 22 2.05E+01 2.82E+01 5.95E+00 6.99E+00 1.50E-01 9.37E+01 

 SSAD Sr 614 3.30E+02 9.37E+02 1.27E+01 3.08E+01 0.00E+00 7.97E+03 

 IAEA U 18 4.87E+00 6.23E+00 1.80E+00 4.69E+00 3.44E-01 1.83E+01 

 SSAD U 35 4.44E+00 3.58E+00 1.79E+00 7.74E+00 3.00E-03 1.18E+01 

Macroalgae IAEA Ba 9 1.94E+03 1.15E+03 1.49E+03 2.40E+00 4.06E+02 3.33E+03 

 SSAD Ba 12 3.23E-01 2.15E-01 2.18E-01 3.29E+00 1.30E-02 8.08E-01 

 IAEA Co 135 5.10E+03 9.96E+03 1.28E+03 6.22E+00 9.78E+00 6.40E+04 

 SSAD Co 12 8.40E+00 8.63E+00 5.98E+00 2.29E+00 1.77E+00 3.36E+01 

 IAEA Mo 89 2.38E+01 3.41E+01 1.55E+01 2.50E+00 1.40E+00 3.08E+02 

 SSAD Mo 12 2.12E-01 2.80E-01 1.12E-01 3.17E+00 1.60E-02 9.69E-01 

 IAEA Sb 43 1.57E+02 2.35E+02 9.30E+01 2.64E+00 1.28E+01 1.50E+03 

 SSAD Sb 12 3.41E-02 5.37E-02 1.80E-02 2.88E+00 5.00E-03 1.98E-01 
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Appendix 3. Concentration ratios for food crops (SSAD vs IAEA)  

 

Food Crop Environment Elements N     AM          ASD            GM           GSD             Min          Max 

Cereal IAEA Co 65 3.65E-02 4.12E-02 1.85E-02 3.88E+00 2.70E-04 1.87E-01 

 SSAD Co 16 6.98E-02 7.40E-02 1.47E-02 2.04E+01 1.00E-05 2.53E-01 

Cereal IAEA Cr 1 2.00E-04 . 2.00E-04  2.00E-04 2.00E-04 

 SSAD Cr 160 3.40E-01 1.15E+00 8.16E-02 6.37E+00 1.00E-05 1.12E+01 

Cereal IAEA Mn 108 1.85E+00 3.66E+00 6.05E-01 4.03E+00 5.36E-02 2.56E+01 

 SSAD Mn 64 3.98E-01 2.53E-01 2.83E-01 3.02E+00 2.83E-03 1.25E+00 

Cereal IAEA Ni 44 3.52E-02 2.14E-02 2.81E-02 2.12E+00 3.35E-03 1.01E-01 

 SSAD Ni 59 6.11E-01 4.53E-01 4.41E-01 2.92E+00 1.26E-03 2.23E+00 

Cereal IAEA Pb 13 2.10E-02 8.98E-03 1.88E-02 1.71E+00 5.56E-03 3.12E-02 

 SSAD Pb 502 2.77E-01 2.38E+00 3.45E-02 5.76E+00 2.00E-04 5.26E+01 

Cereal IAEA Zn 114 3.76E+00 3.18E+00 2.75E+00 2.25E+00 3.42E-01 1.47E+01 

 SSAD Zn 212 9.50E-01 2.07E+00 3.08E-01 5.60E+00 5.00E-05 2.10E+01 

Fruit IAEA Pb 5 1.09E-02 3.24E-03 1.05E-02 1.39E+00 6.64E-03 1.40E-02 

 SSAD Pb 56 2.32E+00 1.05E+01 1.56E-02 1.42E+01 2.40E-04 6.54E+01 
Leafy 
Vegetable IAEA Ba 1 5.00E-03 . 5.00E-03  5.00E-03 5.00E-03 

 SSAD Ba 18 2.59E+00 3.61E+00 1.51E+00 2.78E+00 2.70E-01 1.60E+01 
Leafy 
Vegetable IAEA Co 185 2.61E-01 2.02E-01 2.05E-01 2.01E+00 3.44E-02 1.33E+00 

 SSAD Co 625 1.81E+00 2.30E+00 4.55E-01 8.53E+00 1.88E-03 6.36E+00 
Leafy 
Vegetable IAEA Cr 1 1.00E-03 . 1.00E-03  1.00E-03 1.00E-03 

 SSAD Cr 298 6.65E-01 2.72E+00 1.71E-01 4.78E+00 5.00E-04 3.55E+01 
Leafy 
Vegetable IAEA Mn 103 5.76E-01 4.80E-01 4.35E-01 2.13E+00 8.00E-02 3.03E+00 

 SSAD Mn 746 6.03E-01 1.11E+00 1.78E-01 4.56E+00 1.58E-02 1.16E+01 
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Wildlife Environment Elements N 
                 

AM         ASD             GM            GSD            Min          Max 
Leafy 
Vegetable IAEA Mo 1 5.10E-01 . 5.10E-01  5.10E-01 5.10E-01 

 SSAD Mo 93 5.95E-01 5.17E-01 3.93E-01 2.67E+00 3.82E-02 2.43E+00 
Leafy 
Vegetable IAEA Pb 31 2.38E+00 4.38E+00 6.60E-01 5.18E+00 3.41E-02 1.62E+01 

 SSAD Pb 901 2.46E+00 3.82E+00 3.57E-01 1.54E+01 0.00E+00 1.44E+01 
Leafy 
Vegetable IAEA Rb 1 6.20E-01 . 6.20E-01  6.20E-01 6.20E-01 

 SSAD Rb 6 1.30E+01 3.78E+00 1.26E+01 1.30E+00 1.06E+01 2.04E+01 
Leafy 
Vegetable IAEA Sr 217 1.98E+00 1.86E+00 1.40E+00 2.34E+00 1.25E-01 1.25E+01 

 SSAD Sr 17 1.79E+00 1.73E+00 1.31E+00 2.17E+00 3.00E-01 7.09E+00 
Leafy 
Vegetable IAEA Zn 112 3.50E+00 2.64E+00 2.80E+00 1.96E+00 3.54E-01 1.84E+01 

 SSAD Zn 1103 2.08E+00 2.28E+00 1.06E+00 3.63E+00 2.08E-02 1.20E+01 

Vegetable IAEA Ba 1 5.00E-03 . 5.00E-03  5.00E-03 5.00E-03 

 SSAD Ba 2 3.98E-02 7.95E-03 3.94E-02  3.42E-02 4.54E-02 

Vegetable IAEA Co 7 1.56E-01 5.60E-02 1.49E-01 1.40E+00 1.10E-01 2.39E-01 

 SSAD Co 573 2.88E+00 1.20E+01 2.68E-01 6.99E+00 8.60E-04 1.12E+02 

Vegetable IAEA Cr 1 1.00E-03 . 1.00E-03  1.00E-03 1.00E-03 

 SSAD Cr 244 4.21E+01 8.94E+01 6.97E-01 1.59E+01 3.00E-04 1.09E+03 

Vegetable IAEA Mn 3 5.01E-01 1.56E-01 4.82E-01 1.42E+00 3.21E-01 6.05E-01 

 SSAD Mn 72 3.06E-01 5.31E-01 1.36E-01 3.52E+00 2.22E-02 4.00E+00 

Vegetable IAEA Pb 7 2.71E-01 2.74E-01 1.01E-01 6.54E+00 8.28E-03 7.01E-01 

 SSAD Pb 972 5.16E+00 1.87E+01 6.34E-01 1.02E+01 7.10E-04 2.20E+02 

Vegetable IAEA Sr 19 1.03E+00 1.90E+00 4.07E-01 3.80E+00 3.27E-02 7.99E+00 

 SSAD Sr 7 2.35E+00 1.96E+00 9.40E-01 8.08E+00 2.22E-02 5.66E+00 
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Food Crop Environment 
Stable  
Elements N     AM          ASD            GM           GSD             Min          Max 

 
Vegetable IAEA U 44 7.64E-02 2.36E-01 2.43E-02 4.00E+00 6.50E-04 1.58E+00 

 SSAD U 2 5.97E-01 8.27E-01 1.17E-01 2.63E+01 1.16E-02 1.18E+00 

Vegetable IAEA Zn 89 1.34E+00 2.01E+00 6.75E-01 3.27E+00 4.60E-02 1.47E+01 

 SSAD Zn 1362 1.27E+00 1.75E+00 6.92E-01 3.56E+00 5.31E-03 3.53E+01 

Legume IAEA Co 105 6.26E-02 8.86E-02 3.39E-02 3.07E+00 1.49E-03 5.65E-01 

 SSAD Co 27 6.67E-02 8.78E-02 3.03E-02 3.67E+00 4.20E-03 3.50E-01 

Legume IAEA Mn 124 1.18E+00 2.17E+00 4.47E-01 3.78E+00 4.45E-02 1.56E+01 

 SSAD Mn 3 7.63E-01 3.23E-01 7.08E-01 1.65E+00 4.00E-01 1.02E+00 

Legume IAEA Pb 18 1.42E-01 1.97E-01 5.32E-02 5.74E+00 8.80E-04 7.13E-01 

 SSAD Pb 56 4.20E-02 1.24E-01 1.54E-02 2.77E+00 1.09E-02 8.69E-01 

Legume IAEA Sr 148 2.00E+00 1.32E+00 1.63E+00 1.95E+00 2.32E-01 7.58E+00 

 SSAD Sr 3 3.59E+00 5.37E-01 3.56E+00 1.16E+00 3.20E+00 4.20E+00 

Maize IAEA Co 77 4.06E-02 4.06E-02 2.35E-02 3.43E+00 6.00E-04 2.27E-01 

 SSAD Co 47 7.71E-01 3.09E+00 1.43E-02 3.24E+01 4.00E-05 2.08E+01 

Maize IAEA Mn 19 1.06E-01 5.83E-02 9.24E-02 1.75E+00 2.50E-02 2.72E-01 

 SSAD Mn 11 4.67E-01 3.77E-01 2.79E-01 3.52E+00 3.00E-02 1.00E+00 

Maize IAEA Mo 3 7.30E-01 0.00E+00 7.30E-01 1.00E+00 7.30E-01 7.30E-01 

 SSAD Mo 7 2.83E+00 3.37E+00 1.89E+00 2.45E+00 6.30E-01 1.03E+01 

Maize IAEA Pb 12 3.82E-03 3.13E-03 2.51E-03 2.80E+00 5.80E-04 8.70E-03 

 SSAD Pb 115 1.61E+00 1.63E+01 2.52E-02 6.21E+00 3.40E-04 1.75E+02 

Maize IAEA Sr 75 7.70E-01 6.00E-01 5.79E-01 2.20E+00 6.86E-02 2.54E+00 

 SSAD Sr 2 8.55E-01 7.78E-02 8.53E-01 1.10E+00 8.00E-01 9.10E-01 

Maize IAEA Zn 19 1.26E+00 1.97E+00 7.51E-01 2.30E+00 2.63E-01 7.48E+00 

 SSAD Zn 38 1.28E+00 2.79E+00 2.33E-01 7.53E+00 1.13E-02 1.56E+01 

Root IAEA Co 16 1.54E-01 1.34E-01 1.02E-01 2.83E+00 1.46E-02 5.25E-01 

 SSAD Co 138 3.30E-01 5.86E-01 9.75E-02 5.89E+00 4.70E-04 5.03E+00 

Root IAEA Cr 1 1.00E-03 . 1.00E-03  1.00E-03 1.00E-03 
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Wildlife Environ 
Stable 
Elements N 

