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1. BACKGROUND OF THE WORK AND ITS AIMS 

This chapter begins with the background of the research study, where the existing data is discussed. 

It highlights the history of uranium mining in South Africa and Hungary. It follows with the 

research problem where the issue is identified with supporting data. The aim of the study is clearly 

stated, and the steps that were taken to achieve the aim are listed on the research objectives. Finally, 

the rationale highlights the importance of this research study. 

1.1. Background  

The European Union (EU) defines the proper management of mines and mining waste through a 

combination of economic, health and safety, and human rights regulations, including requirements 

for mine operation and closure criteria. The EU member states are bound by these rights and 

charters and their institutions, ensuring the overall security of some human rights that mining 

activities could impair. Similar procedures were adopted to boost uranium mining regimes in 

countries that are not part of EU member states, such as Australia and South Africa (Organisation 

for Economic Co-operation and Development (OECD), 2014). The Organisation for Economic 

Co-operation and Development and the International Atomic Energy Agency (IAEA) (1999) 

reported environmental activities in uranium mining and milling. In this report, an overview of 

ecological activities related to uranium production was presented. The report also reflected on the 

increasing awareness in all countries of the need for environmental protection. According to 

OECD/IAEA (1999), large programs have been underway in several countries to remediate closed 

uranium mines and mills. The activities and concerns raised in this report were based on survey 

responses from 29 countries, including South Africa and Hungary.  

1.1.1. Uranium mining in South Africa 

The mining industry played an essential role in South Africa’s economic, social and political 

environment since the discovery of gold resources in 1886 (The Atomic Energy Corporation of 

South Africa Limited, 1988; Olowoyo et al., 2013). Since the late 19th century, the Witwatersrand 

area near Johannesburg in South Africa have been mined for gold, with the associated uranium 

deposited as mine waste (primarily tailings), until the second half of the 20th century when 

uranium was extracted as a by-product of gold mining (Merkel and Hasche-berger, 2008;  Dasnois, 

2012). In the 1980s, South Africa had a 14.9% and 12.4% share of the world's top three in uranium 

wealth and production (The Atomic Energy Corporation of South Africa Limited, 1988). Owing 

to mining activities in South Africa, environmental degradation has become a subject of intense 
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public discussion and scrutiny in recent years (Waggitt, 2008). Unfortunately, this is just an 

overview of the inheritance of South Africa mine waste (Trangos and Bobbins, 2015). 

According to Trangos and Bobbins (2015), mining firms in South Africa had little regard for the 

social and environmental effects before 1991. Due to the old mines being unprofitable and 

abandoned, the mine waste was often left untreated and damaged landscapes were 

left unrehabilitated (Trangos and Bobbins, 2015). South Africa produced vast amounts of tailings 

during more than a century of gold mining, now covering large areas in densely populated regions. 

Such tailings are susceptible to generating acid mine drainage (AMD) (Rösner and Van 

Schalkwyk, 2000). Acid mine drainage and the release of radionuclides and potentially toxic 

elements (PTEs) such as radon (Rn), aluminum (Al), manganese (Mn), and arsenic (As) are key 

environmental impacts related to uranium (U) mining (Matshusa and Makgae, 2017). Numerous 

studies performed in Witwatersrand, gold mining areas, have provided growing evidence that 

mines often contaminate neighboring habitats with potentially toxic elements, salts, and 

radionuclides which consist primarily of uranium isotopes and their radioactive daughter products 

(Rösner and Van Schalkwyk, 2000; Winde and Sandham, 2004; Liefferink, 2008). Owing to the 

long-ignored transportation of dissolved uranium from gold mines, the discharge containing large 

concentrations of dissolved pollutants migrated from tailing deposits into neighboring aquifers and 

eventually joined neighboring streams (Pretorius and Hattingh, 2009). Thus, gold mine tailings 

can be considered a primary source of soil and groundwater contamination in South African 

mining areas (Rösner and Van Schalkwyk, 2000). Hence, mine closures and, in particular, 

environmental restoration must be dealt with urgently (Durand, 2012). 

In the study conducted by Rösner and Van Schalkwyk (2000), it was recommended that since 

environmental pollution is expected to be prolonged due to gold mining activities, it is necessary 

to understand the mobility and thus the bioavailability of contaminants and the capacity of the soil 

to retain and mitigate such pollutants in the long term.  

1.1.2. Uranium mining in Hungary 

Numerous pilot projects for the closure and rehabilitation of the uranium mines from various 

Central and Eastern European countries (Czech Republic, Slovakia, Albania, Estonia, Hungary, 

Romania, and Bulgaria) were suggested in the late 1990s (George-Laurentiu et al., 2016). The 

industrial uranium mining area in Hungary is in the Mecsek mountains in the Southern 

Transdanubian region, approximately 10–18 km west of Pécs, the country's third-largest town 

(IAEA, 2005). Uranium mining and processing had been part of Hungary since 1958 (International 
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Atomic Energy Agency, 2011). Since 2006, several mining licenses have covered four project 

areas for uranium mine discovery, namely: Mecsek, Bátaszék, Dinnyeberki, and Máriakéménd. 

However, the projects in Bátaszék, Dinnyeberki, and Máriakéménd were finalized without any 

notable success (OECD, 2014). 

The Mecsekérc Ltd (also known as Mecsek uranium mine was the only producer of uranium in 

Hungary until 1997 when it was closed due to being uneconomical (OECD, 2005; Malovics, 2014; 

Hungarian Atomic Energy Authority, 2017). According to the International Atomic Energy 

Agency (2011), the Hungarian Government decided to shut down uranium ore mining in Mecsek 

based on a study of environmental effects as well as an investment plan produced on this basis. In 

1998 the clean-up of the uranium mining legacy started: closing of the underground mines, 

remediation of the rock heaps, the sedimentation ponds, and the contaminated water and of the 

uranium mill. The key remediation activities at the Mecsek uranium mine were concluded in 2009, 

where 62 ha of land needed to be cleaned and 700,000 m³ of contaminated soil disposed of 

(Wallner and Stein, 2012). After closing measures were planned on the remediated site, there were 

plans and implementations of technical intervention for continuous operation of the established 

radiological-hydrogeological-geodynamic monitoring system (International Atomic Energy 

Agency, 2011).   

The Mecsekérc Environmental Protection Public Limited Company was founded after 2014 as a 

state-owned company to continue the tasks of the state mine remediation. This organization 

committed to the solution and realization of environmental protection, including planning and 

fulfillment of the remediation activity for uranium industry in Middle and Central European 

countries; environmental damage assessment; and planning, implementing, and licensing of 

environmental damage remediation activities (International Atomic Energy Agency (IAEA), 

2016). Appropriate Hungarian, as well as international laws and guidelines, IAEA 

recommendations, and other countries' practices, have been instrumental in setting environmental 

protection criteria in the remediation process (Hungarian Atomic Energy Authority, 2017). To 

follow the environmental protection criteria, Mecsek uranium mine conducted a long-term land 

reclamation which included the monitoring of air, groundwater and surface waters, soil, rocks, and 

vegetation as endangered and contaminated compartments in the period of mine closure, 

remediation, and post-closure operation (Mecsekérc Zrt., 2017). Mecsekérc Zrt further stated that 

regarding remediated waste rock dumps and tailings ponds, it is imperative that the performance 

of the radon barrier is enough and that the migration of radionuclides is constantly monitored.  
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1.2. Research problem 

Due to the presence of numerous elements and radionuclides, mine tailings cause severe pollution 

problems and may pose risks to humans (Skipperud et al., 2013; Fernández-Ondoño et al., 2017). 

Spoil deposits are high in these elements and can often be prone to water and/or wind erosion, 

spreading the contamination to surrounding areas. These issues have risen over the last few 

decades (Fernández-Ondoño et al., 2017)). The question of environmental contamination occurs 

when potentially toxic elements (PTEs) and radionuclides are mobilized from the deposits of 

uranium-containing waste (waste rock pile, tailings ponds, etc.) into the soil and absorbed by plants 

or transferred to groundwater (Waggitt, 2008; Shiva Kumar and Srikantaswamy, 2014).  

This study is part of the Mecsek uranium mine ongoing environmental monitoring program to 

monitor the endangered and contaminated compartments in the period of mine closure, 

remediation, and post-closure operation (Mecsekérc Zrt., 2017). Every three to five years, soil 

vegetation and water samples are taken from all spoil deposits and from covering soil to monitor 

the migration of radionuclides and PTEs. In this monitoring program, the radiometric survey is 

conducted to measure radon-222 (Rn-222), uranium content, and radioactive element migration. 

Additionally, the pseudo total concentrations of elements are measured in the soil, water, and 

plants. Based on the results of the monitoring program, spoil deposit No. I was deemed to require 

further investigation on the mobility of radionuclides and PTEs. However, it is now generally 

understood that the distribution, mobility, and bioavailability of PTEs and radionuclides in the 

environment depends not only on their total concentration but also on the form of association in 

the solid phase they are bound to (Filgueiras et al., 2002). Sequential extraction is an essential and 

commonly used method for obtaining knowledge about possible mobility (such as potential 

bioavailability and toxicity) of PTEs and radionuclides (Rauret et al., 1999; Filgueiras et al., 2002; 

Rosado et al., 2016; Walther and Gupta, 2015; Heltai et al., 2018; Mittermüller et al., 2016; 

Fernández-Ondoño et al., 2017; Sheppard, 2011; Pérez-Moreno et al., 2018; Bacon and Davidson, 

2017). These procedures have not been previously included in the monitoring program for the 

migration of PTEs and radionuclides in the Mecsek uranium mine. Therefore, to investigate a long-

term environmental impact, this research study focused on estimating the migration of these 

elements using sequential extraction procedure recommended by the Community Bureau of 

Reference (BCR) procedure (Rauret et al., 1999; Rauret et al., 2001).  
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1.3. Aim of the study 

The main aim of this research was to study the effectiveness of the soil covering layer in retardation 

of the migration of PTEs and radioactive substances on the covering soil of spoil deposit No. I in 

Mecsek uranium mine. The goal is to use the same methodologies used in this research study to 

address similar problems in South Africa.  

1.4. Study objectives 

Based on the problem statement, the following objectives were identified: 

1. To determine the total concentration levels of PTEs and radionuclides in soil, plant, 

and water samples collected from spoil deposit No. I and to determine if these 

concentrations are within the regulatory limits. Elaboration of the sampling plan based 

on the detected anomaly during the previous gamma activity monitoring results 

according to the topography of spoil deposit No. I.   

2. To evaluate the mobility of PTEs and uranium in covering soil by adopting BCR 

sequential extraction methodology to the specific Mecsek mine conditions. To study 

the influence of covering soil characteristics (pH, CEC, SOM) on mobility. 

3. To study the bioavailability and uptake of PTEs and radionuclides by plants in the spoil 

deposit No. I using the pseudo total methodology. 

4. To evaluate the efficacy of the soil covering layer retarding the migration of the PTEs, 

radon-222, and radionuclides in the remediated spoil deposit No. I.  

1.5. Rationale 

During the formation of the soil covering the process of spoil deposits in the Mecsek uranium 

mine, there was an erosion wounding occurrence in spoil deposit No. I. Consequently, there was 

a question of the adequacy of the 1-meter thickness soil covering layer used to cover the spoil 

deposit. The lack of soil cover stability induces acute downward migration of radionuclides and 

PTEs (Korychenskyi et al., 2018). The ongoing environmental monitoring program in the Mecsek 

uranium mine identified that the spoil deposit No. I required further investigation on the mobility 

and vegetation uptake of PTEs and radionuclides. Previous researches have revealed that the 

mobility of these elements depends on the forms in which they occur in the soils (Nemati et al., 

2011; Bielicka-Giełdoń et al., 2013; Sungur et al., 2014). These forms, which can be distinguished 

by the BCR sequential extraction procedure, include (Rauret et al., 1999): 
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a) Exchangeable and acid-soluble fraction,  

b) Bound to reducible species (e.g., Fe and Mn oxides, oxyhydroxides), 

c) Oxidizable - forms bound to organic matter or sulfides, and 

d) Strong oxidative acid-soluble residual contents (aqua regia and/or H2O2/HNO3) 

According to Bielicka-Giełdoń, et al. (2013), plants can readily access the first two types of forms, 

while the second two types are potentially accessible in the long term. A sequential extraction is 

an essential tool of knowing the conditions of these elements in soils and hence the possible 

mobility, bioavailability, and chemical nature of a given element that can thus offer a more 

accurate estimation of the actual environmental effect (Umoren, et al., 2007; Yang et al., 2009; 

Saleem et al., 2018). Thus, there was a need to include the BCR extraction technique in the 

monitoring program to provide the information needed for effective planning and management of 

applications in the Mecsek uranium mine.   
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2. LITERATURE OVERVIEW 

This chapter gives an overview of uranium remediation processes and the potential health and 

environmental impacts of PTEs and radionuclides because of uranium mining legacy issues. The 

Ecosystem transfer and the factors influencing the distribution of PTEs and radionuclides are 

discussed. Analytical methods for the determination of active gamma radionuclides, radon gas in 

soil, total concentrations of PTEs in plants and soils, and the mobility of PTEs using the BCR 

method were discussed in detail. Instrumental analytical methods that could be used for the 

analysis are listed in this chapter, and the regulatory measures to be followed are discussed.  

2.1. Uranium mine remediation 

The contemporary uranium mining industry started in the late 1940s at a period when little 

consideration had been given to protecting the environment (Waggitt, 2008). When uranium 

mining began in the late 19th century in the Czech Republic, it was for the purpose of extracting 

ores for use in Marie Curie's radium isolation studies (Atomic Heritage Foundation, 2018). 

Worldwide, uranium ore is mined using three primary procedures which generate some kind of 

waste: underground mining (27%), open-pit mining (33%), and other processes (40%, including 

in situ uranium leaching and uranium processing as a by-product of other mines) (Carvalho, 2011; 

EURATOM Supply Agency, 2018). According to Gavrilescu et al. (2009), U is more prevalent 

than gold (Au), silver (Ag), mercury (Hg), antimony (Sb), or cadmium (Cd), and more or less as 

common as tin (Sn), cobalt (Co), lead (Pb), molybdenum (Mo), and arsenic (As). Uranium is a 

chemical element that is silver-white and weakly radioactive, with an atomic number 92 (Závodská 

et al., 2008).  Uranium and its progenies occur naturally in the Earth’s crust and areas with acid 

igneous rocks, such as granites (Carvalho et al., 2007). Natural uranium consists of three isotopes, 

U-238 (99.276%), U-235 (0.718%), and U-234 (0.004%), all of which are radioactive (Garnier–

Laplace et al., 2001; Závodská et al., 2008). Uranium mining remains controversial mainly due to 

the legacy of environmental and health problems produced during the industry's early phase 

(Organisation for Economic Co-operation and Development, 2014). These legacy sites are of 

particular concern worldwide because of the possible presence of waste components with 

enhanced concentrations of radionuclides and their potential effects on environmental health 

(Carvalho et al., 2014). Existing data show that most environmental pollution concerns are likely 

to originate from the past rather than from current operations in the uranium industry, and thus the 

concerns are considered legacy issues (Skipperud et al., 2013). Soils near mines are exposed not 
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only to PTE stress but also to radionuclide contamination that can pose a possible soil ecological 

hazard (Dikinya, 2015).  

Mining activities consist of numerous ecological imprints in the environment, but mine 

tailings and AMD are of significant and global importance (Carvalho, 2017). Carvalho (2017) 

further states that since the recognition of the mining impacts, environmental and sanitary 

legislation has been substantially introduced, and some efforts have begun to tackle the industrial 

heritage through clean-up, remediation, and rehabilitation programs. In addition, Selvakumar et 

al. (2018) state that efforts have been made to remediate the uranium polluted environment through 

physical, chemical, and biological processes. Any soil remediation strategy has the ultimate goal 

of providing a final solution that protects human health and the environment (Wuana and 

Okieimen, 2011). Furthermore, Dikinya (2015) states that polluted soil must be carefully 

maintained for efficient usage to protect human health and the environment. Generally, the 

prominent roles of the remediation program are, in general, to delay the release, oxidation, and 

erosion frequency of contaminants (IAEA, 2009). 

Environmental remediation aims to reduce pollution, including decontamination of radioactive soil 

or water, which may result from uranium mining activities (Gupta and Voronina, 2019). The 

remediation of these uranium mining legacy sites has been thoroughly assessed by the 

International Atomic Energy Agency (IAEA) and other organizations (OECD, 2014; Collier, 

2016). Most uranium mining sites were largely abandoned in the 1960s due to a decrease in 

uranium mining activity without any effort at remediation (Waggitt, 2008). In recent years, 

hundreds of uranium mining/milling sites have been closed down (IAEA, 2004). Several problems 

occur as a result of uranium mining activities which range from unnatural-looking mining 

deposits to the migration of PTEs and radionuclides into the environment, thereby contaminating 

soil and water (Hiller et al., 2016). Similarly, Dikinya (2015) state that PTEs and radionuclides 

are the natural components of the Earth's crust that generally occurs in the subsurface environment 

and anthropogenic activities cause problems by enhancing their pollution in the soil environment. 

These problems, which are generic to the mining industry, are tackled during the rehabilitation of 

uranium mining sites (Collier, 2016). However, the majority of the countries most affected by the 

problem of uranium mining do not have sufficient funds or services and technology in their 

regulatory networks for preparing, implementing, and maintaining rehabilitation programs 

(Waggitt, 2008).  

Soils can be rehabilitated using different techniques of either physical, chemical, and/or biological 

remediation (Smičiklas and Šljivić-Ivanović, 2016). The choice of methods to be used, however, 
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depends on the mobility of contaminants, the distribution pattern in different fractions of the soil, 

and future land use (Lourenço et al., 2019). At times the conventional chemical and some physical 

remediation methods are often expensive, generating toxic and non-eco-friendly products, and 

sometimes, are ineffective when the contamination is elevated (Bakatula et al., 2012). Any effort 

to remediate contaminated soils will require information on the source of contamination, 

introductory chemistry, and the environmental and related health consequences (risks) of such 

contamination, while soil characterization may provide information on the speciation and 

bioavailability (Wuana and Okieimen, 2011). Therefore, radionuclide and PTE concentrations and 

distributions worth a comprehensive study (Yi et al., 2020).  

It has been established that there are different known techniques of remediation for soils 

contaminated with radioactive elements, as shown in (Figure 1.), but very few have been used in 

field conditions (Gavrilescu et al., 2009). According to Gupta and Walther (2014), remediation of 

the areas contaminated with radionuclides and PTEs should get proper attention. However, the 

traditional remediation techniques used in polluted areas have demonstrated many drawbacks, 

including high costs, soil properties modification, and disruption in soil indigenous microflora 

(Gupta and Walther, 2014). It is important to note that the Mecsek uranium mine employed the 

soil cover remediation process for the study area in question. Furthermore, the Mecsek uranium 

mine has been monitoring the radon barrier function and the migration of radionuclides to check 

the adequacy of the soil cover layers in remediated waste rock dumps and tailings ponds 

(Mecsekérc Zrt., 2017). 
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Figure 1. Remediation alternative evaluation in relation to aims and performance (Gavrilescu et 

al., 2009) 

Violante et al. (2010) noted that most regulations or guidelines used for protecting soil from 

elemental pollution, such as setting maximum permissible PTE concentrations used for identifying 

contaminated sites and for setting goals for remediation clean-up, are still based on evaluating the 

total concentration of metal present in the soil. When mining soils are remediated, soil and rock 

that is covering a deposit of ore, such as uranium, usually contain at least trace amounts of the ore 

plus radioactive decay products (Gavrilescu et al., 2009). Therefore, during remediation processes, 

it is recommended to apply a multi-layer soil cover on the waste dump in order to minimize the 

effects on the environment that could result from the toxic effluent releases and the exhalation of 

radon gas (Rn-222) (Biehler et al., 2002). According to OECD/NEA (2014), the remediation 

concept consists of stabilizing and protecting the environment by using a covering layer of 1 m 

thickness to cover the uranium mine waste rock pile/deposit, as shown in (Figure 2.). In some 

cases, a 2 m thick layer of different materials is used to prevent radon exhalation from the waste 

pile and infiltration of precipitation into it (Štrok and Smodiš, 2013). The OECD/NEA (2014) 

further states that the installation of this type of cover brings about a reduction in the Rn-222 

exhalation rate and, in turn, a significant reduction in Rn-222 concentration by a factor greater 

than ten. According to the IAEA (2010), depending on site unique conditions, the cover systems 

may have any or all of the following characteristics: 

❖ Limiting radon release,  

❖ Radiation shielding, 

❖ Limiting moisture infiltration to a predetermined amount, 

❖ Limiting oxygen diffusion to a predetermined amount, 

❖ Long term erosion resistance,  

❖ Containment of the covered material within the structure, 

❖ Support for vegetation communities, and 

❖ Prevention of capillary rise of oxidation products to the surface. 
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Figure 2. The soil cover design for uranium waste deposit (adapted from OECD/NEA, 2014; and 

created with BioRender.com) 

Richon and Beneito (2002) conducted a study on the evaluation of the effect of a cover layer on 

Rn-222 exhalation from uranium mill tailings. In this study, a 1 m layer of cover material was 

placed on top of the first layer to study its effectiveness on Rn-222 flux emanating from the 

uranium mine tailing (Richon and Beneito, 2002). Similarly, Kuterbekov (2019) conducted a study 

on rehabilitation events and an estimation of their effectiveness at control sites in the southern part 

of the tailing ponds of Koshkar-Ata (Mangystau Region, Kazakhstan). In this study, a sand-clay 

soil-sealing coat covering technique was chosen for rehabilitation to prevent dusting and serve as 

an additional barrier to radon emanation. The author stated that the advantage of using the sand-

clay soil covering technique is stimulating the development of vegetation cover as additional 

protection against wind erosion. The author concluded that the results of the assessment of the 

effectiveness of this rehabilitation technique demonstrated considerable improvement of the 

radiation characteristics of the sites and the gamma concentration was decreased down to the 

background values of the Aktau city vicinity. 

It is critical to evaluate whether the remediation processes used are effective for reducing the 

impact on the environment by measuring the concentrations of dissolved solids (especially U and 

Ra-226), the contents of environmental isotopes in precipitation, surface runoff, seepage water, 

and groundwater (Biehler et al., 2002). Environmental monitoring plays a huge role in determining 

the effectiveness of soil cover. According to IAEA (2004), the closure and rehabilitation activities 
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involve exercising surveillance over a number of parameters, including monitoring numerous 

radiological and other parameters. 

2.2. Potential health impacts  

The mining sector is one of the most polluting business activities, which can have direct 

consequences on the health of people and animals, resulting in exposure to environmentally 

harmful agents, or indirectly resulting from the latter's activity on the water, air, soil, and 

vegetation (George-Laurentiu et al., 2016; Ogundiran and Osibanjo, 2009). Due to these potential 

risks to human and environmental health, soil contamination is a global ecological problem 

(Bielicka-Giełdoń et al., 2013). Uranium mining, processing, reclamation, and waste handling may 

expose living organisms, including humans, to chemical and radiological materials through 

inhalation, ingestion, absorption through the skin, and gamma radiation (National Research 

Council of the National Academies, 2012; Public Health Department of the Cree Board of Health 

and Social Services of James Bay, 2014). Uranium mining legacy results in contamination that 

does not only come from U and its daughters but also from associated trace metals that may pose 

a risk to man and the environment (Skipperud et al., 2013). Some of the major pathways for PTEs 

and radionuclide transfer to humans are through the food chain (soil – plant – human or soil – plant 

– animal – human), contact with contaminated soil, and drinking of contaminated groundwater 

(Lema et al., 2014; Wuana and Okieimen, 2011). Likewise, Alharbi and El-Taher (2013) noted 

that these radionuclides are obtained by plants through their roots or leaves, and animals obtain 

them through the consumption of plants and are ultimately transferred to man by consuming 

animal meat, milk, and/or directly from plants by consuming them. Moreover, elements may 

accumulate in animal and human body tissue to toxic levels once they get to be part of this cycle 

(Igwe et al., 2005).  
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2.2.1. Radionuclides 

 

Figure 3. Major exposure pathways of radionuclides (Nieder et al., 2018) 

Soil is one of the major sources of radiation exposure to a population via the transfer of 

radionuclides into the environment (Durusoy and Yildirim, 2017). Recently, owing to the 

radionuclide toxicity, health hazards, and potential environmental risks, general interest in 

radioactivity and radionuclide distribution in the environment has considerably augmented 

(Ahmed et al., 2019). Knowing the nature of radionuclides in the environment, their possible 

stability, and bioavailability linked to long-term survival, radiological hazards, and human health 

effects are essential (IAEA, 2016). According to UNSCEAR (2000), K-40, Th-232, and U-238 are 

principal primordial radionuclides with half-lives comparable to the age of the Earth, and only Th-

232 and U-238 head the series of radionuclides that produce significant human exposures. 

According to Nieder et al. (2018), radionuclide toxicity has two main pathways into the human 

body, as shown in (Figure 3.) (external contamination by exposure to anthropogenic and natural 

sources, and internal contamination by ingestion or inhalation). United Nations Scientific 

Committee on the Effects of Atomic Radiation (2000) reported that most leukemia and cancers of 

several organs, such as lungs, breasts, and thyroid gland, have been linked to radiation exposure, 

although not certain other organs such as the prostate gland. It has been established that ionizing 

radiation is strong enough to alter molecular composition like DNA within the body's cells 

(National Research Council of the National Academies, 2012). 

A long-standing radiation protection debate continues over the risk of cancer from low levels of 

ionizing radiation (Gulan and Milenkovic, 2018). Radiation injuries happened shortly after the 

humans’ discovery of radiation when the first case emerged in the United States as skin burn just 
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after few months from November 1895 when Roentgen W.C. discovered X-rays (Kang, 2016). At 

least since the late 1950s, it has been discovered that exposure to radiation is a risk factor 

for enhanced leukemia (Fairlie, 2009). Other effects of radionuclides exposure or radiation are 

acute health effects that begin with nausea, vomiting, and headaches (Prakash et al., 2013). It has 

been established that the radioactive contamination of soil, water, and air can be transferred to 

humans via plants or through inhalation of radon gas (e.g., Rn-222 and Rn-220) (Ademola et al., 

2015). The dosage of radon on the general public and miners is a significant health issue due to 

elevated levels of radon that can arise unabated (Shahrokhi et al., 2017). Radon gas is radioactive, 

colorless, odorless, and tasteless; the only way to establish the presence of a radon health risk is 

through analytical measurement (Tanaka et al., 2017). Furthermore, Deng et al. (2020) state that 

radon is a natural carcinogen resulting from the three primordial radionuclides of the uranium 

series (U-238 and U-235) and thorium series (Th-232). Uranium, like other non-essential PTEs, is 

chemo-toxic for humans and induces permanent damage to kidneys (nephrotoxic) if ingested 

above a particular concentration limit (Winde, 2010).  

2.2.2. Potentially Toxic elements 

The mining areas may put the quality of life of the surrounding communities at a higher risk of 

exposure to PTEs (Olowoyo et al., 2013). Potentially toxic elements are separated into three main 

classes; the macronutrients, the micronutrients, and the toxic elements. The macronutrients are 

needed in large quantities by plants; the micronutrients are needed in small quantities; however, 

in large amounts, they can be toxic; and lastly, the toxic elements can indicate toxicity even in 

small quantities. In several studies, it has been established that Ca, K, Mg, and P are macronutrients 

and Co, Mn, Cu, Fe, Na, and Zn are micronutrients (FAO, 1982; Mahler, 2004; Lohry, 2007; 

Heidak et al., 2014). Lohry (2007) further explains that the macronutrients are found in two groups, 

as the main macronutrients (N, P, and K) and as the secondary nutrients (Mg, S, and Ca), and all 

are needed by plants in large quantities. Furthermore, Lohry (2007) indicated that Na is probably 

essential for only a few plants indigenous to saline soils. At the same time, Jones and Jacobsen 

(2001) describe Na as beneficial to the plants. Moreover, Kronzucker et al. (2013) emphasized 

that even though Na has accomplished a reputation for its toxic qualities, it remains beneficial to 

many plant species at lower levels of supply, and in some species, it is indeed essential. 