                 
AM         ASD             GM            GSD            Min          Max 

 SSAD Cr 145 3.82E-01 1.11E+00 1.77E-01 3.35E+00 4.35E-03 1.32E+01 

Root IAEA Cs 93 7.41E-02 1.43E-01 4.19E-02 2.62E+00 4.52E-03 1.29E+00 

 SSAD Cs 7 3.07E-01 1.96E-01 2.41E-01 2.26E+00 6.26E-02 5.17E-01 

Root IAEA Mn 13 1.48E+00 1.52E+00 1.04E+00 2.34E+00 2.87E-01 5.98E+00 

 SSAD Mn 107 2.17E-01 3.49E-01 9.11E-02 3.86E+00 5.00E-03 1.80E+00 

Root IAEA Pb 27 5.85E-01 7.40E-01 2.89E-01 3.43E+00 3.89E-02 2.79E+00 

 SSAD Pb 294 1.39E+00 4.86E+00 1.47E-01 1.59E+01 5.00E-05 6.24E+01 

Root IAEA Rb 1 9.00E-01 . 9.00E-01  9.00E-01 9.00E-01 

 SSAD Rb 8 3.28E+00 2.21E+00 2.72E+00 1.97E+00 7.42E-01 8.20E+00 

Root IAEA Sb 5 5.01E-04 1.69E-04 4.76E-04 1.44E+00 2.80E-04 7.10E-04 

 SSAD Sb 8 3.49E-01 2.12E-01 3.10E-01 1.63E+00 1.76E-01 8.35E-01 

Root IAEA Sr 56 1.26E+00 1.15E+00 9.74E-01 2.00E+00 2.46E-01 7.07E+00 

 SSAD Sr 1 5.70E+00 . 5.70E+00  5.70E+00 5.70E+00 

Root IAEA U 83 5.86E-02 9.37E-02 2.77E-02 3.50E+00 1.59E-03 6.78E-01 

 SSAD U 6 2.01E-02 2.15E-02 1.34E-02 2.54E+00 5.99E-03 5.99E-02 

Root IAEA Zn 3 7.61E+00 6.26E+00 3.97E+00 5.94E+00 5.10E-01 1.23E+01 

 SSAD Zn 277 8.24E+00 4.59E+01 5.50E-01 6.96E+00 3.21E-03 3.90E+02 

Tuber IAEA Ba 1 5.00E-03 . 5.00E-03  5.00E-03 5.00E-03 

 SSAD Ba 3 4.33E-01 2.10E-01 3.96E-01 1.72E+00 2.20E-01 6.40E-01 

Tuber IAEA Co 56 7.46E-02 7.27E-02 5.11E-02 2.44E+00 7.52E-03 3.53E-01 

 SSAD Co 203 1.25E-01 1.75E-01 2.95E-02 7.00E+00 9.30E-04 6.19E-01 

Tuber IAEA Cr 1 5.00E-04 . 5.00E-04  5.00E-04 5.00E-04 

 SSAD Cr 150 7.93E-02 1.51E-01 4.30E-02 2.45E+00 1.07E-02 9.67E-01 

Tuber IAEA Cs 138 9.46E-02 9.82E-02 6.13E-02 2.658721 4.07E-03 5.91E-01 

 SSAD Cs 4 2.33E-02 1.12E-02 2.11E-02 1.703658 1.08E-02 3.60E-02 

Tuber IAEA Mn 23 6.87E-02 1.01E-01 4.46E-02 2.30E+00 1.06E-02 5.11E-01 

 SSAD Mn 184 1.86E-01 2.99E-01 5.07E-02 6.01E+00 1.73E-03 1.18E+00 

Tuber IAEA Pb 30 1.52E-01 2.60E-01 2.91E-02 7.69E+00 1.03E-03 8.68E-01 
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Wildlife Environ 
Stable 
Elements N 

                 
AM         ASD             GM            GSD            Min          Max 

Tuber IAEA Sb 1 2.00E-03 . 2.00E-03  2.00E-03 2.00E-03 

 SSAD Sb 16 3.73E-01 2.29E-01 3.26E-01 1.66E+00 1.66E-01 1.04E+00 

Tuber IAEA Sr 106 2.47E-01 1.71E-01 1.96E-01 2.044635 2.35E-02 8.36E-01 

 SSAD Sr 4 1.58E+00 9.18E-01 1.33E+00 2.067867 5.00E-01 2.60E+00 

Tuber IAEA U 29 2.51E-02 3.85E-02 1.34E-02 2.93E+00 1.36E-03 1.90E-01 

 SSAD U 4 1.46E-02 7.96E-03 1.30E-02 1.76E+00 6.37E-03 2.55E-02 

Tuber IAEA Zn 20 3.41E-01 1.60E-01 3.11E-01 1.53E+00 1.60E-01 7.50E-01 

 SSAD Zn 185 8.71E-01 1.57E+00 2.27E-01 5.58E+00 9.95E-03 8.17E+00 

Appendix 4. Concentration in biota (wildlife)  

Wildlife Location Elements 
                                         
N            AM            ASD              GM             GSD             Min        Max 

Bee Geregu Cs  5 2.15E-02 8.66E-03 2.03E-02 1.43E+00 1.34E-02 3.63E-02 

 Itu  5 3.36E-02 1.48E-02 3.06E-02 1.66E+00 1.60E-02 4.93E-02 

 Geregu Se 5 9.90E-03 1.88E-03 9.76E-03 1.20E+00 8.05E-03 1.28E-02 

 Itu  5 1.69E-01 4.35E-02 1.65E-01 1.28E+00 1.25E-01 2.35E-01 

 Geregu Sr 5 6.35E+00 2.35E+00 5.99E+00 1.47E+00 3.71E+00 8.77E+00 

 Itu  5 1.34E+00 1.49E-01 1.33E+00 1.12E+00 1.15E+00 1.51E+00 

 Geregu Co  5 4.43E-03 3.79E-03 3.60E-03 1.92E+00 2.06E-03 1.12E-02 

 Itu  5 2.27E-02 3.39E-03 2.24E-02 1.17E+00 1.75E-02 2.69E-02 

 Geregu U  5 1.41E-04 3.36E-05 1.38E-04 1.31E+00 9.00E-05 1.70E-04 

 Itu  5 1.61E-04 3.35E-05 1.59E-04 1.22E+00 1.30E-04 2.10E-04 

 Geregu Th 5 3.42E-04 1.45E-04 3.20E-04 1.49E+00 1.90E-04 5.80E-04 

 Itu  5 3.12E-04 0.00E+00 3.12E-04 1.00E+00 3.10E-04 3.10E-04 

 Geregu Ce 5 3.01E-02 5.90E-03 2.96E-02 1.22E+00 2.38E-02 3.75E-02 

 Itu  5 3.90E-02 4.24E-03 3.88E-02 1.11E+00 3.38E-02 4.48E-02 

 Geregu Eu  5 5.05E-05 1.52E-05 4.87E-05 1.36E+00 3.00E-05 7.00E-05 
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Wildlife Location Elements N 
                 

AM         ASD             GM            GSD            Min          Max 

 Itu  5 4.00E-05 7.27E-06 3.95E-05 1.20E+00 3.00E-05 5.00E-05 

 Geregu Mo 5 5.27E-03 5.17E-03 3.48E-03 2.87E+00 1.05E-03 1.38E-02 

 Itu  5 1.23E-02 1.85E-03 1.22E-02 1.16E+00 1.04E-02 1.47E-02 

Earthworm Geregu Cs  5 2.08E-02 6.83E-03 1.99E-02 1.37E+00 1.33E-02 3.18E-02 

 Itu  4 1.93E-02 1.77E-03 1.92E-02 1.10E+00 1.66E-02 2.02E-02 

 Geregu Se 5 4.32E-02 2.59E-02 3.66E-02 1.95E+00 1.49E-02 7.51E-02 

 Itu  2 1.60E-02 1.07E-03 1.60E-02 1.07E+00 1.53E-02 1.68E-02 

 Geregu Sr 5 2.56E+00 9.57E-01 2.41E+00 1.50E+00 1.46E+00 3.57E+00 

 Itu  2 4.53E-01 4.03E-02 4.52E-01 1.09E+00 4.25E-01 4.82E-01 

 Geregu Co  5 4.74E-03 5.39E-03 3.35E-03 2.26E+00 2.33E-03 1.44E-02 

 Itu  2 6.03E-03 8.02E-04 6.00E-03 1.14E+00 5.46E-03 6.59E-03 

 Geregu U  5 2.47E-03 5.59E-04 2.42E-03 1.25E+00 1.88E-03 3.14E-03 

 Itu  2 7.83E-04 1.28E-04 7.78E-04 1.18E+00 6.90E-04 8.70E-04 

 Geregu Th 5 2.06E-02 5.97E-03 1.99E-02 1.34E+00 1.48E-02 2.84E-02 

 Itu  2 3.78E-03 1.14E-03 3.69E-03 1.36E+00 2.97E-03 4.58E-03 

 Geregu Ce 5 5.14E-02 9.22E-03 5.07E-02 1.21E+00 3.78E-02 6.08E-02 

 Itu  2 2.33E-02 3.53E-03 2.32E-02 1.16E+00 2.08E-02 2.58E-02 

 Geregu Eu  5 3.95E-04 8.34E-05 3.88E-04 1.23E+00 3.00E-04 5.10E-04 

 Itu  2 9.57E-05 7.73E-06 9.56E-05 1.08E+00 9.00E-05 1.00E-04 

 Geregu Mo 5 4.27E-03 2.31E-03 3.43E-03 2.41E+00 7.50E-04 7.04E-03 

 Itu  4 1.42E-02 1.69E-02 0.00E+00 1.28E+00 0.00E+00 3.32E-02 

Frog Geregu Cs  9 4.18E-02 1.24E-02 4.03E-02 1.34E+00 2.69E-02 6.39E-02 

 Itu  9 6.24E-02 1.66E-02 6.07E-02 1.28E+00 4.45E-02 9.79E-02 

 Geregu Se 9 7.12E-03 2.38E-03 6.77E-03 1.41E+00 3.51E-03 1.15E-02 

 Itu  9 1.82E-02 9.06E-03 1.68E-02 1.47E+00 1.20E-02 4.07E-02 

 Geregu Sr 9 1.67E+01 7.88E+00 1.51E+01 1.64E+00 5.80E+00 3.30E+01 

 Itu  9 1.33E+01 4.32E+00 1.28E+01 1.34E+00 9.13E+00 2.32E+01 

 Geregu Co  9 9.85E-03 4.20E-03 9.01E-03 1.60E+00 3.36E-03 1.85E-02 

 Itu  9 1.38E-02 2.36E-03 1.36E-02 1.20E+00 9.10E-03 1.78E-02 
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Wildlife Location Elements N 
                 

AM         ASD             GM            GSD            Min          Max 

 Geregu U  9 6.12E-05 1.98E-05 5.82E-05 1.42E+00 3.00E-05 1.00E-04 

 Itu  9 1.02E-04 8.07E-05 7.35E-05 2.71E+00 1.00E-05 2.90E-04 

 Geregu Th 9 3.33E-04 0.00E+00 3.33E-04 1.00E+00 3.30E-04 3.30E-04 

 Itu  9 4.69E-04 4.08E-04 3.96E-04 1.67E+00 3.30E-04 1.56E-03 

 Geregu Ce 9 3.13E-02 6.73E-03 3.07E-02 1.24E+00 2.19E-02 4.27E-02 

 Itu  9 3.25E-02 6.27E-03 3.20E-02 1.19E+00 2.60E-02 4.64E-02 

 Geregu Eu  9 3.01E-05 1.33E-05 2.72E-05 1.66E+00 1.00E-05 5.00E-05 

 Itu  9 1.32E-05 7.99E-06 1.04E-05 2.34E+00 0.00E+00 3.00E-05 

 Geregu Mo 9 1.48E-02 1.76E-02 6.07E-03 5.00E+00 3.40E-04 4.46E-02 

 Itu  9 1.48E-02 1.13E-03 1.48E-02 1.08E+00 1.33E-02 1.63E-02 

Grass Geregu Cs  5 1.83E-02 3.94E-03 1.79E-02 1.26E+00 1.25E-02 2.18E-02 

 Itu  5 4.41E-02 1.97E-02 4.10E-02 1.51E+00 2.74E-02 7.53E-02 

 Geregu Se 5 4.93E-03 2.84E-03 4.25E-03 1.87E+00 1.84E-03 8.69E-03 

 Itu  5 3.87E-02 6.65E-02 1.58E-02 3.62E+00 8.48E-03 1.58E-01 

 Geregu Sr 5 2.22E+00 3.08E-01 2.21E+00 1.14E+00 1.94E+00 2.73E+00 

 Itu  5 2.06E+00 3.75E-01 2.03E+00 1.19E+00 1.73E+00 2.63E+00 

 Geregu Co  5 1.43E-02 5.04E-03 1.35E-02 1.51E+00 7.08E-03 1.86E-02 

 Itu  5 1.98E-02 3.51E-03 1.95E-02 1.20E+00 1.59E-02 2.39E-02 

 Geregu U  5 1.48E-04 1.94E-05 1.47E-04 1.14E+00 1.20E-04 1.70E-04 

 Itu  5 6.07E-05 1.01E-05 6.01E-05 1.18E+00 5.00E-05 7.00E-05 

 Geregu Th 5 3.61E-04 2.79E-05 3.60E-04 1.08E+00 3.10E-04 3.70E-04 

 Itu  5 3.74E-04 0.00E+00 3.74E-04 1.00E+00 3.70E-04 3.70E-04 

 Geregu Ce 5 2.80E-02 1.93E-03 2.79E-02 1.07E+00 2.47E-02 2.96E-02 

 Itu  5 3.14E-02 3.93E-03 3.12E-02 1.13E+00 2.62E-02 3.70E-02 

 Geregu Eu  5 3.84E-05 9.51E-06 3.74E-05 1.30E+00 3.00E-05 5.00E-05 

 Itu  5 2.08E-05 6.36E-06 1.99E-05 1.43E+00 1.00E-05 3.00E-05 

 Geregu Mo 5 7.96E-03 5.25E-03 6.60E-03 2.05E+00 2.22E-03 1.65E-02 

 Itu  5 1.62E-02 2.06E-03 1.61E-02 1.14E+00 1.36E-02 1.84E-02 

Rat Geregu Cs  1 5.79E-02 . 5.79E-02  5.79E-02 5.79E-02 
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Wildlife Location Elements N 
                 

AM         ASD             GM            GSD            Min          Max 

 Itu  4 7.32E-02 1.99E-02 7.11E-02 1.33E+00 4.92E-02 9.78E-02 

 Geregu Se 1 7.72E-03 . 7.72E-03  7.72E-03 7.72E-03 

 Itu  4 2.21E-02 2.44E-03 2.20E-02 1.11E+00 1.99E-02 2.55E-02 

 Geregu Sr 1 6.76E+00 . 6.76E+00  6.76E+00 6.76E+00 

 Itu  4 3.76E+00 3.76E-01 3.75E+00 1.11E+00 3.21E+00 4.03E+00 

 Geregu Co  1 1.84E-02 . 1.84E-02  1.84E-02 1.84E-02 

 Itu  4 1.87E-02 2.40E-03 1.86E-02 1.14E+00 1.53E-02 2.07E-02 

 Geregu U  1 1.42E-04 . 1.42E-04  1.40E-04 1.40E-04 

 Itu  4 1.94E-04 1.24E-04 1.11E-04 5.32E+00 1.00E-05 2.70E-04 

 Geregu Th 1 3.96E-04 . 3.96E-04  4.00E-04 4.00E-04 

 Itu  4 6.86E-04 5.81E-04 5.57E-04 1.98E+00 4.00E-04 1.56E-03 

 Geregu Ce 1 3.80E-02 . 3.80E-02  3.80E-02 3.80E-02 

 Itu  4 4.39E-02 4.56E-03 4.37E-02 1.11E+00 3.75E-02 4.82E-02 

 Geregu Eu  1 1.89E-05 . 1.89E-05  2.00E-05 2.00E-05 

 Itu  4 4.24E-05 7.32E-06 4.19E-05 1.19E+00 4.00E-05 5.00E-05 

 Geregu Mo 1 1.53E-03 . 1.53E-03  1.53E-03 1.53E-03 

 Itu  4 2.00E-02 3.77E-03 1.98E-02 1.19E+00 1.72E-02 2.56E-02 

 
 

Appendix 5. Concentration in soil (wildlife)  

Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

Bee Geregu Cs 5 1.15E+00 2.01E-01 1.14E+00 1.18E+00 9.76E-01 1.44E+00 

 Itu Cs 5 4.47E-01 3.96E-02 4.45E-01 1.09E+00 4.06E-01 5.08E-01 

 Geregu Se 5 4.13E-01 1.74E-01 3.73E-01 1.74E+00 1.45E-01 6.16E-01 

 Itu Se 5 1.21E-01 3.12E-02 1.17E-01 1.29E+00 9.20E-02 1.65E-01 

 Geregu Sr 5 5.77E+00 2.38E+00 5.34E+00 1.58E+00 2.69E+00 8.70E+00 

 Itu Sr 5 4.41E+00 2.73E+00 1.56E+00 1.60E+01 1.11E-02 7.48E+00 
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 Geregu Co 5 1.59E-01 8.64E-02 1.22E-01 2.72E+00 2.12E-02 2.37E-01 

Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

 Itu Co 5 4.54E-02 6.37E-02 1.92E-02 4.62E+00 3.58E-03 1.56E-01 

 Geregu U  5 1.58E-02 5.27E-03 1.47E-02 1.59E+00 6.48E-03 1.93E-02 

 Itu U  5 1.08E-02 8.56E-03 5.64E-03 4.97E+00 5.10E-04 1.70E-02 

 Geregu Th 5 1.79E-01 7.13E-02 1.59E-01 1.86E+00 5.27E-02 2.25E-01 

 Itu Th 5 1.56E-03 0.00E+00 1.56E-03 1.00E+00 1.56E-03 1.56E-03 

 Geregu Ce 5 1.20E+00 7.58E-01 9.34E-01 2.43E+00 2.44E-01 2.01E+00 

 Itu Ce 5 1.40E-01 2.57E-01 2.29E-02 9.19E+00 4.87E-03 5.94E-01 

 Geregu Eu  5 3.96E-03 1.24E-03 3.79E-03 1.41E+00 2.20E-03 5.62E-03 

 Itu Eu  5 1.22E-03 6.32E-04 8.61E-04 3.49E+00 9.00E-05 1.51E-03 

 Geregu Mo  5 1.94E-01 7.41E-02 1.78E-01 1.67E+00 7.41E-02 2.63E-01 

 Itu Mo  5 6.06E-02 6.04E-02 3.12E-02 4.91E+00 2.41E-03 1.54E-01 

Earthworm Geregu Cs 5 1.33E+00 4.76E-01 1.27E+00 1.36E+00 1.03E+00 2.17E+00 

 Itu Cs 4 4.60E-01 6.10E-02 4.57E-01 1.15E+00 3.75E-01 5.21E-01 

 Geregu Se 5 1.17E+00 5.88E-01 9.84E-01 2.16E+00 2.62E-01 1.85E+00 

 Itu Se 2 1.82E-01 8.13E-02 1.72E-01 1.59E+00 1.24E-01 2.39E-01 

 Geregu Sr 5 5.84E+01 4.22E+01 3.68E+01 4.04E+00 3.29E+00 1.21E+02 

 Itu Sr 2 1.21E+02 0.00E+00 1.21E+02 1.00E+00 1.21E+02 1.21E+02 

 Geregu Co 5 1.65E-01 9.75E-02 1.43E-01 1.84E+00 5.82E-02 3.25E-01 

 Itu Co 2 2.19E-02 2.51E-02 1.28E-02 4.95E+00 4.14E-03 3.97E-02 

 Geregu U  5 1.28E-02 3.06E-03 1.26E-02 1.25E+00 9.90E-03 1.76E-02 

 Itu U  2 1.13E-02 0.00E+00 1.13E-02 1.00E+00 1.13E-02 1.13E-02 

 Geregu Th 5 1.10E-01 7.45E-02 5.36E-02 7.42E+00 1.56E-03 1.91E-01 

 Itu Th 2 1.56E-03 0.00E+00 1.56E-03 1.00E+00 1.56E-03 1.56E-03 

 Geregu Ce 5 6.46E-01 5.83E-01 2.60E-01 9.77E+00 4.87E-03 1.58E+00 

 Itu Ce 2 4.09E-01 0.00E+00 4.09E-01 1.00E+00 4.09E-01 4.09E-01 

 Geregu Eu  5 2.31E-03 8.99E-04 2.11E-03 1.70E+00 8.40E-04 3.30E-03 

 Itu Eu  2 1.51E-03 0.00E+00 1.51E-03 1.00E+00 1.51E-03 1.51E-03 

 Geregu Mo  5 1.91E-01 7.71E-02 1.73E-01 1.77E+00 6.44E-02 2.52E-01 

 Itu Mo  2 1.10E-01 5.59E-02 1.03E-01 1.70E+00 7.04E-02 1.50E-01 
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Frog Geregu Cs 9 8.27E-01 2.33E-01 7.98E-01 1.33E+00 5.03E-01 1.28E+00 

Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

 Itu  9 7.14E-01 2.65E-01 6.67E-01 1.49E+00 3.75E-01 1.10E+00 

 Geregu Se 9 2.80E-01 1.78E-01 1.93E-01 3.46E+00 8.70E-03 6.33E-01 

 Itu  9 2.35E-01 2.07E-01 1.54E-01 2.79E+00 3.83E-02 5.59E-01 

 Geregu Sr 9 3.74E+00 5.08E-01 3.70E+00 1.17E+00 2.46E+00 3.99E+00 

 Itu  9 4.06E+00 2.10E-01 4.06E+00 1.05E+00 3.99E+00 4.62E+00 

 Geregu Co 9 2.54E-01 1.43E-01 2.03E-01 2.29E+00 3.20E-02 4.55E-01 

 Itu  9 4.43E-02 2.27E-02 3.58E-02 2.37E+00 4.14E-03 8.44E-02 

 Geregu U  9 5.36E-03 5.54E-03 3.20E-03 2.92E+00 9.10E-04 1.38E-02 

 Itu  9 1.09E-02 1.40E-02 3.09E-03 9.47E+00 4.00E-05 3.86E-02 

 Geregu Th 9 7.57E-02 5.53E-02 5.96E-02 2.10E+00 2.23E-02 1.81E-01 

 Itu  9 6.91E-02 1.43E-01 1.26E-02 8.36E+00 1.56E-03 4.46E-01 

 Geregu Ce 9 3.73E-01 4.49E-01 6.24E-02 1.28E+01 4.87E-03 1.11E+00 

 Itu  9 8.58E-01 1.49E+00 2.03E-01 8.63E+00 4.87E-03 4.73E+00 

 Geregu Eu  9 1.44E-03 8.34E-04 1.19E-03 2.06E+00 2.90E-04 2.72E-03 

 Itu  9 1.62E-03 2.39E-03 7.96E-04 3.71E+00 1.10E-04 7.86E-03 

 Geregu Mo  9 1.23E-01 6.55E-02 1.06E-01 1.84E+00 4.85E-02 2.21E-01 

 Itu  9 7.36E-02 4.98E-02 5.99E-02 2.00E+00 1.85E-02 1.59E-01 

Grass Geregu Cs 5 1.09E+00 2.22E-01 1.07E+00 1.24E+00 7.79E-01 1.39E+00 

 Itu  5 5.23E-01 1.51E-01 5.08E-01 1.29E+00 4.06E-01 7.83E-01 

 Geregu Se 5 7.72E-01 7.82E-01 4.35E-01 3.71E+00 7.36E-02 1.85E+00 

 Itu  5 2.73E-01 2.08E-01 1.95E-01 2.78E+00 4.23E-02 5.59E-01 

 Geregu Sr 5 2.43E+01 3.03E+01 8.19E+00 6.40E+00 8.76E-01 6.61E+01 

 Itu  5 5.31E+01 2.92E+01 2.78E+01 6.94E+00 8.68E-01 6.61E+01 

 Geregu Co 5 1.01E-01 7.77E-02 7.96E-02 2.18E+00 3.17E-02 2.18E-01 

 Itu  5 3.90E-02 2.40E-02 2.84E-02 3.03E+00 4.14E-03 7.20E-02 

 Geregu U  5 1.47E-02 7.37E-03 1.27E-02 1.92E+00 4.45E-03 2.19E-02 

 Itu  5 3.98E-03 3.31E-03 2.24E-03 4.14E+00 3.40E-04 7.92E-03 

 Geregu Th 5 1.64E-01 9.80E-02 1.33E-01 2.22E+00 3.95E-02 2.64E-01 

 Itu  5 1.60E-02 2.01E-02 5.55E-03 5.72E+00 1.56E-03 4.28E-02 
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 Geregu Ce 5 7.53E-01 7.72E-01 4.96E-01 2.88E+00 1.14E-01 2.08E+00 

Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

 Itu  5 4.05E-01 3.30E-01 2.35E-01 4.03E+00 3.21E-02 8.01E-01 

 Geregu Eu  5 4.24E-03 3.93E-03 2.99E-03 2.64E+00 7.70E-04 1.08E-02 

 Itu  5 6.89E-04 6.01E-04 4.24E-04 3.43E+00 1.10E-04 1.51E-03 

 Geregu Mo  5 1.66E-01 9.66E-02 1.38E-01 2.09E+00 5.37E-02 2.52E-01 

 Itu  5 9.04E-02 6.19E-02 6.99E-02 2.41E+00 1.85E-02 1.59E-01 

Rat Geregu Cs 1 8.48E-01 . 8.48E-01  8.48E-01 8.48E-01 

 Itu  4 4.75E-01 4.60E-02 4.73E-01 1.10E+00 4.29E-01 5.21E-01 

 Geregu Se 1 3.70E-01 . 3.70E-01  3.70E-01 3.70E-01 

 Itu  4 1.08E-01 4.66E-02 1.00E-01 1.61E+00 5.36E-02 1.63E-01 

 Geregu Sr 1 3.59E+00 . 3.59E+00  3.59E+00 3.59E+00 

 Itu  4 3.59E+00 0.00E+00 3.59E+00 1.00E+00 3.59E+00 3.59E+00 

 Geregu Co 1 4.55E-01 . 4.55E-01  4.55E-01 4.55E-01 

 Itu  4 7.13E-02 5.84E-02 4.26E-02 4.18E+00 5.79E-03 1.30E-01 

 Geregu U  1 1.38E-02 . 1.38E-02  1.38E-02 1.38E-02 

 Itu  4 6.94E-03 7.93E-03 9.88E-04 2.11E+01 6.00E-05 1.38E-02 

 Geregu Th 1 1.81E-01 . 1.81E-01  1.81E-01 1.81E-01 

 Itu  4 5.06E-03 7.01E-03 2.77E-03 3.16E+00 1.56E-03 1.56E-02 

 Geregu Ce 1 6.16E-01 . 6.16E-01  6.16E-01 6.16E-01 

 Itu  4 3.11E-01 3.53E-01 5.48E-02 1.64E+01 4.87E-03 6.16E-01 

 Geregu Eu  1 2.31E-03 . 2.31E-03  2.31E-03 2.31E-03 

 Itu  4 1.51E-03 0.00E+00 1.51E-03 1.00E+00 1.51E-03 1.51E-03 

 Geregu Mo  1 6.20E-02 . 6.20E-02  6.20E-02 6.20E-02 

 Itu  4 6.72E-02 5.64E-02 5.33E-02 2.12E+00 3.05E-02 1.50E-01 
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Appendix 6. Concentration ratios for wildlife (Geregu vs Itu) 

Wildlife Location Elements N AM ASD Min Max GM GSD 

Bee Geregu Cs  5 1.85E-02 5.30E-03 1.05E-02 2.52E-02 1.78E-02 1.38E+00 

 Itu Cs  5 7.43E-02 2.97E-02 3.58E-02 9.72E-02 6.87E-02 1.60E+00 

 Geregu Se 5 3.03E-02 1.93E-02 1.43E-02 6.24E-02 2.62E-02 1.80E+00 

 Itu Se 5 1.44E+00 3.54E-01 1.10E+00 2.02E+00 1.41E+00 1.26E+00 

 Geregu Sr 5 1.24E+00 5.00E-01 4.26E-01 1.66E+00 1.12E+00 1.75E+00 

 Itu Sr 5 2.08E+01 4.60E+01 1.65E-01 1.03E+02 8.53E-01 1.48E+01 

 Geregu Co  5 1.17E-01 2.28E-01 9.10E-03 5.26E-01 2.94E-02 5.18E+00 

 Itu Co  5 1.99E+00 2.51E+00 1.12E-01 6.32E+00 9.58E-01 4.45E+00 

 Geregu U  5 1.09E-02 7.26E-03 4.58E-03 2.33E-02 9.34E-03 1.81E+00 

 Itu U  5 8.89E-02 1.52E-01 7.99E-03 3.59E-01 2.81E-02 5.07E+00 

 Geregu Th 5 2.53E-03 2.03E-03 8.90E-04 5.91E-03 2.01E-03 2.09E+00 

 Itu Th 5 2.00E-01 0.00E+00 2.00E-01 2.00E-01 2.00E-01 1.00E+00 

 Geregu Ce 5 4.35E-02 3.88E-02 1.47E-02 1.03E-01 3.17E-02 2.40E+00 

 Itu Ce 5 4.76E+00 4.13E+00 6.24E-02 8.51E+00 1.70E+00 9.01E+00 

 Geregu Eu  5 1.41E-02 6.88E-03 8.45E-03 2.32E-02 1.29E-02 1.61E+00 

 Itu Eu  5 1.25E-01 2.23E-01 2.08E-02 5.23E-01 4.59E-02 3.93E+00 

 Geregu Mo 5 3.33E-02 3.43E-02 5.71E-03 8.23E-02 1.96E-02 3.33E+00 

 Itu Mo 5 1.42E+00 2.61E+00 7.62E-02 6.08E+00 3.90E-01 5.49E+00 

Earthworm Geregu Cs  5 1.73E-02 8.34E-03 8.36E-03 2.92E-02 1.56E-02 1.66E+00 

 Itu  4 4.25E-02 8.19E-03 3.52E-02 5.39E-02 4.20E-02 1.20E+00 

 Geregu Se 5 7.51E-02 1.01E-01 8.07E-03 2.49E-01 3.72E-02 3.76E+00 

 Itu  2 9.93E-02 5.03E-02 6.37E-02 1.35E-01 9.27E-02 1.70E+00 

 Geregu Sr 5 2.31E-01 4.41E-01 2.54E-02 1.02E+00 6.53E-02 4.75E+00 

 Itu  2 3.76E-03 3.34E-04 3.52E-03 3.99E-03 3.75E-03 1.09E+00 

 Geregu Co  5 3.49E-02 3.58E-02 7.17E-03 9.50E-02 2.34E-02 2.70E+00 

 Itu  2 8.66E-01 1.03E+00 1.38E-01 1.59E+00 4.68E-01 5.65E+00 
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 Geregu U  5 2.06E-01 8.49E-02 1.15E-01 3.17E-01 1.92E-01 1.54E+00 

Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

 Itu  2 6.91E-02 1.13E-02 6.11E-02 7.71E-02 6.86E-02 1.18E+00 

 Geregu Th 5 2.65E+00 5.51E+00 7.71E-02 1.25E+01 3.71E-01 7.83E+00 

 Itu  2 2.42E+00 7.33E-01 1.91E+00 2.94E+00 2.37E+00 1.36E+00 

 Geregu Ce 5 2.04E+00 4.36E+00 3.26E-02 9.84E+00 1.95E-01 9.67E+00 

 Itu  2 5.70E-02 8.63E-03 5.09E-02 6.31E-02 5.66E-02 1.16E+00 

 Geregu Eu  5 2.13E-01 1.41E-01 1.04E-01 4.53E-01 1.84E-01 1.79E+00 

 Itu  2 6.36E-02 5.13E-03 6.00E-02 6.72E-02 6.35E-02 1.08E+00 

 Geregu Mo 5 3.00E-02 2.79E-02 3.59E-03 7.66E-02 1.99E-02 3.08E+00 

 Itu  2 2.78E-01 7.92E-02 2.22E-01 3.34E-01 2.72E-01 1.33E+00 

Frog Geregu Cs  9 5.36E-02 1.75E-02 2.19E-02 7.35E-02 5.04E-02 1.48E+00 

 Itu  9 1.06E-01 6.93E-02 5.21E-02 2.61E-01 9.10E-02 1.77E+00 

 Geregu Se 9 9.93E-02 2.09E-01 5.54E-03 6.55E-01 3.51E-02 3.71E+00 

 Itu  9 1.45E-01 1.13E-01 3.37E-02 3.39E-01 1.09E-01 2.28E+00 

 Geregu Sr 9 4.47E+00 1.95E+00 1.60E+00 8.25E+00 4.07E+00 1.61E+00 

 Itu  9 3.28E+00 1.10E+00 2.29E+00 5.81E+00 3.15E+00 1.34E+00 

 Geregu Co  9 5.90E-02 6.65E-02 2.42E-02 2.35E-01 4.43E-02 1.96E+00 

 Itu  9 5.28E-01 6.33E-01 1.75E-01 2.20E+00 3.80E-01 2.07E+00 

 Geregu U  9 2.92E-02 2.53E-02 2.29E-03 8.33E-02 1.82E-02 3.27E+00 

 Itu  9 9.65E-02 1.44E-01 2.61E-03 4.03E-01 2.38E-02 6.43E+00 

 Geregu Th 9 7.01E-03 4.76E-03 1.84E-03 1.49E-02 5.59E-03 2.10E+00 

 Itu  9 1.86E-01 3.21E-01 7.50E-04 1.00E+00 3.14E-02 1.06E+01 

 Geregu Ce 9 2.87E+00 3.33E+00 2.35E-02 7.54E+00 4.92E-01 1.29E+01 

 Itu  9 1.33E+00 3.10E+00 6.96E-03 9.53E+00 1.58E-01 9.69E+00 

 Geregu Eu  9 3.33E-02 3.17E-02 3.63E-03 1.11E-01 2.29E-02 2.67E+00 

 Itu  9 4.07E-02 6.28E-02 1.84E-03 1.61E-01 1.30E-02 5.05E+00 

 Geregu Mo 9 2.25E-01 3.51E-01 5.56E-03 9.20E-01 5.75E-02 6.44E+00 

 Itu  9 3.08E-01 2.25E-01 8.62E-02 8.09E-01 2.47E-01 2.03E+00 

Grass Geregu  Cs  5 1.67E-02 1.60E-03 1.54E-02 1.94E-02 1.67E-02 1.10E+00 

 Itu  5 9.03E-02 4.52E-02 3.50E-02 1.59E-01 8.08E-02 1.73E+00 
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 Geregu  Se 5 1.43E-02 1.55E-02 3.79E-03 4.14E-02 9.78E-03 2.49E+00 

Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

 Itu  5 3.06E-01 5.33E-01 1.60E-02 1.25E+00 8.12E-02 6.15E+00 

 Geregu  Sr 5 7.50E-01 1.03E+00 4.13E-02 2.53E+00 2.69E-01 6.08E+00 

 Itu  5 6.29E-01 1.34E+00 2.62E-02 3.03E+00 7.30E-02 8.05E+00 

 Geregu  Co  5 1.90E-01 9.81E-02 7.50E-02 3.33E-01 1.69E-01 1.76E+00 

 Itu  5 1.17E+00 1.59E+00 3.11E-01 4.00E+00 6.87E-01 2.76E+00 

 Geregu  U  5 1.46E-02 1.24E-02 5.73E-03 3.60E-02 1.16E-02 2.07E+00 

 Itu  5 5.60E-02 6.59E-02 8.93E-03 1.51E-01 2.68E-02 4.06E+00 

 Geregu  Th 5 3.40E-03 2.71E-03 1.41E-03 7.88E-03 2.71E-03 2.07E+00 

 Itu  5 1.48E-01 1.26E-01 8.73E-03 2.40E-01 6.73E-02 5.72E+00 

 Geregu  Ce 5 8.59E-02 9.26E-02 1.39E-02 2.47E-01 5.62E-02 2.82E+00 

 Itu  5 2.66E-01 3.35E-01 4.61E-02 8.17E-01 1.33E-01 3.72E+00 

 Geregu  Eu  5 1.69E-02 1.32E-02 3.94E-03 3.69E-02 1.25E-02 2.51E+00 

 Itu  5 7.47E-02 7.85E-02 1.25E-02 2.03E-01 4.69E-02 3.00E+00 

 Geregu  Mo 5 6.43E-02 4.40E-02 1.10E-02 1.13E-01 4.79E-02 2.64E+00 

 Itu  5 3.33E-01 3.49E-01 9.12E-02 9.37E-01 2.31E-01 2.51E+00 

Rat Geregu Cs  1 6.83E-02 . 6.83E-02 6.83E-02 6.83E-02  

 Itu  4 1.56E-01 5.05E-02 1.11E-01 2.28E-01 1.50E-01 1.35E+00 

 Geregu Se 1 2.09E-02 . 2.09E-02 2.09E-02 2.09E-02  

 Itu  4 2.38E-01 1.08E-01 1.28E-01 3.71E-01 2.20E-01 1.60E+00 

 Geregu Sr 1 1.88E+00 . 1.88E+00 1.88E+00 1.88E+00  

 Itu  4 1.05E+00 1.05E-01 8.93E-01 1.12E+00 1.04E+00 1.11E+00 

 Geregu Co  1 4.05E-02 . 4.05E-02 4.05E-02 4.05E-02  

 Itu  4 8.64E-01 1.19E+00 1.59E-01 2.64E+00 4.37E-01 3.65E+00 

 Geregu U  1 1.02E-02 . 1.02E-02 1.02E-02 1.02E-02  

 Itu  4 7.46E-01 1.36E+00 1.84E-02 2.79E+00 1.12E-01 1.06E+01 

 Geregu Th 1 2.19E-03 . 2.19E-03 2.19E-03 2.19E-03  

 Itu  4 3.83E-01 4.25E-01 2.54E-02 1.00E+00 2.01E-01 4.59E+00 

 Geregu Ce 1 6.17E-02 . 6.17E-02 6.17E-02 6.17E-02  

 Itu  4 4.30E+00 4.93E+00 7.16E-02 9.35E+00 7.97E-01 1.54E+01 
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 Geregu Eu  1 8.18E-03 . 8.18E-03 8.18E-03 8.18E-03  
Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

 Itu  4 2.81E-02 4.87E-03 2.40E-02 3.29E-02 2.78E-02 1.19E+00 

 Geregu Mo 1 2.47E-02 . 2.47E-02 2.47E-02 2.47E-02  

 Itu  4 4.65E-01 3.17E-01 1.28E-01 8.39E-01 3.71E-01 2.31E+00 

 
 
 

Appendix 7. Concentration of stable elements in food crops (mg/kg DW) (Geregu vs Itu) 

Crops Location Elements 
                      
N                  AM             ASD             Min                Max             GM        GSD 

Fruit Geregu Cs  5 1.16E-02 5.32E-03 5.00E-03 1.73E-02 1.05E-02 1.67E+00 

 Itu Cs  5 1.46E-02 1.02E-03 1.35E-02 1.60E-02 1.46E-02 1.07E+00 

 Geregu Se 5 2.55E-03 2.13E-03 1.30E-04 5.04E-03 1.33E-03 4.85E+00 

 Itu Se 5 4.39E-03 1.65E-03 2.22E-03 6.05E-03 4.11E-03 1.54E+00 

 Geregu Sr 5 2.18E-01 5.16E-02 1.35E-01 2.67E-01 2.12E-01 1.31E+00 

 Itu Sr 5 9.03E-02 1.16E-02 7.43E-02 1.04E-01 8.97E-02 1.14E+00 

 Geregu Co  5 3.83E-03 3.35E-03 1.86E-03 9.77E-03 3.08E-03 1.95E+00 

 Itu Co  5 1.04E-02 4.65E-03 6.30E-03 1.66E-02 9.58E-03 1.54E+00 

 Geregu U  5 1.90E-05 4.62E-06 1.00E-05 2.00E-05 1.85E-05 1.29E+00 

 Itu U  5 2.63E-05 5.53E-06 2.00E-05 3.00E-05 2.59E-05 1.24E+00 

 Geregu Th 5 2.34E-04 0.00E+00 2.30E-04 2.30E-04 2.34E-04 1.00E+00 

 Itu Th 5 2.34E-04 0.00E+00 2.30E-04 2.30E-04 2.34E-04 1.00E+00 

 Geregu Ce 5 1.60E-02 2.47E-03 1.31E-02 1.99E-02 1.58E-02 1.16E+00 

 Itu Ce 5 1.40E-02 8.17E-04 1.33E-02 1.54E-02 1.39E-02 1.06E+00 

 Geregu Eu  5 1.79E-05 5.77E-06 1.00E-05 2.00E-05 1.71E-05 1.42E+00 

 Itu Eu  5 7.40E-06 5.19E-06 0.00E+00 1.00E-05 5.60E-06 2.42E+00 

 Geregu Mo 5 1.13E-02 1.24E-02 3.00E-04 3.17E-02 5.18E-03 5.79E+00 

 Itu Mo 5 3.80E-03 3.52E-03 8.10E-04 9.57E-03 2.64E-03 2.68E+00 
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Maize Geregu Cs  5 1.02E-01 5.96E-02 3.61E-02 1.90E-01 8.73E-02 1.89E+00 

 Itu Cs  5 1.96E-01 7.28E-02 1.22E-01 3.12E-01 1.86E-01 1.43E+00 

Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

 Geregu Se 5 2.65E-02 1.13E-02 1.39E-02 4.19E-02 2.45E-02 1.58E+00 

 Itu Se 5 1.19E-01 7.24E-02 5.39E-03 2.01E-01 7.41E-02 4.41E+00 

 Geregu Sr 5 7.37E+00 1.47E+01 6.29E-01 3.37E+01 1.63E+00 5.50E+00 

 Itu Sr 5 9.00E+00 1.59E+01 1.11E-02 3.68E+01 4.88E-01 4.07E+01 

 Geregu Co  5 6.35E+00 4.79E+00 6.64E-01 1.29E+01 4.34E+00 3.17E+00 

 Itu Co  5 2.93E-01 5.75E-01 1.94E-02 1.32E+00 7.16E-02 5.29E+00 

 Geregu U  5 2.45E-04 0.00E+00 2.40E-04 2.40E-04 2.45E-04 1.00E+00 

 Itu U  5 2.45E-04 0.00E+00 2.40E-04 2.40E-04 2.45E-04 1.00E+00 

 Geregu Th 5 1.77E-01 1.89E-01 5.52E-02 5.13E-01 1.27E-01 2.29E+00 

 Itu Th 5 2.93E-03 1.52E-03 7.20E-04 4.39E-03 2.47E-03 2.09E+00 

 Geregu Ce 5 4.65E-02 4.11E-02 8.06E-03 1.14E-01 3.26E-02 2.72E+00 

 Itu Ce 5 7.50E-04 0.00E+00 7.50E-04 7.50E-04 7.50E-04 1.00E+00 

 Geregu Eu  5 3.26E-03 3.53E-04 2.82E-03 3.62E-03 3.25E-03 1.12E+00 

 Itu Eu  5 3.80E-03 5.45E-04 3.02E-03 4.43E-03 3.77E-03 1.16E+00 

 Geregu Mo 5 1.24E+00 0.00E+00 1.24E+00 1.24E+00 1.24E+00 1.00E+00 

 Itu Mo 5 1.24E+00 0.00E+00 1.24E+00 1.24E+00 1.24E+00 1.00E+00 

Root Geregu Cs  5 9.81E-02 4.98E-02 3.72E-02 1.68E-01 8.71E-02 1.77E+00 

 Itu Cs  5 9.46E-02 2.07E-02 7.13E-02 1.27E-01 9.29E-02 1.24E+00 

 Geregu Se 5 1.11E-02 9.19E-03 7.00E-04 2.09E-02 6.60E-03 4.02E+00 

 Itu Se 5 2.99E-02 7.77E-03 2.11E-02 4.00E-02 2.91E-02 1.31E+00 

 Geregu Sr 5 3.74E+00 1.63E+00 2.29E+00 6.46E+00 3.50E+00 1.48E+00 

 Itu Sr 5 1.03E+00 4.99E-01 5.87E-01 1.86E+00 9.47E-01 1.55E+00 

 Geregu Co  5 4.21E-02 3.11E-02 1.44E-02 8.12E-02 3.26E-02 2.28E+00 

 Itu Co  5 3.48E-02 1.92E-02 1.44E-02 6.37E-02 3.07E-02 1.76E+00 

 Geregu U  5 1.67E-04 1.18E-04 8.00E-05 3.70E-04 1.40E-04 1.88E+00 

 Itu U  5 1.25E-04 7.28E-05 5.00E-05 2.10E-04 1.09E-04 1.82E+00 

 Geregu Th 5 1.56E-03 0.00E+00 1.56E-03 1.56E-03 1.56E-03 1.00E+00 

 Itu Th 5 1.56E-03 0.00E+00 1.56E-03 1.56E-03 1.56E-03 1.00E+00 
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 Geregu Ce 5 1.77E-01 1.20E-01 1.12E-01 3.91E-01 1.55E-01 1.69E+00 

 Itu Ce 5 1.00E-01 2.72E-02 6.92E-02 1.41E-01 9.72E-02 1.31E+00 

          

Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

 Itu Eu  5 7.45E-05 3.60E-05 4.00E-05 1.20E-04 6.75E-05 1.66E+00 

 Geregu Mo 5 6.06E-02 5.58E-02 2.82E-03 1.32E-01 3.26E-02 4.62E+00 

 Itu Mo 5 9.17E-02 5.99E-02 3.82E-03 1.57E-01 5.55E-02 4.61E+00 

Vegetable Geregu Cs  5 1.15E-01 4.42E-02 7.53E-02 1.78E-01 1.08E-01 1.46E+00 

 Itu Cs  5 1.04E-01 6.79E-03 9.72E-02 1.11E-01 1.04E-01 1.07E+00 

 Geregu Se 5 1.50E-02 6.94E-03 9.44E-03 2.67E-02 1.40E-02 1.51E+00 

 Itu Se 5 3.29E-02 1.36E-02 1.95E-02 5.58E-02 3.10E-02 1.46E+00 

 Geregu Sr 5 1.40E+01 9.70E+00 6.35E-01 2.29E+01 8.33E+00 4.55E+00 

 Itu Sr 5 7.51E+00 4.92E+00 1.94E+00 1.25E+01 5.78E+00 2.43E+00 

 Geregu Co  5 8.44E-02 4.12E-02 1.44E-02 1.19E-01 6.84E-02 2.41E+00 

 Itu Co  5 1.55E-01 1.60E-01 5.23E-02 4.37E-01 1.13E-01 2.26E+00 

 Geregu U  5 2.45E-04 6.89E-05 1.40E-04 3.40E-04 2.37E-04 1.36E+00 

 Itu U  5 1.02E-04 6.11E-05 1.00E-05 1.80E-04 7.41E-05 3.09E+00 

 Geregu Th 5 1.62E-03 1.44E-04 1.56E-03 1.88E-03 1.62E-03 1.09E+00 

 Itu Th 5 1.56E-03 0.00E+00 1.56E-03 1.56E-03 1.56E-03 1.00E+00 

 Geregu Ce 5 1.27E-01 3.04E-02 1.07E-01 1.80E-01 1.24E-01 1.24E+00 

 Itu Ce 5 8.95E-02 7.90E-03 7.95E-02 9.64E-02 8.92E-02 1.09E+00 

 Geregu Eu  5 1.39E-04 5.95E-05 7.00E-05 2.20E-04 1.29E-04 1.56E+00 

 Itu Eu  5 4.17E-05 3.79E-05 1.00E-05 1.00E-04 2.87E-05 2.70E+00 

 Geregu Mo 5 3.76E-02 7.13E-02 1.41E-03 1.65E-01 9.62E-03 5.73E+00 

 Itu Mo 5 9.78E-02 5.86E-02 3.05E-02 1.49E-01 7.96E-02 2.18E+00 

Cereal Geregu Cs  5 9.06E-02 2.89E-02 6.98E-02 1.37E-01 8.73E-02 1.34E+00 

 Geregu Se 5 2.32E-02 7.03E-03 1.76E-02 3.11E-02 2.24E-02 1.34E+00 

 Geregu Sr 5 3.98E+00 1.46E+00 2.33E+00 5.45E+00 3.74E+00 1.50E+00 

 Geregu Co  5 5.90E+00 6.23E-01 5.01E+00 6.77E+00 5.87E+00 1.11E+00 

 Geregu U  5 2.45E-04 0.00E+00 2.40E-04 2.40E-04 2.45E-04 1.00E+00 

 Geregu Th 5 2.31E+00 1.72E+00 1.37E+00 5.38E+00 1.98E+00 1.76E+00 
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 Geregu Ce 5 2.98E-01 1.97E-02 2.67E-01 3.19E-01 2.97E-01 1.07E+00 

 Geregu Eu  5 1.67E-03 1.99E-04 1.52E-03 1.90E-03 1.66E-03 1.12E+00 

Wildlife Location Elements N       AM             ASD              GM              GSD            Min        Max 

 Geregu Mo 5 6.18E-01 0.00E+00 6.18E-01 6.18E-01 6.18E-01 1.00E+00 

Legume Geregu Cs  5 1.11E-01 3.17E-02 7.53E-02 1.52E-01 1.08E-01 1.33E+00 

 Geregu Se 5 2.85E-02 1.25E-02 1.26E-02 4.05E-02 2.58E-02 1.68E+00 

 Geregu Sr 5 1.93E+00 1.19E+00 4.68E-01 3.22E+00 1.54E+00 2.30E+00 

 Geregu Co  5 4.35E-02 9.72E-03 3.64E-02 6.03E-02 4.27E-02 1.22E+00 

 Geregu U  5 2.74E-04 1.60E-04 1.20E-04 4.50E-04 2.36E-04 1.86E+00 

 Geregu Th 5 1.56E-03 0.00E+00 1.56E-03 1.56E-03 1.56E-03 1.00E+00 

 Geregu Ce 5 2.40E-01 8.31E-02 1.36E-01 3.46E-01 2.28E-01 1.44E+00 

 Geregu Eu  5 2.87E-04 1.25E-04 1.10E-04 4.10E-04 2.59E-04 1.72E+00 

 Geregu Mo 5 6.56E-02 8.02E-02 4.00E-04 1.84E-01 1.29E-02 1.50E+01 

 
 
 

Appendix 8. Stable elements concentration in soil (mg/kg DW) (Geregu vs Itu) 

 

Soil Location Elements N AM ASD Min Max GM GSD 

Fruit Geregu Cs  5 9.82E-01 2.53E-01 7.01E-01 1.24E+00 9.54E-01 1.31E+00 

 Itu Cs  5 4.26E-01 4.00E-02 3.64E-01 4.71E-01 4.24E-01 1.10E+00 

 Geregu Se 5 5.57E-01 5.18E-01 1.85E-01 1.43E+00 4.10E-01 2.35E+00 

 Itu Se 5 7.09E-01 1.47E-01 6.21E-01 9.62E-01 6.98E-01 1.21E+00 

 Geregu Sr 5 4.23E+00 2.29E+00 1.78E+00 7.04E+00 3.70E+00 1.83E+00 

 Itu Sr 5 1.46E+00 8.16E-01 1.05E-01 2.30E+00 1.00E+00 3.58E+00 

 Geregu Co  5 9.31E-02 4.19E-02 2.81E-02 1.32E-01 8.22E-02 1.88E+00 

 Itu Co  5 5.27E-02 5.16E-02 6.62E-03 1.36E-01 3.31E-02 3.21E+00 

 Geregu U  5 1.62E-02 7.27E-03 7.03E-03 2.52E-02 1.47E-02 1.67E+00 

 Itu U  5 7.29E-03 3.40E-03 1.72E-03 9.58E-03 6.21E-03 2.09E+00 
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 Geregu Th 5 1.84E-01 8.15E-02 7.09E-02 2.95E-01 1.67E-01 1.70E+00 

 Itu Th 5 4.16E-02 2.65E-02 1.56E-03 6.65E-02 2.46E-02 4.85E+00 

          

Soil Location Elements N AM ASD Min Max GM GSD 

 Geregu Ce 5 5.93E-01 4.51E-01 1.91E-02 1.24E+00 3.31E-01 5.19E+00 

 Itu Ce 5 6.80E-01 4.08E-01 4.87E-03 9.66E-01 2.98E-01 1.01E+01 

 Geregu Eu  5 6.00E-03 3.12E-03 1.50E-03 9.72E-03 5.08E-03 2.07E+00 

 Itu Eu  5 1.15E-03 3.00E-04 6.80E-04 1.51E-03 1.11E-03 1.35E+00 

 Geregu Mo 5 1.66E-01 9.19E-02 6.54E-02 2.65E-01 1.41E-01 1.96E+00 

 Itu Mo 5 3.35E-02 6.80E-03 3.05E-02 4.57E-02 3.30E-02 1.20E+00 

Maize Geregu Cs  5 1.11E+00 2.50E-01 7.93E-01 1.39E+00 1.09E+00 1.27E+00 

 Itu Cs  4 4.24E-01 4.39E-02 3.68E-01 4.75E-01 4.22E-01 1.11E+00 

 Geregu Se 5 2.14E-02 7.91E-03 1.41E-02 3.12E-02 2.03E-02 1.44E+00 

 Itu Se 5 2.67E-02 6.21E-03 2.09E-02 3.60E-02 2.62E-02 1.25E+00 

 Geregu Sr 5 1.20E+01 0.00E+00 1.20E+01 1.20E+01 1.20E+01 1.00E+00 

 Itu Sr 5 1.20E+01 0.00E+00 1.20E+01 1.20E+01 1.20E+01 1.00E+00 

 Geregu Co  5 1.56E-01 1.66E-01 3.97E-02 4.02E-01 9.30E-02 3.12E+00 

 Itu Co  5 2.07E-01 9.00E-02 7.07E-02 3.03E-01 1.85E-01 1.78E+00 

 Geregu U  5 5.78E-03 7.45E-03 1.33E-03 1.87E-02 3.24E-03 3.13E+00 

 Itu U  5 4.28E-05 1.38E-05 3.00E-05 6.00E-05 4.09E-05 1.41E+00 

 Geregu Th 5 4.17E-02 4.76E-02 8.67E-03 1.21E-01 2.52E-02 3.00E+00 

 Itu Th 5 2.04E-03 3.86E-04 1.59E-03 2.34E-03 2.01E-03 1.22E+00 

 Geregu Ce 5 9.66E-01 1.05E-01 8.35E-01 1.07E+00 9.62E-01 1.12E+00 

 Itu Ce 5 1.13E+00 1.62E-01 8.95E-01 1.31E+00 1.12E+00 1.16E+00 

 Geregu Eu  5 4.35E-02 6.84E-02 1.51E-03 1.59E-01 7.83E-03 9.87E+00 

 Itu Eu  5 4.99E-01 6.84E-01 1.51E-03 1.34E+00 2.21E-02 3.96E+01 

 Geregu Mo 5 4.06E-01 3.75E-01 1.38E-01 1.06E+00 3.09E-01 2.18E+00 

 Itu Mo 5 3.05E-01 0.00E+00 3.05E-01 3.05E-01 3.05E-01 1.00E+00 

Root Geregu Cs  5 1.16E+00 1.88E-01 1.00E+00 1.46E+00 1.15E+00 1.17E+00 

 Itu Cs  4 4.03E-01 2.32E-02 3.70E-01 4.19E-01 4.03E-01 1.06E+00 

 Geregu Se 5 2.60E-01 6.37E-02 1.66E-01 3.42E-01 2.54E-01 1.30E+00 
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 Itu Se 5 3.74E-01 6.30E-01 9.20E-02 1.50E+00 1.61E-01 3.49E+00 

 Geregu Sr 5 5.03E+00 1.56E+00 2.41E+00 6.31E+00 4.77E+00 1.48E+00 

 Itu Sr 5 1.79E-01 3.05E-01 1.11E-02 7.21E-01 5.48E-02 5.62E+00 

Soil Location Elements N AM ASD Min Max GM GSD 

 Geregu Co  5 2.49E-01 8.21E-02 1.76E-01 3.76E-01 2.40E-01 1.36E+00 

 Itu Co  5 6.88E-02 4.12E-02 3.97E-02 1.27E-01 6.00E-02 1.78E+00 

 Geregu U  5 2.21E-02 4.30E-03 1.47E-02 2.58E-02 2.17E-02 1.25E+00 

 Itu U  5 3.83E-03 4.17E-03 1.10E-04 8.66E-03 1.24E-03 8.09E+00 

 Geregu Th 5 2.65E-01 6.49E-02 1.57E-01 3.18E-01 2.57E-01 1.33E+00 

 Itu Th 5 1.25E-02 2.45E-02 1.56E-03 5.64E-02 3.19E-03 4.98E+00 

 Geregu Ce 5 2.06E+00 4.29E-01 1.37E+00 2.48E+00 2.02E+00 1.26E+00 

 Itu Ce 5 1.82E-01 3.96E-01 4.87E-03 8.91E-01 1.38E-02 1.03E+01 

 Geregu Eu  5 4.77E-03 1.12E-03 2.97E-03 5.86E-03 4.65E-03 1.31E+00 

 Itu Eu  5 1.42E-03 1.97E-04 1.06E-03 1.51E-03 1.40E-03 1.17E+00 

 Geregu Mo 5 1.15E-01 6.93E-02 6.16E-02 2.08E-01 1.00E-01 1.80E+00 

 Itu Mo 5 4.10E-02 3.80E-02 1.41E-02 1.08E-01 3.15E-02 2.13E+00 

Vegetable Geregu Cs  5 1.01E+00 2.59E-01 7.14E-01 1.30E+00 9.80E-01 1.31E+00 

 Itu Cs  5 4.56E-01 4.63E-02 3.99E-01 5.26E-01 4.54E-01 1.11E+00 

 Geregu Se 5 3.03E-01 6.22E-02 2.43E-01 3.79E-01 2.98E-01 1.22E+00 

 Itu Se 5 4.20E-01 2.06E-01 9.20E-02 5.97E-01 3.52E-01 2.17E+00 

 Geregu Sr 5 6.40E+00 2.82E+00 1.76E+00 8.77E+00 5.60E+00 1.94E+00 

 Itu Sr 5 1.20E+00 6.53E-01 4.86E-02 1.64E+00 7.52E-01 4.63E+00 

 Geregu Co  5 2.54E-01 1.09E-01 7.17E-02 3.60E-01 2.23E-01 1.91E+00 

 Itu Co  5 3.97E-02 0.00E+00 3.97E-02 3.97E-02 3.97E-02 1.00E+00 

 Geregu U  5 2.21E-02 8.62E-03 8.44E-03 3.09E-02 2.03E-02 1.67E+00 

 Itu U  5 1.02E-02 5.71E-03 1.10E-04 1.39E-02 4.91E-03 8.42E+00 

 Geregu Th 5 2.57E-01 1.28E-01 4.82E-02 3.85E-01 2.10E-01 2.32E+00 

 Itu Th 5 6.94E-02 3.80E-02 1.56E-03 9.09E-02 3.87E-02 6.02E+00 

 Geregu Ce 5 2.23E+00 9.23E-01 8.09E-01 3.26E+00 2.02E+00 1.72E+00 

 Itu Ce 5 1.01E+00 5.51E-01 3.29E-02 1.35E+00 6.06E-01 5.10E+00 

 Geregu Eu  5 4.62E-03 2.20E-03 1.04E-03 6.73E-03 3.91E-03 2.13E+00 
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 Itu Eu  5 1.49E-03 3.76E-05 1.42E-03 1.51E-03 1.49E-03 1.03E+00 