The toxicity of PTEs in humans has been associated with numerous physiological disruptions 

following exposure to elevated levels (Ogundiran and Osibanjo, 2009). Furthermore, PTEs can 

pose a threat to human health, plant growth, and animal life by affecting major biochemical 

processes (Ogundele et al., 2015). Jolly et al. (2013) state the key mechanism of human exposure 
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to metal contamination in the soil to plants transfer of PTEs. According to Pandey et al. (2016), 

pollution from PTEs is hidden, persistent, and irreparable; it not only takes away the eminence of 

the environment, water sources, and food crops but also risks human health prospects. Similarly, 

contaminants can be passed to other parts of the ecosystem in polluted soils, which potentially 

endanger human health (Rastegari Mehr et al., 2017). The protection and sustainability of soil 

resources are therefore of paramount importance as the problem of the consumption of PTE-

contaminated crops (Forghani et al., 2014). The PTEs in these soils can be transmitted to humans 

by processes of ingestion, inhalation, or dermal absorption (Rastegari Mehr et al., 2017). The 

toxicity of PTEs can lead to lower energy levels and damage to the brain, lung, kidney, liver, blood 

supply, and other essential organ functions (Jaishankar et al., 2014). Similarly, Jolly et al. (2013) 

state that elevated metal content above the Maximum Permissible Level (MPL) results in various 

physiological, cardiovascular, renal, neurological, bone, and many other health disorders. In 

addition, recurring long-term exposure to some elements may also cause cancer (Jaishankar et al., 

2014). Cadmium has been considered to be the second most hazardous trace element after mercury 

as it is toxic in all its forms (metal, steam, salts, and organic compounds) (Khelifi et al., 2019). 

2.3. Potential environmental impacts 

Many of the causes of stress on ecological systems are not unique to uranium mining but can be 

correlated with any mining operation or remediation (National Research Council of the National 

Academies, 2012). Mining activities and metal production are some of the critical processes by 

which natural radionuclides in the terrestrial ecosystem are accumulated (Isinkaye et al., 2018). 

Biological elements, land and water, physical elements, fauna and flora, atmosphere, and social 

and cultural elements are interacting systems that form part of the environment (OECD Nuclear 

Energy Agency and International Atomic Energy Agency, 1999).  

Reported environmental effects of uranium mining and processing include high levels of 

potentially toxic elements and radionuclides in water; exposure of marine and terrestrial biota 

species to high levels of radionuclides; localized reduction of groundwater levels; and other 

hazardous substances (National Research Council of the National Academies, 2012; Skipperud et 

al., 2013; Dikinya, 2015). Nevertheless, there have not been many studies conducted on the 

concentrations and distributions of radionuclides and PTEs in surface water and sediments, 

particularly in the rivers downstream of uranium mining (Yi et al., 2020).  

Environmental metal pollution and technologically enhanced naturally occurring radioactive 

material (TENORM), as well as radiation exposures to humans, are considered dangerous 



 

16 
 

measures that result from mining and tailing industries (Popic et al., 2011). Similarly, Matshusa 

and Makgae (2017); Voitsekhovitch et al. (2006) suggest that The potential impact of uranium 

mining on the environment and human health are AMD and the leaching and seepage of the 

radionuclides from tailings and eventual transport it into the water; and the pollution of 

groundwater and surface water with highly radioactive elements and chemicals used in mining. 

Unless properly handled, these elements can become significant off-site pollutants in waterways 

and reach the biological food chain (Heard, 2017). Acid mine drainage has the potential to be one 

of the most severe environmental problems caused by uranium mining if it is not appropriately 

managed and mitigated (National Research Council of the National Academies, 2012). While 

much is already understood about mining's environmental impacts both on-site and off-site, there 

are also poorly established long-term threats and limited data available to support the long-term 

efficacy of uranium mine deposits management facilities (National Research Council of the 

National Academies, 2012). 

Huge quantities of contamination caused by PTEs and radionuclides have been identified in 

mining environments in recent years (Yi et al., 2020). Both PTEs and radionuclides cannot 

deteriorate naturally or synthetically, and thus, they become a risk factor to public health when 

exposed and/or deposited in soil and water (Gupta and Walther, 2014). For plants, uranium 

deposition begins with the root system and gets accumulated in different sections (Selvakumar et 

al., 2018). Elements such as chromium (Cr), cobalt (Co), nickel (Ni), copper (Cu), arsenic (As), 

cadmium (Cd), mercury (Hg), etc.; radioactive elements uranium-235 (U-235), U-238, Th-232, 

and associated daughter products were listed as potential concern pollutants, with U and Cd 

potentially having the highest environmental impacts (Hook, 2000; Wade and Coetzee, 2008). 

Impacts may be defined as those effects that either temporarily or permanently alter the existing 

system and the defining and measuring of the impacts depends heavily on location, country, and 

social and economic factors (OECD, 1999). Data collected from previous research, combined with 

analytical data obtained during the scoping process of the current analysis, resulted in selecting 

uranium as the most significant contaminant in terms of surface and groundwater pollution 

(Waggitt, 2008). The content of uranium in groundwater is usually poor; however, U is released 

from anthropogenic sources of groundwater mainly as a result of mining, milling, and processing 

practices and the recycling of solid waste (Canadian Council of Ministers of the Environment, 

2007). Any possible sources of radiation and radioactive material associated with uranium mining 

have the potential to degrade the environment and impact the local population unless appropriate 

safety measures are taken (Tripathi et al., 2008). The environmental degradation (mobility and 

bioavailability) and toxicity strongly depend on the specific chemical form and binding methods 
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of PTEs and radionuclides (Perez-Moreno et al., 2018). Since the release of radionuclides from 

contaminated sites frequently occur along with PTEs and persistent organic contaminants, thus 

generating multiple stressors acting in nature, these stressors need to be investigated together in 

order to obtain a more comprehensive assessment of possible environmental pollution risks (Popic 

et al., 2011). 

2.3.1. Mobility of radionuclides 

Under normal environmental conditions, only a moderate proportion of the total radionuclide 

content will be mobile and/or bioavailable, therefore establishing the availability of natural 

radionuclides in environmental conditions is necessary to assess their toxicity (Pérez-Moreno et 

al., 2018). Radionuclides occur naturally in the environment due to processes such as volcanic 

activity, erosion, and weathering; these radionuclides include isotopes of uranium, thorium, 

radium, radon, lead, and polonium (Po) (Yan et al., 2021). Although radionuclides occur naturally 

in soils and rocks as a result of radioactive decay, most environmental releases of radionuclides 

are due to industrial activities such as mining and milling (Canadian Council of Ministers of the 

Environment, 2007; Dudu et al., 2018). Mining and metal production methods have been 

established as a significant route to the aggregation of radionuclides in terrestrial 

environments  (Isinkaye et al., 2018). The majority of radionuclides released into the environment 

can accumulate in both the upper soil layer and in aquatic systems sediments, resulting in threats 

to ecosystems, agro-system, and health (Gavrilescu et al., 2009). The radionuclides’ migration is 

dependent on several factors, such as radionuclide speciation, soil composition (e.g., organic 

matter, soil water pH), microbial activity, presence of vegetation, and animal grazing/human 

consumption (Salbu et al., 2004).  

Terrestrial radionuclide potassium-40 (K-40) and radionuclides of the U-238 and Th-232 series 

(also known as parent radionuclides) are the main contributors to natural radiation (Stevanović et 

al., 2018). Radioactivity results from the spontaneous disintegration of a parent radionuclide and 

from the process of creating a daughter nuclide by releasing gamma, beta, and/or alpha radiation 

(Saint-Fort, 2016). Uranium (U6+) and radon are the radionuclides that present a reasonable degree 

of mobility in the soil out of all the natural radioactive elements (Júnior et al., 2006). According 

to Payne and Edis (2012), solubility is a significant factor in the mobility of radionuclides. The 

mobility of a specific mineral phase places an upper limit on solution concentration (Payne and 

Edis, 2012). Similarly, Walther and Gupta (2015) state that the chemical form and speciation of 

radionuclides largely determine their behavior and ultimate radiological impact in soils, which 

significantly affects their mobility, the length of stay in the soil rooting zone, and the availability 
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of biota absorption. Therefore, the information on source terms, including radionuclide speciation, 

mobility and, biological uptake, is needed to assess the long-term environmental impact of 

radioactive contamination of ecosystems (Salbu et al., 2004; Sungur et al., 2014; Pérez-Moreno et 

al., 2018). According to Saint-Fort (2016), when addressing the mobilization and remobilization 

of radionuclides, it is crucial to consider weathering releases and concurrent speciation to water, 

sediment, soil, and air with potential for further distribution and dispersion via dust and biota 

uptake.  

The environmental stability and bioavailability are regulated by the physical and chemical state of 

the radionuclides (Konoplev et al., 2020). The release scenarios such as temperature, pressure, air 

presence may affect the speciation of deposited radionuclides in an ecosystem (Skipperud and 

Salbu, 2015). Environmental impact and risk assessments associated with radioactive 

contamination are typically extracted from total radionuclide concentrations, assuming that 

radionuclides released into the environment are homogeneously distributed (Skipperud and Salbu, 

2015).  

2.3.2. Mobility of potentially toxic elements 

 

Figure 4. Potentially toxic element sources in soil ecosystems (Palansooriya et al., 2020) 
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Potentially toxic elements are a group of elements that have been associated with contamination, 

toxicity, and pollution as a result of natural or anthropogenic sources (such as mining) (Stevanović 

et al., 2018). While natural PTEs exist in soils, anthropogenic activities help increase the rates of 

redistribution of these elements through different environmental segments (de Souza Braz et al., 

2013). These elements have also been named toxic metals, trace elements, trace metals, or heavy 

metals, which is the most popular term (Hooda, 2010). Hooda (2010) further state that whilst none 

of the above-mentioned terminologies are utterly accurate from a chemical point of view, PTEs 

terminology is more inclusive and appropriate than toxic or heavy metals. High soil degradation 

in the world is due to the deposition of PTEs in soils by anthropological activities, such as fossil 

fuel burning, mining, smelting ores, and other activities as shown in (Figure 4.) (Cui et al., 2016). 

During the mining activities, the pollution of the ecosystem by PTEs poses serious concern due to 

their non-degradability and persistence in the ecosystem; their physical, chemical, and biological 

processes may combine to concentrate metals rather than dilute them under certain circumstances; 

and finally, they have a significant effect in polluting the environment  (He et al., 2015; Igwe et 

al., 2019). In a soil environment, PTEs can exist in both solid and solution phases (Ogundiran and 

Osibanjo, 2009). Ogundiran and Osibanjo (2009) further state that when these elements are present 

in the aqueous phase, they are mobile and toxic, while in the solid phase, they are immobile, inert, 

and harmless. Previous research has demonstrated that if the soil is not very acidic, soil 

components typically bind these elements so that they do not leach freely from the soil, and they 

are not readily available to plants (Igwe et al., 2019).  

In order to identify, monitor, and assess the potential source of contamination in an area, it is 

essential to determine the content of PTE and its spatial distributions in soils (Stevanović et al., 

2018). However, the substantial migration of these elements down the profile can be identified 

only in mildly to highly acidic soils (Igwe et al., 2019). Ogundiran and Osibanjo (2009) studied 

the mobility and speciation of heavy metals in soils impacted by hazardous waste, where the results 

indicated that the highest levels of PTEs are present in the uppermost layer with significant 

migration down the soil depth, thereby posing a threat to groundwater quality. Potentially toxic 

elements are currently of great environmental concern because if their accumulation in soils is 

excessive, they may be harmful to humans and animals (Dikinya, 2015). However, most elements 

are needed in small quantities in living organisms (Keshavarzi et al., 2015). Since the toxicity level 

of some PTEs can be just above the background concentrations that are being present naturally in 

the environment, therefore, a thorough knowledge of PTEs is essential to enable proper defensive 

measures to be taken against their excessive contact (Jaishankar et al., 2014). The importance of 

PTEs in soil may be presented in three ways, e.g., macronutrients, micronutrients, and toxic 
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elements (Khumalo et al., 2020). Plants require essential macronutrients (such as nitrogen (N), 

phosphorus (P), potassium (K), (calcium) Ca, sulfur (S), and magnesium (Mg)) and micronutrients 

(such as iron (Fe), zinc (Zn), manganese (Mn), nickel (Ni), and copper (Cu)) from soil to grow 

and complete the cycle of life (Kabata-pendias and Pendias, 2001). Micronutrients are essential 

for plants in low concentrations, but in high concentrations, they can be very toxic (Stanojković-

Sebić et al., 2017); on the other hand, macronutrients are required in abundance for the plants’ 

growth (Wuana and Okieimen, 2011). Whereas Hg, Pb, Cd, and As are nonessential nutrients that 

are recognized as harmful and have caused significant health problems (Shiva Kumar and 

Srikantaswamy, 2014). Al-hwaiti and Ranville (2010) are of the opinion that Cd is of the most 

significant concern of all the toxic PTEs due to its toxicity, it's capacity to accumulate in soils, and 

its bioaccumulation in plants and animals.  

Increased levels of PTEs in soils can also lead to increased uptake of plants with subsequent human 

health effects, and these absorptions typically depend on the PTE concentration in the soils, the 

chemical and final types of the elements (Sungur et al., 2014). Some toxic elements (e.g., Mo) can 

contribute to trace metal deficiency, such as Zn, Cu, etc. (Dikinya, 2015). Furthermore, soil 

properties, as well as an increase in the pollution loads of nitrogen and phosphorus, can be altered 

by biochemical activity associated with PTEs (Dikinya, 2015).  

2.4. Ecosystem transfer 

It has been established that research studies conducted on soil contamination near mines often do 

not take into account downstream impacts on plants (Soltani et al., 2017). It is crucial to study the 

transfer process and plant mineral uptake of natural radionuclides and PTEs through the natural 

environment in terms of their presence and persistence complexity (Lema et al., 2014). Potentially 

toxic elements in soils are, on the one hand, the primary source of micronutrients since they 

contribute to the plant health and nutritional value of food and, on the other, they can accumulate 

in soils as toxins due to anthropogenic inputs (Kabata-Pendias, 2004; Schneider et al., 2019). 

Kabata-Pendias (2004) further state that some exceptions are in cases of flooding by contaminated 

waters or from heavy atmospheric deposition of pollutants. According to Greger (2004), 

radionuclides’ availability can be high in a specific soil or plant. Therefore it is necessary to know 

the plant type, soil type, and which radionuclides are of interest before making any environmental 

recirculation calculations of the radionuclide in question (Greger, 2004).  