 Geregu Mo 5 1.23E-01 6.35E-02 7.34E-02 2.17E-01 1.11E-01 1.63E+00 

 Itu Mo 5 1.05E-01 7.60E-02 3.05E-02 1.95E-01 7.91E-02 2.44E+00 

Soil Location Elements N AM ASD Min Max GM GSD 

Cereal Geregu Cs  5 1.20E+00 1.33E-01 9.89E-01 1.36E+00 1.19E+00 1.12E+00 

 Geregu Se 5 4.89E-03 1.28E-03 2.97E-03 6.42E-03 4.74E-03 1.34E+00 

 Geregu Sr 5 5.96E+00 0.00E+00 5.96E+00 5.96E+00 5.96E+00 1.00E+00 

 Geregu Co  5 2.74E-01 1.22E-01 8.44E-02 4.20E-01 2.42E-01 1.85E+00 

 Geregu U  5 4.46E-02 3.24E-03 3.88E-02 4.65E-02 4.45E-02 1.08E+00 

 Geregu Th 5 8.50E-02 7.77E-02 1.19E-03 1.62E-01 2.29E-02 1.20E+01 

 Geregu Ce 5 9.95E-01 1.18E-01 9.05E-01 1.13E+00 9.90E-01 1.12E+00 

 Geregu Eu  5 6.35E-03 7.43E-04 5.46E-03 7.17E-03 6.32E-03 1.13E+00 

 Geregu Mo 5 3.27E-01 1.05E-01 2.00E-01 4.36E-01 3.12E-01 1.42E+00 

Legume Geregu Cs  5 1.16E+00 3.21E-01 6.29E-01 1.40E+00 1.12E+00 1.40E+00 

 Geregu Se 5 1.26E+00 1.97E+00 9.24E-02 4.74E+00 4.79E-01 4.62E+00 

 Geregu Sr 5 5.56E+00 4.33E+00 2.32E+00 1.29E+01 4.51E+00 2.02E+00 

 Geregu Co  5 3.50E-01 1.41E-01 1.53E-01 5.36E-01 3.23E-01 1.60E+00 

 Geregu U  5 8.42E-03 1.05E-02 1.07E-03 2.50E-02 3.80E-03 4.26E+00 

 Geregu Th 5 1.14E-01 1.12E-01 1.52E-02 2.96E-01 7.20E-02 3.16E+00 

 Geregu Ce 5 7.47E-01 1.15E+00 4.87E-03 2.62E+00 5.07E-02 2.51E+01 

 Geregu Eu  5 2.16E-03 1.79E-03 8.30E-04 5.10E-03 1.68E-03 2.17E+00 

 Geregu Mo 5 1.05E-01 7.36E-02 5.67E-02 2.31E-01 8.96E-02 1.80E+00 

 
    
 

Appendix 9. Concentration ratios of stable elements in food crops from case study locations 

Crops Location Elements N AM ASD Min Max GM GSD 

Fruit Geregu Cs 5 1.19E-02 4.11E-03 4.70E-03 1.48E-02 1.11E-02 1.62E+00 

 Itu Cs 5 3.46E-02 4.21E-03 3.06E-02 4.04E-02 3.44E-02 1.13E+00 
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 Geregu Se 5 5.92E-03 6.64E-03 7.00E-04 1.65E-02 3.25E-03 3.61E+00 

 Itu Se 5 6.18E-03 2.11E-03 3.58E-03 8.49E-03 5.88E-03 1.43E+00 

 Geregu Sr  5 6.94E-02 4.88E-02 3.14E-02 1.43E-01 5.73E-02 1.97E+00 

 Itu Sr  5 2.25E-01 3.88E-01 3.23E-02 9.19E-01 8.93E-02 3.77E+00 

Crops Location Elements N AM ASD Min Max GM GSD 

 Geregu Co 5 8.73E-02 1.45E-01 1.63E-02 3.47E-01 3.75E-02 3.58E+00 

 Itu Co 5 4.85E-01 4.61E-01 4.62E-02 1.14E+00 2.90E-01 3.57E+00 

 Geregu U 5 1.30E-03 3.65E-04 9.50E-04 1.85E-03 1.26E-03 1.31E+00 

 Itu U 5 4.90E-03 3.76E-03 3.07E-03 1.16E-02 4.16E-03 1.78E+00 

 Geregu Th 5 1.58E-03 9.88E-04 7.90E-04 3.30E-03 1.40E-03 1.70E+00 

 Itu Th 5 3.40E-02 6.49E-02 3.51E-03 1.50E-01 9.48E-03 4.85E+00 

 Geregu Ce 5 1.85E-01 3.59E-01 1.60E-02 8.27E-01 4.78E-02 5.06E+00 

 Itu Ce 5 5.67E-01 1.23E+00 1.41E-02 2.77E+00 4.69E-02 9.92E+00 

 Geregu Eu 5 5.03E-03 5.32E-03 1.21E-03 1.42E-02 3.36E-03 2.69E+00 

 Itu Eu 5 7.34E-03 6.61E-03 1.84E-03 1.73E-02 5.05E-03 2.71E+00 

 Geregu Mo 5 1.27E-01 2.02E-01 1.47E-03 4.85E-01 3.67E-02 8.22E+00 

 Itu Mo 5 1.04E-01 7.52E-02 2.68E-02 2.09E-01 7.99E-02 2.37E+00 

Maize Geregu Cs 5 8.67E-02 3.70E-02 4.55E-02 1.37E-01 8.01E-02 1.58E+00 

 Itu Cs 4 4.81E-01 1.33E-01 3.33E-01 6.56E-01 4.67E-01 1.32E+00 

 Geregu Se 5 1.47E+00 1.02E+00 4.90E-01 2.97E+00 1.21E+00 2.05E+00 

 Itu Se 5 4.96E+00 3.59E+00 1.81E-01 9.58E+00 2.83E+00 4.95E+00 

 Geregu Sr  5 6.14E-01 1.23E+00 5.25E-02 2.81E+00 1.35E-01 5.50E+00 

 Itu Sr  5 7.50E-01 1.32E+00 9.30E-04 3.07E+00 4.07E-02 4.07E+01 

 Geregu Co 5 1.65E-01 1.31E-01 6.59E-02 3.88E-01 1.33E-01 3.27E+00 

 Itu Co 5 2.303064 2.265505 0.833333 6.095975 1.640804 4.63E+00 

 Geregu U 5 1.10E-01 7.69E-02 1.31E-02 1.84E-01 7.56E-02 3.13E+00 

 Itu U 5 6.28E+00 2.21E+00 4.21E+00 9.17E+00 5.98E+00 1.41E+00 

 Geregu Th 5 5.84E+00 3.60E+00 2.19E+00 1.15E+01 5.02E+00 1.86E+00 

 Itu Th 5 1.46E+00 8.67E-01 4.39E-01 2.69E+00 1.23E+00 2.00E+00 

 Geregu Ce 5 4.62E-02 3.74E-02 8.56E-03 1.06E-01 3.39E-02 2.57E+00 

 Itu Ce 5 6.77E-04 1.05E-04 5.70E-04 8.40E-04 6.71E-04 1.16E+00 
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 Geregu Eu 5 1.33E+00 1.18E+00 2.28E-02 2.40E+00 4.15E-01 9.89E+00 

 Itu Eu 5 1.53E+00 1.43E+00 3.00E-03 2.94E+00 1.71E-01 3.97E+01 

 Geregu Mo 5 4.92E+00 3.00E+00 1.17E+00 8.98E+00 4.02E+00 2.18E+00 

 Itu Mo 5 4.08E+00 0.00E+00 4.08E+00 4.08E+00 4.08E+00 1.00E+00 

Crops Location Elements N AM ASD Min Max GM GSD 

Root Geregu Cs 5 8.76E-02 4.57E-02 2.54E-02 1.52E-01 7.56E-02 1.95E+00 

 Itu Cs 4 2.16E-01 3.99E-02 1.70E-01 2.57E-01 2.13E-01 1.21E+00 

 Geregu Se 5 4.73E-02 4.78E-02 2.78E-03 1.24E-01 2.60E-02 4.22E+00 

 Itu Se 5 2.43E-01 1.34E-01 2.67E-02 3.63E-01 1.81E-01 2.97E+00 

 Geregu Sr  5 7.73E-01 2.73E-01 4.41E-01 1.14E+00 7.33E-01 1.44E+00 

 Itu Sr  5 3.19E+01 2.67E+01 1.25E+00 6.51E+01 1.73E+01 4.94E+00 

 Geregu Co 5 1.68E-01 1.22E-01 7.44E-02 3.17E-01 1.36E-01 2.07E+00 

 Itu Co 5 5.90E-01 6.23E-01 1.11E-02 1.61E+00 2.55E-01 6.75E+00 

 Geregu U 5 7.37E-03 4.57E-03 3.34E-03 1.52E-02 6.47E-03 1.73E+00 

 Itu U 5 4.72E-01 8.00E-01 1.01E-02 1.87E+00 8.76E-02 9.21E+00 

 Geregu Th 5 6.29E-03 2.09E-03 4.89E-03 9.93E-03 6.06E-03 1.33E+00 

 Itu Th 5 8.06E-01 4.35E-01 2.76E-02 1.00E+00 4.88E-01 4.98E+00 

 Geregu Ce 5 8.93E-02 6.18E-02 4.77E-02 1.96E-01 7.68E-02 1.78E+00 

 Itu Ce 5 1.63E+01 1.06E+01 1.17E-01 2.89E+01 7.04E+00 1.01E+01 

 Geregu Eu 5 4.38E-02 2.86E-02 1.82E-02 8.60E-02 3.68E-02 1.95E+00 

 Itu Eu 5 5.52E-02 3.16E-02 2.36E-02 9.67E-02 4.80E-02 1.81E+00 

 Geregu Mo 5 4.61E-01 2.64E-01 3.84E-02 7.69E-01 3.26E-01 3.35E+00 

 Itu Mo 5 3.15E+00 2.35E+00 1.26E-01 5.39E+00 1.76E+00 4.89E+00 

Vegetable Geregu Cs 5 1.14E-01 2.93E-02 7.17E-02 1.44E-01 1.10E-01 1.33E+00 

 Itu Cs 5 2.29E-01 1.38E-02 2.10E-01 2.45E-01 2.28E-01 1.06E+00 

 Geregu Se 5 5.39E-02 3.39E-02 2.63E-02 1.10E-01 4.69E-02 1.76E+00 

 Itu Se 5 1.01E-01 6.45E-02 4.72E-02 2.12E-01 8.81E-02 1.74E+00 

 Geregu Sr  5 2.02E+00 1.39E+00 3.61E-01 3.63E+00 1.49E+00 2.67E+00 

 Itu Sr  5 5.51E+01 1.14E+02 1.34E+00 2.58E+02 7.69E+00 8.36E+00 

 Geregu Co 5 3.13E-01 6.54E-02 2.01E-01 3.60E-01 3.06E-01 1.27E+00 

 Itu Co 5 3.90E+00 4.03E+00 1.32E+00 1.10E+01 2.84E+00 2.26E+00 
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 Geregu U 5 1.38E-02 1.01E-02 7.01E-03 3.14E-02 1.17E-02 1.82E+00 

 Itu U 5 1.90E-01 4.06E-01 8.20E-04 9.16E-01 1.51E-02 1.27E+01 

 Geregu Th 5 1.20E-02 1.51E-02 4.05E-03 3.90E-02 7.69E-03 2.52E+00 

 Itu Th 5 2.14E-01 4.39E-01 1.71E-02 1.00E+00 4.03E-02 6.02E+00 

Crops Location Elements N AM ASD Min Max GM GSD 

 Geregu Ce 5 8.07E-02 7.96E-02 3.28E-02 2.22E-01 6.13E-02 2.11E+00 

 Itu Ce 5 5.42E-01 1.05E+00 6.12E-02 2.42E+00 1.47E-01 4.80E+00 

 Geregu Eu 5 6.08E-02 8.66E-02 1.06E-02 2.15E-01 3.30E-02 3.08E+00 

 Itu Eu 5 2.83E-02 2.58E-02 5.76E-03 6.67E-02 1.93E-02 2.75E+00 

 Geregu Mo 5 2.48E-01 4.37E-01 1.92E-02 1.03E+00 8.65E-02 4.45E+00 

 Itu Mo 5 1.03E+00 2.22E-01 7.63E-01 1.28E+00 1.01E+00 1.25E+00 

Cereal Geregu Cs 5 7.61E-02 2.30E-02 5.76E-02 1.02E-01 7.34E-02 1.34E+00 

 Geregu Se 5 2.84E-02 6.60E-03 1.75E-02 3.49E-02 2.76E-02 1.69E+00 

 Geregu Sr  5 6.79E-01 2.47E-01 3.44E-01 9.26E-01 6.38E-01 1.50E+00 

 Geregu Co 5 2.93E-01 1.73E-01 7.83E-02 5.10E-01 2.41E-01 1.99E+00 

 Geregu U 5 6.98E-02 2.97E-02 3.35E-02 1.06E-01 6.44E-02 1.08E+00 

 Geregu Th 5 1.33E-01 2.16E-01 1.93E-02 5.19E-01 5.72E-02 1.01E+01 

 Geregu Ce 5 2.75E-02 3.22E-03 2.37E-02 3.11E-02 2.74E-02 1.15E+00 

 Geregu Eu 5 5.30E-02 1.70E-02 3.24E-02 7.06E-02 2.63E-01 1.09E+00 

 Geregu Mo 5 3.82E+00 3.13E+00 1.09E+00 7.43E+00 2.76E+00 1.42E+00 

Legume Geregu Cs 5 9.79E-02 1.91E-02 7.53E-02 1.20E-01 9.64E-02 1.22E+00 

 Geregu Se 5 1.38E-01 1.74E-01 2.67E-03 4.38E-01 5.39E-02 6.73E+00 

 Geregu Sr  5 6.37E-01 5.88E-01 3.62E-02 1.34E+00 3.41E-01 4.47E+00 

 Geregu Co 5 1.46E-01 7.50E-02 6.98E-02 2.67E-01 1.32E-01 1.64E+00 

 Geregu U 5 1.05E-01 9.82E-02 8.84E-03 2.58E-01 6.22E-02 3.71E+00 

 Geregu Th 5 3.58E-02 3.98E-02 5.26E-03 1.03E-01 2.16E-02 3.16E+00 

 Geregu Ce 5 2.61E+01 2.65E+01 8.36E-02 6.15E+01 4.50E+00 2.18E+01 

 Geregu Eu 5 1.96E-01 1.66E-01 5.92E-02 4.85E-01 5.06E-02 2.12E+00 

 Geregu Mo 5 5.51E-01 6.91E-01 6.02E-03 1.70E+00 1.44E-01 1.08E+01 
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Appendix 10. ERICA tier2 dose rate assessment results 

Distance(km) 
Total Dose Rate per organism 

[µGy h-1]   

 Flying Insect Amphibian Annelid Grasses & Herbs 
Mammal - small-

burrowing 

1 5.48E-03 1.46E-02 5.56E-03 1.01E-02 1.51E-02 

2 2.85E-03 7.60E-03 2.92E-03 5.25E-03 7.84E-03 

3 1.56E-03 4.17E-03 1.60E-03 2.88E-03 4.31E-03 

4 9.79E-04 2.61E-03 1.00E-03 1.80E-03 2.70E-03 

5 6.71E-04 1.79E-03 6.88E-04 1.24E-03 1.85E-03 

6 4.89E-04 1.31E-03 5.02E-04 9.02E-04 1.35E-03 

7 3.74E-04 9.97E-04 3.83E-04 6.89E-04 1.03E-03 

8 2.95E-04 7.88E-04 3.03E-04 5.44E-04 8.13E-04 

9 2.40E-04 6.39E-04 2.46E-04 4.42E-04 6.60E-04 

10 1.97E-04 5.26E-04 2.00E-04 3.64E-04 5.43E-04 

11 1.67E-04 4.47E-04 1.72E-04 3.09E-04 4.61E-04 

12 1.43E-04 3.82E-04 1.47E-04 2.64E-04 3.95E-04 

13 1.24E-04 3.31E-04 1.27E-04 2.29E-04 3.42E-04 

14 1.09E-04 2.90E-04 1.11E-04 2.00E-04 2.99E-04 

15 9.60E-05 2.56E-04 9.84E-05 1.77E-04 2.64E-04 

16 8.54E-05 2.28E-04 8.76E-05 1.57E-04 2.35E-04 

17 7.66E-05 2.04E-04 7.85E-05 1.41E-04 2.11E-04 

18 6.91E-05 1.84E-04 7.08E-05 1.27E-04 1.90E-04 

19 6.26E-05 1.67E-04 6.42E-05 1.15E-04 1.73E-04 

20 5.71E-05 1.52E-04 5.86E-05 1.05E-04 1.57E-04 

 

 
 
 

Appendix 11a. Posthoc (Duncan test) statistical results of significant difference in multiple 

variable ANOVA test for food crops 

 

Element Crop  Locations N Subset for alpha = 0.05 

     1 2 

Co Maize Duncan a,b IAEA 77 4.06E-02  

   SSAD 47 7.71E-01  

   GERITU 10  39.57973 

   Sig.  8.93E-01 1 

  Legume Duncan a,b IAEA 105 6.26E-02  

   SSAD 27 6.67E-02  

   GERITU 5  0.146069 

   Sig.  9.10E-01 1 

 Root Duncan a,b IAEA 16 1.54E-01  

   SSAD 138 3.30E-01  

   GERITU 10 3.79E-01  

   Sig.  2.59E-01  
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Appendix 11b. Posthoc (Duncan test) statistical results of significant difference in multiple 

variable ANOVA test for food crops 

 

 

Elements Crops  Locations N Subset for alpha = 0.05 

     1 2 

Cs Root Duncana,b IAEA 93 7.41E-02  

   GERITU 9 1.45E-01  

   SSAD 7  0.307043 

   Sig.  2.42E-01 1 

Sr Legume Duncana,b GERITU 5 6.37E-01  

   IAEA 148 2.00E+00  

   SSAD 3  3.586667 

   Sig.  8.20E-02 1 

U Root Duncana,b SSAD 6 2.01E-02  

   IAEA 83 5.86E-02  

   GERITU 10  0.23981 

   Sig.  6.55E-01 1 

Sr Vegetable Duncana,b IAEA 19 1.03E+00  

   SSAD 7 2.35E+00  

   GERITU 10 2.85E+01  

   Sig.  1.74E-01  
 

Appendix 11c. Posthoc (Duncan test) statistical results of significant difference in multiple 

variable ANOVA test for wildlife 

 

 

Elements Wildlife  Locations N Subset for alpha = 0.05 

     1 2 

Co Grass  Duncana,b SSAD 30 0.025372  

   IAEA 57 0.045268  

   GERITU 10  0.678068 

   Sig.  0.866 1 

Mo Grass  Duncana,b GERITU 10 0.198842  

   SSAD 28 0.586502 0.586502 

   IAEA 19  1.070062 

   Sig.  0.194 0.107 

Se Mammal Duncana,b SSAD 40 0.004753  

   GERITU 5  0.194747 

   IAEA 40  0.235737 

   Sig.  1 0.574 

U Grasses Duncana,b IAEA 82 0.022916  
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   SSAD 4 0.027457  

   GERITU 10 0.035313  

   Sig.  0.489  
 

 

 

 

 

Appendix 12. Summary of soil properties (Geregu and Itu ) 

 

Soil Properties Location Mean SD Min Max 

PH Geregu 5.46 0.41 4.70 6.40 

 Itu 4.67 0.34 4.10 5.30 

Acidity Geregu 1.48 1.15 0.60 5.80 

 Itu 1.42 1.60 0.40 9.90 

H+ Geregu 1.35 0.93 0.40 5.10 

 Itu 1.28 1.18 0.40 7.40 

Ca cmol/kg Geregu 55.42 33.93 15.42 108.03 

 Itu 17.39 7.45 2.30 25.70 

K cmol/kg Geregu 0.59 0.69 0.05 3.13 

 Itu 0.21 0.18 0.05 0.78 

C.E.C cmol/kg Geregu 60.78 33.97 17.58 117.69 

 Itu 19.69 7.39 4.73 29.02 

%O.M Geregu 2.14 1.96 0.15 9.00 

 Itu 3.02 1.50 0.17 7.01 

%Clay Geregu 17.32 12.15 4.20 77.80 

 Itu 18.07 5.10 6.00 26.40 
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Supplementary information 1 

Ethical Approval 

 

 

 

Application Checklist 

 

 

 

 

 

Document Enclosed? 

(indicate appropriate response) 

Date Version 

No 

Application Form 

 
Mandatory 

If not required, please 

give a reason 

  

Risk Assessment 

Form 

Yes    15/03/17 1 

Participant Invitation 

Letter 

  Not 

required for 

this project 

Animal subjects only   

Participant 

Information Sheet 

  Not 

required for 

this project 

Animal subjects only   

Participant Consent 

Form 

  Not 

required for 

this project 

Animal subjects only   

Participant 

Recruitment Material 

  Not 

required for 

this project 

Animal subjects only   

Organisation 

Management Consent 

/ Agreement Letter 

  It is 

required for 

this project 

Letter of Introduction to 

collaborative University 

in Nigeria (Uyo, Kogi, 

  

Name of Applicant: Mr Rutase Doroh         

 

Title of Project: New Detectors for the Live-monitoring of Radionuclides in Wildlife 

Ref No: Office Use Only  

STR1617-76 STR 

 

 

New Submission / Resubmission 
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Ibadan & Delta, Geregu 

& Itu local government 

and community leader 

is being processed. 

Research Instrument 

– e.g. questionnaire 

  Laboratory 

analytical 

facilities 

required for 

this project 

For elemental analysis 

of soil, plant & animal 

tissues will be 

undertaken using ICP-

MS. Being processed 

for approval (Chevron 

Nigeria) 

  

Draft Interview Guide   Not 

required for 

this project 

Animal subjects only   

National Research 

Ethics Committee 

consent 

  Not 

required for 

this project 

Ethics provided by 

University  

  

Note: If the appropriate documents are not submitted with the application form then the application 

will be returned directly to the applicant and will need to be resubmitted at a later date thus delaying 

the approval process 

 
S&T-ResearchEthics <S&T-ResearchEthics@salford.ac.uk> 
Mon 05/06/2017 09:29 

• Wood Mike <M.D.Wood@salford.ac.uk>; 

• Droh, Rutase Monday (PG) <R.M.Doroh@edu.salford.ac.uk> 

 

Hi Mike,  
  
Many thanks for this, ethical approval has now been granted.  
  
Best Wishes,  
Lauren  
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