Different factors such as the concentration of each element in soil, soil pH, climate, radionuclide 

speciation in soil solution, soil organic content, and soil type have been known to impact the 
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radionuclide and PTE accumulation in plants (Adesiji and Ademola, 2019). The transfer of trace 

elements between soil phases can be seen as the fundamental processes regulating their behavior 

and bioavailability (Kabata-Pendias, 2004). According to Popic (2014), transfers of the 

radionuclides and trace elements will change over time due to various parameters and processes 

such as the ecosystem composition, the essential chemical composition of the elements, soil 

physical and chemical features, the temperature and hydrological conditions, element migration in 

the soil, changes in intake/uptake levels, biological half-lives. The most critical problem in 

agricultural and environmental studies has been the bioavailability of trace elements and 

radionuclides (Kabata-Pendias, 2004; Strok, 2012). Soil-to-water or sediment-to-water 

interactions are often described by distribution (also known as a partition) coefficients (Kd), 

whereas soil-to-plant transfer is usually described by the transfer factors (TFs) (Skipperud et al., 

2013).  

2.4.1. Mobility factor  

Since PTEs are associated with various soil components in different ways, these associations 

determine their mobility and availability (Kabala and Singh, 2001). Similarly, the estimation of 

the possibility for bioconcentration and further bioaccumulation of radionuclides in the food chain 

can be determined by assessing the plants’ uptake of these elements (Popic et al., 2011). Moreover, 

the mobility of these PTEs elements in soil may be evaluated based on the absolute and relative 

contents of fractions weakly bound to soil components during the sequential extraction procedure 

(Kabala and Singh, 2001). Therefore, some metal forms are strongly bound to soil components 

than those extracted in Fraction 1 (F1), Fraction 2 (F2), and Fraction 3 (F3) (Topcuoğlu, 2016). 

Hence, the relative index of metal mobility may be calculated as a mobility factor (MF) based on 

the following Equation (1) (Topcuoğlu, 2016): 

𝑀𝐹 =
𝐹1+𝐹2+𝐹3

𝐹1+𝐹2+𝐹3+𝐹4
  (1) 

An MF is used to differentiate the natural concentration of PTEs from anthropogenic pollution at 

various soil depths (Shaheen and Iqbal, 2018). A high percentage of MF has been attributed to the 

potential of metal to become environmentally mobile and bioavailable (Ogundiran and Osibanjo, 

2009). 

2.4.2. Distribution coefficient  

The speciation of radionuclides and the chemical type have a significant effect on their movement 

through environmental media and biota uptake (Calmon et al., 2009). According to the IAEA 
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(2011), the extent of radionuclide sorption in the solid phase is often quantified by the solid-liquid 

distribution equilibrium (Kd), which can be used when determining the overall mobility and 

possible residence times of radionuclides in soils.  Similarly, Kd plays a crucial role in identifying 

PTE guidelines in soils and in evaluating environmental risks, and its importance depends on the 

soil influence and climate patterns of the sites where the soils occur (de Souza Braz et al., 2013). 

Furthermore, the United States Environmental Protection Agency (1999) asserts that the Kd 

parameter is exceptionally significant in estimating the potential adsorption ability of dissolved 

contaminants in contact with the soil. The values of Soil Kd can differ significantly with soil type, 

and where the soil characteristics are unknown, a generic soil Kd value can be adopted (Calmon et 

al., 2009). Since the quality and quantity are among the fundamental soil properties that affect 

sorption, an excellent approach to determining Kd values for a large number of radionuclides and 

PTEs is the classification of Kd values by soil groups based on soil texture and organic matter 

content (IAEA, 2011; Sohlenius et al., 2013). Sohlenius et al. (2013) further state that a high Kd 

value means that most of the element is adsorbed to solids and that its mobility due to water flow 

is poor.  

2.4.3. Transfer factor 

The radionuclides and PTEs uptake from the soil by plants are generally expressed as soil-to-plant 

transfer factor (TF) or transfer coefficient (TC) or concentration ratio (CR) (Laţo et al., 2012; 

Adesiji and Ademola, 2019). Transfer factors or concentration ratios are classified as the ratio of 

radionuclide or element concentrations in an organism to that in soil (Popic, 2014). Transfer 

factors (TFs) are widely used to determine the bioavailability of radionuclides and metals and 

ecological transfer from soil to biota, as shown in (Figure 5.) (Calmon et al., 2009; Popic, 2014). 

According to IAEA (2010), the transfer of radionuclides is usually in 

larger concentrations to leaves and stems and in much lower levels to the generative parts of 

plants. 
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Figure 5. Principle uptake pathways for the uptake of soil contaminants by plants (Collins et al., 

2006; McLaughlin, 2018) 

The soil-to-plant TF is considered to be one of the most significant parameters required for nuclear 

industries in environmental safety assessment (El-taher, 2015). Chakraborty et al. (2013) noted 

that the soil-to-plant TF is used for environmental transfer models, which play an essential role in 

predicting the radionuclide concentration for estimating dose impact to a human being. 

Furthermore, (Skipperud et al., 2013) concur that TF (kg/kg) are used for modeling purposes and 

are based on many factors (e.g., soil characteristics, microbial processes, plant and animal species, 

dietary behaviors, trophic levels) and, in particular, radionuclide and metal speciation. Previous 

studies indicate that by changing various soil properties and environmental conditions, there can 

be a transformation of radionuclides from a potential mobile form to an immobile form or vice 

versa, with a direct impact on plant uptake (Iurian et al., 2015). The TF for the uptake of any 

radionuclide or PTE from soil to plant is defined as the ratio of the activity concentration in a plant 

part (in dry weight) to the activity concentration in the specified soil layer (in dry weight) (IAEA, 

2011). According to Gerzabek et al. (1998); Smičiklas and Šljivić-Ivanović (2016), soil‐to‐plant 

TFs have been commonly used in radioecology to measure the availability of radionuclides in 

soil for plant uptake using Equation (2). Laţo et al. (2012) concur that the content of PTEs in soils 

can be established in a similar way.   

𝑇𝐹 =  
𝑃𝑙𝑎𝑛𝑡 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (

𝐵𝑞

𝑘𝑔
)

𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑖𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝐵𝑞

𝑘𝑔
)

 𝑜𝑟 𝑇𝐹 =  
𝑀𝑒𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑝𝑙𝑎𝑛𝑡 (

𝑚𝑔

𝑘𝑔
) 

𝑀𝑒𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑜𝑖𝑙 (
𝑚𝑔

𝑘𝑔
)

  ( 2) 
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Given that soil-to-plant transfer varies significantly between different plant species and seasons, 

this approach also provides rough estimates of the potential bioavailability of elements (Smičiklas 

and Šljivić-Ivanović, 2016). Similarly, Jolly et al. (2013) state that the TF values may vary 

significantly between plant species and locations. Higher TF values (≥1) indicate higher absorption 

of elements from the soil by the plant and higher suitability of the plant phyto-extraction and phy- 

toremediation, and lower values indicate the inadequate response of plants towards element 

absorption, and the plant can be used for human/animal consumption (Agic et al., 2015; Mirecki 

et al., 2015). Furthermore, high transfer or mobility factors demonstrate that anthropogenic PTEs 

can disperse and be bioavailable easily within the environment, if not limited to the setting 

(Ogundiran and Osibanjo, 2009). Smičiklas and Šljivić-Ivanović (2016) state that TFs, despite 

limitations, are currently accepted as the most practical way of describing plant uptake. The 

amount of radionuclides in the soil solution that is available for root uptake is affected by the 

changes in soil physicochemical properties and biological processes (Hegazy et al., 2013). Kabata-

Pendias (2004) noted that there had been an increase in a number of researches associated with 

both the understanding of the processes involved with plant absorption of elements (nutrients and 

non-nutrients) and to determine the most accurate techniques for the prediction of a 

given element's availability to plants. The potential toxicity of PTEs is limited by three protective 

mechanisms of soil-plant transfer systems which may reduce the problems they might cause in 

animals and human beings (Laţo et al., 2012). Laţo et al. (2012) further state that these protective 

mechanisms include: elements that are insoluble in the soil and that do not accumulate in plants; 

elements that are absorbed in the root but are insoluble and come in small quantities; elements that 

cause phytotoxicity when added in abundance, so plants are not ingested by humans or animals. 

Therefore, to measure radiation doses for humans, it is vital to evaluate and estimate the 

concentration of different elements present in the soil and their transfer factor to different plant 

samples (El-taher, 2015). Furthermore, all the significant variables that govern the behavior of 

these elements in soils, particularly those that control their mobility and soil-plant transfer, should 

be considered for environmental protection criteria (Kabata-Pendias, 2004).  

2.5. Factors influencing the distribution of PTEs and radionuclides  

The distribution of elements in the environment is determined by the properties of each element 

and by various environmental factors (Jaishankar et al., 2014). Soil properties are primarily 

grouped into physical, chemical and biological, microflora and microfauna (Smičiklas and Šljivić-

Ivanović, 2016). After radionuclides and PTEs deposition on the soil surface, the relocation and 

movement of these elements in soil depend on the soil properties, i.e., pH, cation exchange 
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capacity (CEC), texture, interchangeable calcium and potassium, clay content, grain size, as well 

as organic matter (Salbu et al., 2004; Skipperud and Salbu, 2015; Gupta and Voronina, 2019; Shiva 

Kumar and Srikantaswamy, 2014). Similarly, these properties also contribute to the pollution of 

PTEs and radionuclides in soils and affect solubility (Igwe et al., 2005). Furthermore, the 

physicochemical properties (pH, soil organic matter, cation exchange capacity, moisture content, 

clay content, nutrient status, and mineralogy) might influence the migration of these elements in 

soil (Adesiji and Ademola, 2019). Therefore, it is necessary to characterize the properties of soils 

and plants to investigate the nature of radionuclides and PTEs in a mining environment, such as 

the transfer from soils to plants (Soltani et al., 2017).  

According to Skipperud and Salbu (2015), the understanding of mobility data requires knowledge 

of soil physical properties. If mobility factors are very high, it indicates that anthropogenic 

radionuclides and PTEs have great potential to spread and be rapidly bioavailable in the 

environment if measures are not put in place (Ogundiran and Osibanjo, 2009). There is a 

correlation between the CEC values and the values of the pH and organic matter (OM) content 

(Bielicka-Giełdoń et al., 2013). According to Bielicka-Giełdoń et al. (2013), higher pH values and 

organic matter content result in higher values of the CEC measured. As a result, CEC is considered 

a good indicator of soil quality and productivity (Ross and Ketterings, 2004). In addition, Agic et 

al. (2015) state that when the pH, organic matter content, CEC, and clay increase, the percentage, 

and availability of the metals reduce. As a consequence, it is of utmost importance to identify the 

factors that influence the bioavailability, leaching, and possible toxicity of elements in soils 

(Violante et al., 2010). 

2.5.1. The pH 

Soil chemistry plays a major role in nutrient availability for the plants, where nutrient availability 

is determined by acidity or alkalinity (basicity) of the soil solution (Steed and Reed, 2000). 

Changes in soil pH (either acidification or alkalization) are regarded as a sensitive indicator of 

anthropogenic factors (Kabała et al., 2016). There is a possibility for higher mobility of metallic 

elements when the pH is acidic, and thus greater bioavailability for living organisms and hence 

more tremendous potential for toxicity (Bielicka-Giełdoń et al., 2013). The pH is one of the factors 

that have an influence on the mobility of radionuclide and PTEs in the soil (Shiva Kumar and 

Srikantaswamy, 2014; Ogundiran and Osibanjo, 2009; Dowdall et al., 2008). According to Igwe 

et al. (2005), pH is the most crucial characteristic in determining the chemical environment of 

plants and soil. Additionally, Tomašić et al. (2013) state that the soil pH is a vital soil parameter 
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that is positively correlated with CEC. Furthermore, the metal content associated with carbonates 

is prone to changes in pH and can be mobilized if pH is reduced (Filgueiras et al., 2002). 

It is therefore presumed that the concentration of an element in the soil solution is dependent on 

the equilibrium between the soil solution and the solid phase, with pH playing a decisive role 

where the metal mobility decreases with increasing pH (Bielicka-Giełdoń et al., 2013). Similarly, 

Rieuwerts (2007) states that the separation of trace metals in soils is most often and consistently 

influenced by the pH of the soil property. Rieuwerts (2007) further says that pH often leads as the 

parameter that can better estimate trace metal solubility in the opposite association. According to 

Fite and Leta (2015), the pH is either directly or indirectly affects the migration, transformation, 

and many reaction pathways of metal retention by soils. Savosko et al. (2020) concur that the pH 

is the predominant soil factor in determining the mobility and availability of radionuclides. Since 

the pH is the most critical factor controlling the distribution of PTE and radionuclides 

concentrations, it is consequently possible to predict the future mobility of different elements by 

predicting the future changes in pH (Sohlenius et al., 2013). According to Kabała et al. (2016), a 

number of soil reaction measures are used worldwide depending on the need or objective, such as 

distilled water, one (1) mol/L KCl, and 0.01 mol/l CaCl2. Kabała et al. (2016) further state that 

KCl solution has been the most common eluent for soil pH measurement at a soil: solution ratio 

1:2.5, which is used to determine soil fertility, soil liming needs, and soil contamination.  

2.5.2. The soil organic matter 

The organic matter content of soils (SOM) is highly heterogeneous; it is decomposed rapidly in an 

arid environment and degraded soils  (Iurian et al., 2015). However, its deposition is gradual and 

is determined by climate, soil type, vegetation, and soil organisms (Iurian et al., 2015). According 

to Rieuwerts (2007), the extensive soil literature shows that SOM is well known to have a 

significant effect on trace metal behavior. Similarly, El-taher (2015) and Khelifi et al. (2019) 

concur that the OM is one of the factors controlling the bioavailability and the content of PTEs 

and radionuclides in the soil. Furthermore, Bielicka-Giełdoń et al. (2013) state that organic matter 

is one of the most significant aspects of soil fertility because it is the natural protective barrier 

against metals as it decreases their mobility. The differences in organic matter content have a 

substantial effect on the distribution of radionuclides and PTEs, and also, the amount of organic 

carbon has an essential determinant of element mobility (Sohlenius et al., 2013). According to 

Hernandez-Soriano and Jimenez-Lopez (2012), organic matter content in soil plays a vital role in 

the proper uptake for certain elements that are essential for healthy crop development, e.g., Cu and 

Zn. Calmon et al. (2009) state that there is a possibility of different impacts because of changes in 
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soil OM content, depending on whether the respective radionuclide can form organic complexes. 

According to Roper et al. (2019), SOM consists of various C compounds, and many methods have 

been developed to quantify SOM and its constituent compounds.  

2.5.3. The cation exchange capacity  

The soil’s cation exchange capacity (CEC) is a measure of the amount of negatively charged sites 

on soil surfaces that can hold cations by electrostatic forces (Jaremko and Kalembasa, 2014). The 

function of the CEC is to assess soil fertility, nutrient retention capacity, and the capacity to 

preserve groundwater from cation contamination (Bielicka-Giełdoń et al., 2013). It is essential to 

know the intended use of the data because of the different methods used to estimate the CEC (Ross 

and Ketterings, 2004). The CEC influences the mobility of metals, where silicate minerals may 

provide cation exchange (CE) sites for adsorption/desorption of the metals (Rodgers et al., 2015). 

Furthermore, CEC is necessary to maintain a sufficient amount of plant-available calcium (Ca2+), 

magnesium (Mg2+), and potassium (K+) in soils (Jaremko and Kalembasa, 2014). Similarly, for 

radionuclides, the properties of the soil absorbing complex are the determining factor from soil to 

plants (Savosko et al., 2020). Savosko et al. (2020) furthermore state that if the strength of sorption 

of radionuclides in the soil is higher, the greater is its CEC and the sum of exchange bases. 

Similarly, Calmon et al. (2009) state that low CEC leads to the increased mobility of radionuclides 

within the soil profile. Whereas a high CEC decreases metal mobility and availability as well as 

improves preservation of metal cations, as many studies reveal the significant relationships 

between the contents of CEC, clay, or organic matter (Du Laing et al., 2009). It is believed that 

the agrochemical properties of soils play a significant role in the behavior of radionuclides 

(Savosko et al., 2020).  

Different methods have been proposed to measure the CEC and sum of exchangeable cations in 

soils and many yields in very different results (Jaremko and Kalembasa, 2014). Several studies 

have been conducted to compare these methods (Ciesielski and Sterckeman, 1997; Ross and 

Ketterings, 2004; Tomašić et al., 2013; Jaremko and Kalembasa, 2014; Zgorelec et al., 2019; 

Mustapha et al., 2020).  

Ciesielski and Sterckeman (1997) conducted a comparison study between three methods for the 

determination of CEC and exchangeable cations in soils. In this study, the comparison of the single 

extraction cobalt hexamine chloride (Cohex chloride) method, the barium chloride method, and 

the ammonium acetate method was done. The researchers found the barium chloride method and 

the single extraction Cohex method as equivalent. The researchers suggested that the Cohex 
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chloride can favorably replace the barium chloride method. The results of this study indicated that 

the specificities of the ammonium acetate method make it difficult to choose an alternative 

procedure (Ciesielski and Sterckeman, 1997). Likewise, Jaremko and Kalembasa (2014) compared 

four methods for the determination of CEC of soils; Kappen’s method, sodium acetate (pH = 8.2), 

barium chloride, and hexaamminecobalt (III) chloride (Cohex chloride). The barium chloride 

method and the Cohex chloride method were found to be equivalent. The values obtained with the 

sodium acetate method (especially for acid soils reach in organic matter and very calcareous soils) 

and Kappen’s method gave an overestimated result. In addition, the comparison of two different 

CEC determination methods (barium chloride and ammonium acetate) regarding the soil 

properties was made by Zgorelec et al. (2019). In this study, it was observed that the values of 

CEC obtained by barium chloride were more corresponded to the actual sorption capacity of soils 

than the values of CEC obtained by ammonium acetate. Furthermore, the authors point out that 

even though the pH seven (7) buffered ammonium acetate solution is the widely used method, its 

use for some acid and/or salty and/or high OM content soils is questionable. Consequently, the 

ammonium acetate method may result in an overestimation of CEC in soils with pH-dependent 

charges. In contrast, the barium chloride method resulted in accurate and precise CEC values 

measured with reference materials and actual samples (Zgorelec et al., 2019). Moreover, the 

barium chloride method is adopted and accepted as the international standard (Tomašić et al., 

2013). In another study, Ross and Ketterings (2004)  recommended the process for determining 

the CEC in soil depending on the intended use of the data. The authors suggested that for regulatory 

and/or soil classification purposes, ammonium acetate buffered at pH 7 is the recommended 

procedure. Whereas, to accurately measure the CEC of a soil under field conditions, the barium 

chloride compulsive method is suggested. Ross and Ketterings (2004) described the advantages 

and disadvantages of using the barium chloride CEC determination method. 

Advantages for BaCl2 CEC determination method 

❖ It is a highly repeatable, precise, direct measure of a soil’s capacity to retain non-acid 

cations (CECb). 

❖ It determines CECb at the pH and ionic strength of the soil. 

Disadvantages for BaCl2 CEC determination methods 

❖ It is very time-consuming and generates hazardous waste (BaCl2.2H2O). 

❖ It is unlikely to be well-suited for most routine soil testing laboratories and might only be 

offered by University laboratories. 
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2.5.4. Meteorological conditions  

Meteorological conditions such as rainfall and temperature affect the physicochemical parameters 

of the soil since they regulate leaching intensity and soil mineral weathering (Isimekhai et al., 

2017). In addition, environmental floods and droughts may have a substantial impact on the quality 

and quantity of water bodies, with direct or indirect effects on ecosystems (Valencia-Avellan et 

al., 2017). Valencia-Avellan et al. (2017) further state that the rainfall (e.g., acid rain) may cause 

pH changes, disrupting the buffering ability of the river chemistry, causing metals to be desorbed 

from sediments or soils. Similarly, Hurel et al. (2017) assert that the dissolution of minerals as a 

result of frequent and extreme rainfall, pH variation, and aerobic conditions increase the mobility 

of trace elements. The mining areas may be affected by the increasing frequency and magnitude 

of rainfall series events by re-mobilizing and transferring metal-rich sediments and increasing 

metal-rich runoff, impacting the quality of river water (Valencia-Avellan et al., 2017). A similar 

approach applies to radionuclides, Walther and Gupta (2015) state that the total amount of rainfall 

and the intensity of the precipitation are some of the key factors regulating the uptake of 

radionuclides. Radionuclide migration to deeper soil layers may be enhanced by high-intensity 

rainfalls. According to Smičiklas and Šljivić-Ivanović (2016), the rain and the soil's ability to 

immobilize radionuclides are essential factors for regulating activity concentrations available to 

biota. Therefore, it is necessary not to neglect climatic conditions when studying the mobility of 

elements (Hurel et al., 2017). 

2.6. Analytical methods 

Soil is the fundamental predictor of any possible future long-term contamination and helps 

hazardous areas for human health to be detected (Gad et al., 2019). Several analytical methods 

such as gamma-ray spectrometry, alpha-particle spectrometry, liquid scintillation emanation 

counting, gross alpha counting, inductively coupled plasma mass spectrometry (ICP-MS), 

inductively coupled plasma optical emission spectrometry (ICP-OES), and kinetic 

phosphorescence analysis have been applied in order to determine the concentrations of uranium 

and radium-226 (Waggitt, 2008). Similarly, for PTEs, many studies have been carried out to 

determine the content of PTEs using total or pseudo-total sample preparation procedures (de Souza 

et al., 2015). de Souza et al. (2015) further state that a variety of extraction methods to assess PTE 

bioavailability in the soil have been proposed; however, there is no agreement about the most 

effective extractor. 
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2.6.1. Determination of gamma active radionuclide 

Monitoring of ambient radioactivity is vital, and the information on radiation levels in the rock 

and soil is crucial for the estimation of natural radiological risk resulting from these isotopes 

(Júnior et al., 2006). In order to assess the health risks posed by radiation exposure, environmental 

radiation techniques are used to determine the dosage of radiation exposure from environmental 

sources (Durusoy and Yildirim, 2017). Several radiochemical analytical procedures have been 

developed based on extraction with ion-exchange column chromatography, liquid organic 

solvents, and packed columns that are ready-to-use (Oliveira & Carvalho, 2006). Oliveira & 

Carvalho (2006) further state that, nonetheless, most of these procedures are time-consuming, 

generate high amounts of toxic waste, such as organic solvents, and do not always allow for high 

chemical recovery yields. Gamma-spectrometry using a sodium iodide detector has been used for 

the analysis of radionuclide concentrations (Ademola et al., 2015; Al-Jundi, 2002; Manigandan 

and Chandar Shekar, 2014). Additionally, according to Júnior et al. (2006), gamma-spectrometry 

with high purity germanium detector is a very effective method for analyzing radionuclides in 

environmental samples. 

2.6.2. Determination of radon gas in soil 

Different techniques have been used for measuring the concentrations of radon (Rn-222) and its 

daughters in the environment, where most common methods rely on the detection of alpha 

particles. (Baskaran, 2016; Agency for Toxic Substances and Disease Registry, 2013). The Agency 

for Toxic Substances and Disease Registry (2013) further states that although some methods are 

based on the detection of emitted gamma rays during the decay process. One of the methods that 

have been used for the determination of radon is a volume trap detector using an alpha 

spectrometer, where the material is dissolved in nitric acid followed by additional digestion in 

hydrochloric acid (Oberstedt & Vanmarcke, 1996). Furthermore, the polonium is auto deposited 

on a silver plate during drying with an infrared source (Oberstedt & Vanmarcke, 1996). Similarly, 

Carvalho et al. (2007) state that analyses made by alpha spectrometry are performed on less than 

63 µm solid material samples in mud from acid water neutralization. These samples are 

electroplated on stainless or silver foil discs following the complete dissolution of sample material 

with acids (Carvalho et al., 2007).  

Other radon determination methods have been evaluated by Tanaka et al. (2017), where the authors 

studied the accurate measurement of indoor radon concentration using a low-effective volume 

radon monitor. In this study, a gas-flow ionization chamber, a trace environmental level detector 
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with a photomultiplier tube, and AlphaGUARD was used. In this study, the measurement time and 

net count required for indoor radon measurements were evaluated. The results indicated that 

AlphaGUARD being a low-effective volume detector and one of the most popular portable radon 

monitors, which is currently available, can provide accurate measurements. However, when 

AlphaGUARD is evaluated against a gas-flow ionization chamber and a trace environmental level 

detector with a photomultiplier tube, the two monitors were found to be  ~10 times more sensitive 

than alphaGUARD (Tanaka et al., 2017). 

2.6.3. Total and pseudo total element determination in soils, plants, and 

water 

Total element concentrations can be determined by total mineralization (digestion of soils and 

plants). In practice, the hardly dissoluble silicates contents are frequently neglected by strong 

oxidative acid mixture digestion; in this case, it can be called a pseudo total element content. Later 

in the dissertation, total and pseudo total procedures will be applied according to the technique 

used. 

Many studies that include the determination of total PTE concentrations have been conducted 

(Opaluwa et al., 2012; Baran and Tarnawski, 2015; Rosado et al., 2016; Zhang et al., 2017; 

Isimekhai et al., 2017; Stevanović et al., 2018).  The determination of total PTE concentration and 

its spatial distributions in soils could be partially beneficial in determining, monitoring, and 

evaluating the potential source of contamination in the area of concern (Stevanović et al., 2018). 

Additionally, the determination of total PTE concentration has been a valuable indicator for the 

appropriate assessment of sediment contamination (Baran and Tarnawski, 2015). However, total 

concentrations might provide inadequate information about the potential mobilization and 

associated risk of PTEs in soils (Sungur et al., 2014; Rinklebe and Shaheen, 2017). Although the 

mobility, bioavailability, and eco-toxicity of PTEs depend more on their chemical speciation rather 

than on their total content (Soltani et al., 2017), it is helpful to determine the total concentrations 

of PTEs. Risk assessment management and regulatory procedures, in general, have prioritized the 

soil total content of PTEs as a possible source of human, cattle, and wildlife exposure (Adamo et 

al., 2014). Intawongse and Dean (2007) acknowledge that not all methods are helpful to study all 

PTEs under different soil conditions.  

Ogundele et al. (2015) state that studies on PTE accumulation in the soils is well documented. 

However, studies focused on soil contamination near mines often pay little attention to 

downstream impacts on plants (Soltani et al., 2017). The soil is the primary source of PTEs for 
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plants, animals, and humans (Hooda, 2010). Since soil to plant transfer is a significant process that 

exposes humans to PTEs through the food chain (Keshavarzi et al., 2015), it is crucial to determine 

the total concentration in various environmental mediums to understand the level of accumulation. 

On the other hand, different plant species have been used to remove the PTEs from the soil and 

have demonstrated the ability to extract and store these PTEs in roots or aerial parts for remediation 

purposes (Kede et al., 2014). According to Ojuederie and Babalola (2017), bioremediation is an 

eco-friendly and productive way of using the biological processes of microorganisms and plants 

to restore environments contaminated with PTEs and eliminate harmful contaminants.  However, 

the plants that are not intended for remediation purposes can uptake these PTEs from the soil and 

be part of the food chain, thereby posing a danger to human and environmental health (Shaheen et 

al., 2016). Although the majority of these PTEs have essential biological functions in plants as 

essential micronutrients (Jaishankar et al., 2014), they are needed in minimal quantities (Lohry, 

2007). Therefore, elevated levels of PTEs in the soil due to anthropogenic activities pose 

environmental and health risks (Hooda, 2010). 

Additionally, anthropogenic activities such as uranium mining have been a significant source of 

contamination to aquatic environments due to environmental problems associated with deactivated 

mines (Ferrari et al., 2017). Contaminants such as U can leach or be mobilized from the uranium 

spoil deposits into the groundwater or surface water. Waterborne stream contamination is 

primarily due to the transport of uranium from mine tailings as an aqueous phase with a possibility 

of uranium transported in colloid form (Winde et al., 2004). Quesada-González et al. (2018) state 

that the U that exists naturally in granite and other mineral deposits may also contribute to 

groundwater contamination. The aquatic environment usually is the ultimate destination of 

contaminants from problematic areas, where the surrounding biota and humans can be affected 

(Ferrari et al., 2017). According to Winde (2016), in order to quantify a contamination hazard in 

the environment, there are two significant aspects to be considered (the concentration of the 

pollutant and its quantity). Furthermore, maximum permitted concentrations for different 

contaminant types are legislated to minimize environmental and health risks (Winde, 2016). It is 

the mine’s prerogative to ensure that any of the materials do not surpass the thresholds in place 

and to ensure that the drinking water is protected by conducting routine environmental monitoring. 

Goulet et al. (2015) state that further toxicity studies with water chemistry downstream from 

uranium mines are required to help predictive evaluations of the impacts of U discharge into the 

surrounding environment.  
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To address the environmental problems, during the Mecsek uranium mine operation (1956 – 

1997), the town of Pecs and the surrounding countryside, including its hillside vineyards and 

groundwater, were given high priority regarding environmental protection (IAEA, 2009). As part 

of the remediation process, frequent monitoring of radioactivity and PTEs in groundwater near the 

spoil deposits, seepage water from the waste rock pile, mine water, and treated mine water was 

conducted. According to Mecsekérc Zrt. (2017), this hydrogeological monitoring is to ensure that 

the Pellérd-Tortyogó and the northern karstic water resources are protected against any 

contamination and to predict any process indicating the distribution of contamination to be able to 

plan for any intervention. Amongst the elements being monitored, U has been a priority due to its 

potential chemotoxicity and high mobility. Iurian et al. (2015) state that although U is a radioactive 

element, it is also a PTE whose primary effect on human health is through a chemical toxic impact 

on the kidneys. Iurian et al. (2015) further state that uranium is commonly managed as a chemical 

toxic species due to its low radiological risk compared with chemical toxic risk. Therefore, as part 

of the monitoring program, the concentrations of U in water from the Mecsek uranium mine were 

determined in this study. It has been indicated that the most critical areas to focus on regarding 

hydrological monitoring include contamination impacts resulting from waste rock dumps No. I, 

No. III, and also the monitoring related to the remediation of several ponds (Mecsekérc Zrt., 2017). 

Mecsekérc Zrt. (2017) further states that this process is predicted to continue for at least 15 to 30 

years. 

2.6.4. BCR sequential extraction  

It has been established that total concentration cannot provide the required information for the 

bioavailability of PTEs; hence speciation is a useful tool for obtaining this information (Geography 

and Labor, 2008; Sungur et al., 2014). Moreover, the total metal content alone does not provide 

adequate knowledge about the dangers caused by metals because they are accessible to plants to a 

different degree depending on their type of occurrence (Geography and Labor, 2008). Okoro et al. 

(2017) emphasize that the characteristics and toxicity for the total concentration of PTEs are often 

not accurately represented. Okoro et al. (2017) further state that to address these challenges, 

analyzing the individual fractions of the soil to which the metals are attached to better understand 

their actual and potential environmental effects is helpful. According to Qasim and Motelica-

Heino (2014), additional data on the concentrations of particular physicochemical forms of the 

PTE is required as the behavior of PTE in the environmental system relies on chemical speciation. 

The method of fractional leaching is traditionally applied for the migration of radionuclides and 

PTEs investigation in soil, including subsequent soil processing with different reagents to 

determine mobile forms: water-soluble, exchangeable, acid-soluble; and firmly fixed (Kuterbekov, 
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2019). According to Gleyzes et al. (2002), sequential extraction is one of the most widely-applied 

procedures proposed by Tessier et al. (1979). The sequential extraction studies have been 

providing an effective way of assessing the metals associated with the main accumulative phases 

in sedimentary deposits (Filgueiras et al., 2002).  

In the study by Heltai et al. (2015), the development of the BCR sequential extraction procedure 

and the methodological problems connected to its practical application are discussed in detail as 

follows: 

“The environmental mobility and biological impact of heavy metals in environmental systems are 

determined by their chemical species forms. Biological risk assessment of contaminated areas, 

therefore, in principle, should require the total speciation of all chemical elements present in the 

system. However, due to the complex structure of solid environmental samples (e.g., soils, 

sediments, gravitation dust, mining waste, etc.), this analytical task in practice cannot be 

completely solved. As a compromise fractionation of heavy metal content according to 

environmental mobility and estimation of biological availability by sequential extraction 

procedures became the main tool of primary risk assessment of heavy metal contamination in the 

soil/water/atmosphere system. The term “fractionation” was recommended by the IUPAC in 2000 

(Templeton et al., 2000). Mobility of an element according to different solubility of different 

binding classes can be estimated by solvents sequentially applied which contain increasingly more 

and more aggressive reagents (Caroli, 199; Kersten and Förstner, 1995). The strategy of sequential 

extractions can be presented on the following scheme, where the expression of 

SOLVENT(REAGENT) is abbreviated by S(R). 
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The first sequential extraction procedure for characterization of mobility of heavy metals in aquatic 

sediments was developed by Tessier et al. (1979) who classified the metal content of sediments 

according to solubility and binding forms of metallic species as it is presented in the following 

scheme (part “a”). Based on this essential work several 5-8-step sequential extraction schemes 

were developed by which the original chemical structures (binding forms) are gradually dissolved 

and/or decomposed (Gleyzes et al., 2002). The total time demand of these procedures is 5-6 days, 

while duration of the applied batch leaching steps is determined by long setting up time of partition 

and other heterogeneous equilibria. The proposal for a 3(+1)-step sequential extraction procedure 

issued by EU Community Bureau of Reference (BCR) in 1993 is a simplified version of the above-

mentioned schemes (Ure et al., 1993), but it is still time consuming and labour intensive (scheme 

part “b”). As it can be seen in the scheme, in this method the water soluble, the weakly adsorbed 

and the carbonate-associated metal fractions are extracted simultaneously by acetic acid in the 1st 

leaching step, in 2nd step the metal fractions associated with reducible Fe and Mn oxides are 

determined after reduction by hydroxil-amin and then the fraction of metals complexed with 

organics and associated with sulphides is extracted after oxidization by H2O2. In the (+1) step the 

residual fraction can be obtained by means of digestion with aqua regia or HNO3/ H2O2. 
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Re-adsorption of extracted metals during the phase separation can lead to analyte losses. In the 

extracts the high reagent’s concentrations may cause strong matrix effects during the 

spectrochemical element detection. The CRM 601 sediment reference material issued in 1997 was 

certified only for five elements (Cd, Cr, Ni, Pb, Zn) to this procedure (López-Sánchez et al., 1998, 

Quevauviller et al., 1997). During the elaboration of the next (BCR 701) sediment materials, the 

original BCR procedure was modified to avoid the analyte losses during the second leaching step 

due to the pH instability (Rauret et al., 1999; Sahuquillo et al., 1999; Pueyo et al., 2001; Rauret et 

al., 2001)”.  

Sequential extraction methods may provide valuable knowledge about the binding mechanisms 

and the possible mobility of radionuclides and metals in the environment (Skipperud and Salbu, 

2015). Sungur et al. (2014) state that using several sequential extractions to identify the different 

fractions of PTEs is the key to the understanding of the geochemical processes and bioavailability. 

Through these methods, the sample is treated with a series of extraction reagents with the explicit 

purpose of dissolving the various phases (or fractions) of the sediment and thus allowing the 

associated metals to be determined (Dos Santos et al., 2012). Furthermore, these methods enable 

measurement of broader aspects or phases (e.g., bioavailability) and, in the majority of cases, it 

is adequate for environmental policy purposes (Rauret et al., 1999). Therefore, a validated 

technique is required to ensure the reliability and accuracy of the different results obtained (Perez-

Moreno et al., 2018).  

Numerous extraction techniques have been employed to mimic various environmental scenarios, 

using strong acids to test the overall content and bioavailability of PTEs (Qasim and Motelica-

Heino, 2014). However, comparing the data obtained from various sequential extraction schemes 

is difficult due to the lack of uniformity in these techniques since the results rely on the extraction 
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method used (Rauret et al., 1999; Pavlović et al., 2018). Hence, the BCR sequential technique is 

recommended to determine the fractionation or distribution of PTEs in sediments and soils (Kede 

et al., 2014). The BCR technique was developed when the Standards, Measurements, and Testing 

Program (SM&T), formerly known as the Reference Bureau of the European Community (BCR), 

initiated a joint project in 1992 aimed at harmonizing and standardizing the various procedures 

used in soil and sediment to fractionate metals (Rauret et al., 1999; Zhu et al., 2015; Pavlović et 

al., 2018). Since then, various studies have been successfully conducted to study the PTEs in the 

soils and/or sediments using the BCR technique (Pueyo et al., 2008; Sutherland, 2010; Wang et 

al., 2010; Nemati et al., 2011; Bielicka-Giełdoń et al., 2013; Adamo et al., 2014; Barać et al., 

2016; Mittermüller et al., 2016; Rosado et al., 2016; Rinklebe and Shaheen, 2017; Pérez-Moreno 

et al., 2018; Heltai et al., 2019). 

Sutherland (2010) conducted a review study on the BCR® -701 methodology. The author observed 

forty sets of data from the literature. The outcome of the observed data was described as generally 

of high quality and encouraging. The author noted that there were concerns regarding the 

sequential extraction procedures in general, there have been reports expressed over the lack of 

specificity in element removal, re-adsorption, and subsequent redistribution among phases, the 

absence of comparability as experimental parameters between studies differs widely, and the 

potential for contamination increases as the number of steps increases, and the length of time 

required to process successive steps which typically take over several days. 

It has been proven in recent studies that the three-step BCR sequential extraction scheme is not 

without problems and that work is needed to identify the causes of poor reproducibility (Rauret et 

al., 1999). While the use of sequential extraction schemes may include problems such as non-

selectivity, re-adsorption, etc., these methodologies are useful for metal fractionation in order to 

predict metal mobility and bioavailability (Filgueiras et al., 2004). While these extraction 

procedures are not necessarily precise, they may help assess the relative contribution of mixed 

sources of pollution to this mobility and may provide additional data on the mobility of elements 

in soils with changing environmental conditions (Pueyo et al., 2008). On the other hand, Tlustos 

et al. (2005) contend that even though these procedures are usually time-consuming and require 

skilled personnel and good analytical instrumentation techniques, they give the most accurate 

information about fractionation and transformation of elements in soil, especially in relation to soil 

pollution and long-term effect of soil amendments. Furthermore, these methods fulfil all the 

required criteria for wide-ranging implementation: quick, applicable to all types of 

soils and sediments, low cost, and easy to understand and comparable results (Rosado et al., 2016). 
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Moreover, Heltai et al. (2019) suggest that there is a need for the certification for other 

environmental matrices since the BCR certified reference material sample is only certified for the 

fractionation of six elements (Cu, Cd, Cr, Ni, Pb, Zn) in freshwater sediments. Whilst initially 

envisioned for use in sediments; the BCR scheme has been successfully applied in the analysis of 

a wide range of other substrates, including several different soil types (Bielicka-Giełdoń et al., 

2013).  

Sequential extraction technique may be time-consuming; however, it offers comprehensive 

information on the origin, mode of occurrence, biological and physio-chemical availability, 

mobilization, and transport of trace metals (Filgueiras et al., 2002). Similarly, Violante et al. 

(2010) point out that the bioavailability of PTEs and metalloids, their biological uptake, as well as 

their ecotoxicological impacts on the soil biota, can be better understood in terms of their chemical 

speciation. Different factors such as extractant pH, temperature, length of extraction, extraction in 

an inert atmosphere, and the form and concentration of reagents can be studied to determine 

sources of uncertainty in the BCR three-step sequential extraction procedure (Rauret et al., 1999). 

Heltai et al. (2018) reiterate that considering these methodological problems, the use of BCR 

sequential extraction continues to be the traditional technique for evaluating environmental risks 

of PTE pollution, thus offering the potential for quantitative analysis of environmental mobility.  

Environmental pollution studies on soils are often based on the use of leaching or extraction 

procedures (e.g., sequential extraction procedures) that allow for the measurement of mobility and 

bioavailable forms of elements (Rauret et al., 1999). In environmental research, the fractionation 

of PTEs is critical in determining the amount of PTEs that can be potentially soluble, mobile, and 

accessible to the ecosystem that cannot be calculated with the total concentration of these elements 

alone (Ogundiran and Osibanjo, 2009). Sequential extraction procedures help to provide essential 

knowledge about the fraction distribution of these PTEs in soils (Saffari et al., 2009) and have 

become the standard methodology in risk evaluation on PTE contaminations (Heltai et al., 2018). 

As far as environmental degradation is concerned, a BCR sequential extraction technique offers 

critical knowledge about metal mobility and bioavailability and assures further use in various 

terrestrial and aquatic fields (Sungur et al., 2014). Moreover, these techniques fulfill the required 

criteria for implementation across a broad range of applications: quick, cost-effective, easy-to-use, 

and provide comparable outcomes for any form of sediment or soil (Rosado et al., 2016). 



 

39 
 

2.7. Instrumental analytical methods 

Potentially toxic elements may be found in all types of ecosystems, and therefore, several 

instrumental analytical techniques may be used to evaluate the concentration levels of PTEs in 

different kinds of samples (Helaluddin et al., 2016). Determinative methods that can be used for 

PTEs are flame atomic absorption spectrometry (FAAS) (Ademola et al., 2015), atomic 

fluorescence spectroscopy (AFS); anodic stripping voltammetry, inductively coupled plasma 

optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry 

(ICP-MS) are among several analytical methods which have been used for the determination of 

PTEs contents in marine environments (Okoro et al., 2012). Atomic absorption spectrometry 

(AAS), atomic emission/fluorescence spectrometry (AES/AFS), ICP-MS, ICP-OES, neutron 

activation analysis (NAA), X-ray fluorescence (XRF), and anodic striping voltammetry (AVS) 

have been listed as the most predominant analytical techniques by Helaluddin et al. (2016). 

According to Feist et al. (2008), a significant number of elements may be determined 

simultaneously or sequentially using instrumental techniques such as ICP-OES or AAS.  

Sereshti et al. (2012) state that ICP-OES provides fast multi-element simultaneous analysis, 

leading to various applications with a wide variety of complex and organic matrices. Furthermore, 

even the most refractory elements are atomized and stimulated with comparatively low 

interference effects as the samples undergo an inert and high-temperature medium (Sereshti et al., 

2012). Similarly, Fassel and Kniseley (1974) assert that the ICP-OES has become an important 

methodology for assessing metals in various sample matrices. Fassel and Kniseley (1974) further 

state that this method utilizes a range of nebulizers or sample introduction methods for injecting 

fluid samples through radiofrequency (RF)-induced argon plasma. Most laboratories use ICP-OES 

techniques for research and environmental control (Bettinelli et al., 2000). According to Bettinelli 

et al. (2000), the successful use of these techniques depends on various conditions such as good 

detection limits, linear curve calibration, acid dissolution compatibility, and low matrix sensitivity. 

Heltai et al. (2019) studied the application of flexible multi-elemental ICP-OES detection in 

fractionation of potentially toxic element content of solid environmental samples by a sequential 

extraction procedure. The main goal of this study was to elaborate on the multi-elemental ICP-

OES method, which is a flexible and reliable application for the evaluation of PTE mobility in 

soils and in sediments by BCR fractionation. In this study, the authors recommended that the 

flexible multi-elemental ICP-OES method should be applied for analysis of various BCR-

extractant-solvent media for the reliable detection of all PTE contamination, in the case of 

appropriate matrix-matched calibration and internal standard application and yttrium standard 



 

40 
 

application. The authors’ conclusion stated that the ICP-OES method was successfully applied for 

controlling the remediation of PTE contaminated lakes like the Gödöllő-lake system, and it can 

also be applied successfully for characterization of environmental mobility of PTE and other 

micro-and macro-elements content in soils. The authors further stated that among the simultaneous 

multi-elemental capacity methods, ICP-OES has adequate detection power for PTEs in 

environmental studies, and its robustness is better than that of the ICP-MS technique, which has 

better detection power than ICP-OES. 

2.8. Regulatory measures 

Uranium mining is currently being undertaken under radically different conditions and is now the 

most regulated and one of the world's safest forms of mining  (OECD, 2014). International Atomic 

Energy Agency (IAEA), United Organisation for Economic Co-operation and Development 

(OECD)/Nuclear Energy Agency (NEA), World Nuclear Association (WNA), and International 

Commission on Radiological Protection (ICRP) as well as national regulatory bodies and 

companies, support important platforms that collect data and provide information for regulators 

and operators to better manage uranium mining and milling to mitigate any adverse industrial 

impacts (Collier, 2016), especially with regard to potential radiological effects. Apart from some 

water resource conservation regulations, there was virtually no regulation on environmental 

protection (Waggitt, 2008). Amid CRP guidelines, also accepted by the IAEA and OECD/NEA 

among other international organizations, several countries in the last decade have implemented 

new legislation on radiological safety, such as the EU (Carvalho, 2011). Carvalho and IAEA 

(2004) further state that these radiation safety laws, in conjunction with other environmental 

protection legislation, contribute to the remediation of old uranium mining and milling sites. 

The legacy problems of uranium mines today arose because of the lack of legislation earlier on 

(Waggitt, 2008). Furthermore, many of the countries most affected by these legacy issues have not 

developed sufficient environmental protection laws and resources (Waggitt, 2008). Regulatory 

standards for PTE levels for soils have been established; however, there is a vast inconsistency 

between the different countries as to the critical value of each contaminant (He et al., 2015). Some 

countries have recently begun to incorporate the bioavailability principle in their environmental 

protection and remediation legislation (Violante et al., 2010).  Following these developments, 

Hungary introduced the soil toxic element contamination limit that is regulated by the Hungarian 

Government (6/2009. (IV. 14.), 2009) based on the regulation of other EU member countries 

(Rékási and Filep, 2012). 
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The International organizations and national authorities responsible for radiological protection, 

such as the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 

the World Health Organization (WHO), and the IAEA, have placed regulatory measures to follow 

for the protection against ionizing radiation. A UNSCEAR scientific committee of the General 

Assembly, the body in the United Nations system with a mandate to assess and report levels and 

effects of exposure to ionizing radiation, has reported on the permissible limits and average 

radionuclides worldwide (UNSCEAR, 2000). The data from United Nations Educational, 

Scientific and Cultural Organization (UNESCO)/WHO/United Nations Environment Program 

(UNEP) (1996), WHO (2004, 2006), UNSCEAR (2000), and Food and Agriculture Organization 

of the United Nations (FAO)/WHO, (2011)  reports are used as a guideline to evaluate the results 

of the radiological and PTE monitoring programs against the permissible limits recommended by 

these organizations in various environmental matrices around the world.    
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3. MATERIALS AND METHODS 

This chapter explains the detailed steps taken to achieve the results. At the beginning of this 

chapter, a summarized methodology is shown in a flowchart, and a description of a study area is 

outlined, followed by the description of the types and numbers of samples collected. This chapter 

presents the analysis of soil chemical properties that might affect the mobility of PTEs and 

radionuclides. Methodologies that are used to determine radionuclide concentrations and total 

concentrations of PTEs are mentioned in detail, and the transfer factors of these elements could be 

determined as a result. Finally, this chapter concludes by detailing the BCR sequential extraction 

procedure used to assess the mobility of PTEs in Mecsek uranium mine spoil deposit No. I. 

3.1. Methodology flowchart  

 

Figure 6. Flow chart summarizing the methodology of this research (created with 

BioRender.com) 
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3.2. Study area  

 

Figure 7. The actual Mecsek uranium mine deposit No. I  

Soil and covering plant samples were collected on the 11th of July 2018 from four sampling 

locations in Mecsek uranium mine deposit No. I in Pecs, South-west of Hungary (Figure 7.) and 

(Figure 8.): (1) at the top of the deposit - Rn-M11, (2) on the slope of the deposit – Rn-M12, (3) 

at the bottom field – Rn-M13 and (4) at the bottom edge of the slope of the deposit - radioactive 

point (Figure 8.) illustrates deposit No. I with gamma dose rates that were measured previously as 

part of the monitoring program. The radioactive point was chosen based on the knowledge of its 

high gamma dose rate ranging between 100 and 200 nGy/h to give an indication of whether PTE 

concentrations would also be high in this location. Spoil deposit No. I was covered with different 

types of soils taken from various locations, mixed together to form a soil covering layer, and it 

was also covered with different kinds of vegetation, as indicated in (Figure 7.). Underneath the 

soil covering layer, there were natural rocks.  

Eleven water samples were collected between the 20th of October 2020 and the 27th of October 

2020 during one of the routine monitoring processes conducted by the Mecsek uranium mine. The 

purpose for collecting these water samples was to determine the potential mobility of uranium 

from three spoil deposits No. (I, II, III). Water samples were collected from various areas, 

including groundwater, seepage mine water, treated mine water, and mine water from different 

deposits. 



 

44 
 

 

Figure 8. Site location map of Hungary (OrangeSmile.com, n.d.) and the soil and plants 

sampling points in Mecsek uranium mine from spoil bank No. I, Pécs, 2017 showing the gamma 

dose rates distribution with an insert of a schematic diagram of spoil deposit No. I 

Geological information about the study site 

Regarding the geology and geography, the mining site is located in the hilly countryside, and the 

main part of the milling site is a flat area (Juhasz and Erdi-Krausz, 1993). Juhasz and Erdi-Krausz, 

(1993) further state that the geological formation of the mining site mainly consists of limestone, 

sandstone, and marl. 



 

45 
 

3.3. Soil, plant, and water sampling  

3.3.1. Soil sampling 

Soil samples were collected using a hand auger instrument labeled with different measurements. 

Each soil core sample was taken from different depths: 0 – 25 cm, 25 – 50 cm, 50 – 75 cm, and 75 

– 100 cm. For sample location Rn-M11, 75 – 100 cm depth could not be sampled as this was hard 

rock. Radioactive soil was possible to sampling only from the top 0-25 cm layer. All samples 

collected were carefully placed in clean polyethylene bags before transported to the laboratory.  

3.3.2. Plant sampling 

Covering plant samples (a mixture of Asteraceae and Quackgrass - Elytrigia repens) were collected 

by cutting from the surface of the plants with a knife. The reason for the plant samples to be 

collected by cutting them from the surface is because when determining the potential risk that may 

impact the animals and humans, it is important to look at how the animals graze in the field. Under 

normal circumstances, animals graze on the surface and rarely eat roots; eventually, humans eat 

animals. Therefore, to determine the true reflection of the potential risk, only the part of the plants 

that are above the surface was taken into consideration. 

Plant samples were collected from a 1.5 m2 area of the same locations where the soil samples were 

also collected from (Rn-M11, Rn-M12, Rn-M13, and radioactive point) to determine if there is 

any biological uptake of PTEs and radioactivity from the soil. 

3.3.3. Water sampling 

A total of eleven water samples were collected from various places around the Mecsek mine. From 

these samples, six samples were groundwater samples, of which four samples (1) Pk-29/1, (2) Pk- 

33/1, (3) Pk-44/3, and (4) 1504/1 were collected from monitoring well near the spoil deposit No. 

I and two samples (5) P-2/5 and (6) P-2/6 were collected from the water pumping well at former 

percolation area No. II.). One sample: (7) Északi-táró was mixed water: mine water from the spoil 

deposit No. III and leaking water from precipitation collected from the gravitational effluent mine 

water (north mines). Two samples were seepage water; one sample: (8) CS-0 collected from the 

spoil deposit No. II and another sample: (9) IIIm. Gyűjtő collected from spoil deposit No. III. One 

sample: (10) 6/11. szint was mine water from the mine No. I collected from water pumping well. 

The last sample (11) Elfolyó was treated mine water collected from the mining water treatment 

plant. The samples were labeled based on the mine description.   
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3.4. Characteristics that may affect elemental mobility 

3.4.1. Meteorological conditions 

The average precipitation at Pécs was obtained from the meteorological data extracted from the 

Hungarian Central Statistical Office Websites 

(https1://www.ksh.hu/docs/eng/xstadat/xstadat_annual/i_met002cc.html) and 

(https2://www.ksh.hu/docs/eng/xstadat/xstadat_infra/e_met006.html). 

3.4.2. Determination of soil and plant moisture content  

Approximately 25 g of soil were dried in an oven at 105°C for 72 hours, cooled in a desiccator, 

and weighed for the determination of the soil moisture content. The amount of water present in 

the soil (% moisture content) was determined (Nielsen, 2019).  

Similar to soil samples, the plant samples were dried in an oven at 105°C for 72 hours, cooled in 

a desiccator, and weighed for the determination of the soil moisture content (Ismail, 2017). 

3.4.3. Determination of the soil pH 

In order to determine the pH of the soil collected from the Mecsek uranium mine, the procedure 

below was followed:  

The soil pH was determined in 1 mol/l KCl (1:2.5 soil to KCl ratio) with the aid of a Glass-

electrode pH meter. The pH meter was calibrated with pH 7.0 and pH 4.0 buffer standards before 

use. Ten grams of homogenized soil was weighed into a centrifuge tube, and 25 mL of 1 mol/l 

KCl added to it. This could stand for 1 hour and be shaken occasionally. Following this, the 

electrodes of the pH meter were inserted into the partly settled suspension and the pH recorded. 

The soil pH was measured in triplicate. 

3.4.4. Determination of cation exchange capacity 

The CEC in soil was determined according to the Hungarian Standard MSZ 1484-3:2006 (2006). 

Approximately 4 g of each homogenous soil was weighed in duplicate, and the mass was recorded. 

0.1 M BaCl2 solution was prepared and buffered by adjusting the pH to 8.2 with triethanolamine 

(C6H15NO3). 40 mL of 0.1 M BaCl2 solution was added to each soil sample. The samples were 

shaken for 2 hours using a Yellow Line OS5 shaker at 560 rpm. After 2 hours, the sample solid 

and liquid phases were separated by centrifugation for 10 minutes at 5000 rpm. The samples were 

filtered using Munktell filter paper grade 389. The samples were diluted by pipetting 0.1 mL of a 

https://www.ksh.hu/docs/eng/xstadat/xstadat_annual/i_met002cc.html
https://www.ksh.hu/docs/eng/xstadat/xstadat_infra/e_met006.html
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sample into a 10 mL volumetric flask and topped with 9.9 mL of distilled water. The Ba was then 

measured in samples using ICP-OES. 

3.4.5. Determination of the soil organic matter 

Approximately 1 g of each homogenized and sieved soil sample was weighed in duplicate. Total 

carbon (% C) was determined using a Vario MAX cube CNS Analyzer instrument. Furthermore, 

the CaCO3 content (%) was determined by employing the Lloyd Kahn procedure using LECO 

CR-412 Carbon Analyzer with an IR detector (Bernard et al., n.d.). From the combination of these 

results, it was possible to determine the total organic carbon (%TOC). Then the organic matter (% 

OM) was calculated from % TOC. 

The LECO CR-412 Carbon Analyzer was calibrated prior to the analysis of samples. Different 

amounts of high purity calcium carbonate standard (99.95% purity, carbon content of 12.0%) were 

used to calibrate the instrument. The approximate amounts of calcium carbonate used for the six-

point calibration were 0.01 g, 0.05 g, 0.10 g, 0.25 g, and 0.50 g. An empty carbon-free combustion 

boat was analyzed as a blank for the calibration curve. The calibration curve provided an analysis 

range of approximately 0.0 to 0.06 g total carbon. Each calibration standard fell within 3% of the 

known percent carbon value to meet acceptance criteria. A continuing calibration check standard 

(mid-level standard) was analyzed for every ten samples and had to be within 5% of the known 

value of the standard. Total carbon was analyzed by placing approximately 0.350 g of dried, 

grinded, and homogenized sample into a clean, carbon-free combustion boat. The sample boat was 

placed on the autosampler rack assembly and loaded onto the LECO carbon analyzer. Total organic 

carbon was analyzed by placing approximately 0.350 g of dried, grinded, and homogenized 

samples into a clean, carbon-free combustion boat. Each sample boat was treated with phosphoric 

acid drop by drop until the sample stops “bubbling,” and the samples were completely moist with 

acid. The samples were placed into an oven set at 40°C for 24 hours and then transferred to an 

oven set at 105°C. Once the samples were dry, the boat was placed on the autosampler rack 

assembly and loaded onto the LECO carbon analyzer.  

3.5. Radioanalytical procedure 

3.5.1. Soil sample preparation  

Before the soil homogenizing process, Rn-222 was measured for all soil samples. After which, all 

soil samples were air-dried for five days. After five days, the samples were physically 

homogenized and grinded using Retch SM 100 with a 0.25 mm sieve instrument. Approximately 
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30 g of homogeneous soil samples were weighed and airtight sealed in plastic containers for the 

gamma-ray measurements. Samples were kept in storage for six weeks before gamma-ray analysis 

took place; this incubation period allows  Ra-226 and its short-lived progenies to achieve secular 

equilibrium noting the exact dates and times from sealing was recorded.  

3.5.2. Plant sample preparation  

Only the radioactive plant sample was separated into two portions, half of the sample was not 

washed, and the other half was washed first with low to medium pressure water for five minutes 

to simulate the rain. This washing process was conducted on this sample to determine whether the 

radioactivity concentration is due to the contamination through air particles/dust or biological 

uptake through the soil.  

After this process, all plant samples were air-dried for five days and grinded into a powder form. 

Approximately 8 g of grinded plant samples were weighed and airtight sealed in plastic containers, 

and kept for six weeks to allow the growth of Ra-226 and its short-lived progenies before gamma-

ray measurements.  

3.5.3. Radon measurement by AlphaGUARD 

The calibration for the AlphaGUARD is done every ten years at the manufacturing company. The 

specified calibration tolerance by the factory is ± 3 %. The current calibration values are shown in 

(Table 1.) below. 

Table 1. AlphaGUARD PQ2000 / MC50 calibration values 

Calibration for:  Target value (Bq/m3) Measured value 

(Bq/m3) 

Radon mean 

deviation (%) 

1 kBq/m3 1175 1171.1 -0.33 

10 kBq/m3 11142 11042 -0 9 

Sample analysis 

Radon (Rn-222) was measured for each soil sample for 24 hours using Genitron Instruments 

AlphaGUARD PQ2000/MC50 Multiparameter Radon Monitor before the samples were counted 

for 24 hours each. The results were recorded every hour. The average results were recorded for 

each sample. The background was counted and recorded as 40.00 ± 7.00 Bq/m3. The background 

was then subtracted from each sample to give the final results reported in this study.  
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3.5.4. Gamma spectroscopy 

Both homogenous soil and plant samples were measured for 3600 seconds each using 

CANBERRA HPGE high purity semiconductor gamma detector. (Figure 9.) indicates the 

geometry parameters used for the measurements. The instrument was calibrated for energy, full 

width at half maximum (FWHM), and efficiency (η) (geometry calibration and efficiency 

calibration function and calibration coefficients) before analysis to ensure the reliability of the 

instrument, that it can be trusted. Energy calibration was conducted using the following sources 

Co-60, Ba-133, Cs-137, Na-22, and K-40. The same sources were used for specifying the 

efficiency calibration procedure, and the calibration curve is shown in (Figure 10.). Geometry 

calibration was completed by simulation using CANBERRA Geometry Composer v.4.2 software. 

 

Figure 9. Geometry model for gamma measurements  
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Figure 10. Efficiency calibration curve 

The background was measured for the duration of 108000 seconds. The indoor background 

spectrum within the collimator is assumed to be constant. The background was quite low due to 

using a proper collimator. The background spectrum was normalized and then subtracted from the 

live time and energy-calibrated observed spectra, obtaining background compensated spectra 

channel as shown in Equation (3): 

𝐼𝑐 = 𝐼 − 𝐼0  (3) 

Where: I0 - background intensity, I – intensity, and Ic - background compensated intensity. 

Compensated spectra were processed, and the nuclide activities were determined from the 

predefined nuclide peaks using the Total Peak Area method described in the ORTEC 

GammaVision 6 (5.2.1.1.). The method was implemented in a Visual BASIC code running under 

an EXCEL environment. The Minimum Detectable Activity (MDA) is a measure of how small 

activity could be present and not be detected by the analysis. The MDA calculation was completed 

by ORTEC Critical Level (GammaVision 6, 5.7.2.). 

Sample analysis 

The soil and plant samples were kept in storage for the duration of six weeks to attain the 

radioactive equilibrium between Ra-226 and the decay products with short half-lives (Júnior et al., 

2006). All samples have had enough time for establishing secular equilibrium between decay series 
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products, so determining the activity of parent isotopes was possible through measuring daughter 

isotopes having significant gamma lines. The reference isotopes were used for quantitative 

analysis: actinium-228 (Ac-228) and Pb-212 for Th-232 decay chain and Pb-214 and bismuth-214 

(Bi-214) for U-238 (Ra-226) decay series. Measured radionuclides were compared to identify the 

radionuclides that had the highest activity and to identify the trends of all the radionuclides as the 

depths of soil samples change. The activity concentrations for each soil sample were compared 

with the plant sample collected at the same sampling point to identify if there is any biological 

uptake of radionuclides. The parameters for gamma measurements were as follows: Outer 

diameter – 60 mm, Side wall – 1 mm, Bottom wall – 0.5 mm, sample density - ~1.7 g/cm3 

(sand/soil approximated), and Sealed: foil – ~0.3 – 0.4 mm, hermetic sealing. 

Generally, environmental radioactivity that is specifically predominant in the soil is due to the 

decay of the primordial radionuclides of U-238, U-235, Th-232, rubidium (Rb-87), and K-40. 

However, the highest contribution to this radioactivity is due to the great number of decay products 

of U-238 and Th-232 (Júnior et al., 2006). These primordial radionuclides were measured, and the 

activity concentration for each was determined per depth of the soil sample and plant samples. 

3.6. Pseudo total element analysis  

3.6.1. Plant sample preparation 

Approximately 0.5 g of homogenized plant samples were weighed into the Teflon vessel using an 

analytical balance. 5 mL of nitric acid (65% Merck), 6 mL of hydrogen peroxide (30% Emsure®), 

and approximately 9 mL of distilled water were added into the Teflon vessel containing the 

samples to make it up to 20 mL. The reaction could subside completely before capping the vessel.  

3.6.2. Soil sample preparation 

All soil samples were air-dried for five days. After five days, the samples were physically 

homogenized and grinded using Retch SM 100 with a 0.25 mm sieve instrument. Approximately 

0.5 g of homogenized soil samples were weighed into the Teflon vessel using an analytical balance. 

5 mL of nitric acid (65% Merck), 3 mL of hydrogen peroxide (30% Emsure®), and approximately 

2 mL of distilled water were added into the Teflon vessel containing the samples to make it up to 

10 mL. The reaction could subside completely before capping the vessel. 
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3.6.3. Microwave digestion  

The microwave digestion method was conducted according to the Hungarian Standard MSZ 

21470-50:2006 (2006). The microwave digestion vessels containing samples were assembled and 

placed in a CEM Mars 5 Xtraction 230/60 Microwave Accelerated Reaction System 907501. The 

microwave digestion system was set at the following parameters: Ramp time – 20 minutes (450 

Psi or 180 °C), Hold time – 18 minutes, Still time – 5 minutes (0 Watt), Hold time – 10 minutes 

(800-Watt, 450 Psi and/or 180 °C) and Cooling time – 20 minutes. (Figure 11.) indicates the 

changes in parameters as the microwave operational time changes during the digestion. 

 

Figure 11. Microwave parameters 

After digestion, each sample was filtered using a 90 mm Filter Discs (Quant.) Grade: 389 into a 

25 mL volumetric flask and made up to 25 mL with distilled water. Each sample was physically 

homogenized by shaking it and transferred into a centrifuge tube for the trace element analysis. 

3.6.4. Water sample preparation 

Water samples were prepared using the Hungarian Standard MSZ 1484-3:2006 (2006). Water 

samples were filtered into a 40 mL centrifuge tube using Munktell filter discs grade 389. The 

samples were measured first before adding anything to determine if they will need dilution. The 
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1000 mg/L yttrium standard solution (YNO3)3 in HNO3 0.5 mol/L was added into the samples as 

an internal standard. 4.90 mL of each sample and 0.1 mL of yttrium standard solution were added 

into a 10 mL volumetric flask, and the sample solution was made up to 10 mL with 4.90 mL 

distilled water.  

Four blank solutions were prepared: 0 mL yttrium solution and 10 mL distilled water, 1 mL yttrium 

solution and 9 mL distilled water, 5 mL yttrium solution and 5 mL distilled water, and 10 mL 

yttrium solution and 0 mL distilled water. 

Three external standards were used:  

❖ Uranium ICP standard (UO2NO3)2 in HNO3 2-3 % 10 mg/L – U,  

❖ Yttrium standard solution (YNO3)3 in HNO3 0.5 mol/l – 1000 mg/L Y, and  

❖ Certified Elements Standard – Uranium   

Concentration: 1000 ± 3 µg/mL, 20°C 

Matrix: 2.5 % HNO3 

Density: 1.0152 g/mL, 20°C 

Samples were measured using an Inductively Coupled Plasma – Optical Emission Spectrometer 

(ICP-OES) to determine the uranium element in water. 

3.6.5. Instrumental analysis  

The total elemental content of digested solutions was determined by a HORIBA Jobin Yvon 

ACTIVA M Inductively Coupled Plasma – Optical Emission Spectrometer (ICP-OES) using 

operation parameters proposed by the manufacturer and yttrium internal standard. (Table 2.) 

indicates the ICP-OES operational parameters used to determine the following elements (with ICP-

OES emission lines): Ca (315.887 nm), Cd (228.802 nm), Co (228.615 nm), Cr (205.571 nm), Cu 

(324.754 nm), Fe (240.489 nm), K (766.490 nm), Mg (279.078 nm), Mn (257.610 nm), Na 

(589.592 nm), Ni (231.604 nm), P (253.560 nm), Pb (220.353 nm), Zn (213.857 nm), Ba (455.403 

nm), and U (398.957 nm). 

Table 2. ICP-OES operational parameters for trace elemental analysis 

Operational parameters Settings 
 

Incident RF-power 1200 W 
 

Outer gas flow (Argon) 16 L/min 
 

Sheath gas flow (Argon) 0.3 L/min 
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Auxilary gas flow (Argon) 0.6 L/min 
 

Nebulizer gas pressure (Argon) 2.86 bar 
 

Nebulizer solution uptake (Meinhardt-cyclonic spray 

chamber) 

0.85 mL/min 
 

3.7. The soil/plant transfer factor determination 

The soil/plant TFs for radionuclides and PTEs were calculated using Equation (2) as indicated in 

chapter 2.4.3 to determine the soil’s effects for each element on the plants, consequently predicting 

the plant uptake. The TF was calculated only from the total concentrations obtained from the 0 – 

25 depth of soil sample because the grass does not have deep roots to reach a deeper level of the 

soil. The higher the TF value, the more mobile/available the element is (Intawongse et al., 2007; 

Laţo et al., 2012).  

3.8. BCR sequential extraction procedure 

Three independent replicates were performed for homogenous soil samples collected at 0 – 25 cm 

depths only. Blanks were measured in parallel for each set of analyses using the three-step BCR 

sequential extraction procedure with an additional (+1) aqua regia step. The Certified Reference 

Material BCR-701 was prepared in triplicate in parallel with the samples to ensure the accuracy of 

the analysis. The BCR three-step sequential extraction scheme was proposed by the European 

Community Bureau of Reference in 1992 (the Standards Measurement and Testing Program) (Zhu 

et al., 2015). The extractable contents of Cd, Cr, Cu, Ni, Pb, and Zn were determined using the 

procedure below (also refer to chapter 2.6.4) as described in detail by (Rauret et al., 1999; Rauret 

et al., 2001; Heltai et al., 2019). 

Blanks 

i. Vessel blank  

To one vessel from each batch, taken through the cleaning procedure, 40 mL of solution 

A was added. This blank solution was analyzed along with the sample solutions from step 

1 (described below). 

ii. Reagent blank 

A sample of each batch of solutions A (acetic acid, 0.11 mol/L), B (hydroxylammonium 

chloride, 0.5 mol/L), C (hydrogen peroxide, 300 mg/g, 8.8 mol/L) and D (ammonium 

acetate, 1.0 mol/L) was analysed. 

iii. Procedural blank 
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With each batch of extractions, a blank sample (i.e., a vessel without a soil sample) was 

carried through the complete procedure and analyzed at the end of each extraction step. 

Step 1 

40 mL of solution A was added to 1 g soil in an 80 to 100 mL centrifuge tube, then extracted by 

shaking for 16 h at 22 ± 5 °C (overnight) and at a speed of 30 ± 10 rpm. The delay did not occur 

between the addition of the extractant solution and the beginning of the shaking. The extract was 

separated from the solid residue by centrifugation at 3000 g for 20 minutes and decanted the 

supernatant liquid into a polyethylene container. The container was closed, and the extract was 

stored in a refrigerator at about 4 °C prior to analysis. The residue was washed by adding 20 mL 

of distilled water, shook for 15 minutes on the end-over-end shaker, and centrifuged for 20 minutes 

at 3000 g. The supernatant was decanted and discarded while taking care not to discard any of the 

solid residues. 

Step 2  

40 mL of freshly prepared solution B was added to the residue from step 1 in the centrifuge tube 

and resuspended by manual shaking. The extraction was conducted by mechanical shaking for 16 

hours at 22 ± 5 °C (overnight) and at a speed of 30 ± 10 rpm. No delay occurred between the 

addition of the extractant solution and the beginning of the shaking. The extract was separated 

from the solid residue by centrifugation and decantation as in step 1. The extract was retained in a 

polyethylene container, as before, for analysis. The residue was washed by adding 20 mL of 

distilled water, shaken for 15 minutes on the end-over-end shaker, and centrifuged for 20 minutes 

at 3000 g. The supernatant was decanted and discarded while taking care not to discard any of the 

solid residues. 

Step 3 

10 mL of solution C was added carefully to the residue in the centrifuge tube in small aliquots to 

avoid losses due to possible violent reaction. The vessel was covered loosely with its cap and 

digested at room temperature for 1 hour with occasional manual shaking. The digestion continued 

for 1 hour at 85 ± 2 °C in a water bath, and then the volume was reduced to less than 3 mL by 

further heating of the uncovered tube. A further aliquot of 10 mL of solution C was added. The 

covered vessel was heated again to 85 ± 2 °C and digested for 1 hour. The cover was removed, 

and the volume of liquid was reduced to about 1 mL. Care was taken not to bring the residue to 

complete dryness. 50 mL of solution D was added to the cool, moist residue and shaken for 16 
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hours at 22 ± 5 °C (overnight) and at a speed of 30 ± 10 rpm. No delay occurred between the 

addition of the extractant solution and the beginning of the shaking. The extract was separated 

from the solid residue by centrifugation and decantation as in step 1 and retained as before for 

analysis. 

+ 1 Step (Aqua regia) 

Approximately 3 g of the residue from step 3 of the BCR sequential extraction of the air-dried 

material was weighed into the reaction vessel. 0.5 mL to 1.0 mL of water was added to obtain a 

slurry, and while mixing, 21 mL of 12.0 mol/L HCL was added, followed by 7 mL of 15.8 mol/L 

HNO3, added drop by drop to reduce foaming. 15 mL of 0.5 mol/L HNO3 was added to the 

adsorption vessel, and the vessel was connected to the reflux condenser, and both were placed on 

the top of the reaction flask. The solution could stand for 16 h at room temperature to allow for 

slow oxidation of the organic matter of the soil. The temperature of the reaction mixture was raised 

slowly until reflux conditions were reached and maintained for 2 hours, ensuring that the 

condensation zone was lower than 1/3 of the height of the condenser. The reaction mixture could 

cool slowly to room temperature. 

After cooling down, the content of the absorption vessel was added through the condenser tube 

into the reaction vessel, and both were rinsed with 10 mL of 0.5 mol/L NHO3. The extract was 

filtered using a cellulose-based membrane filter with a medium pore size of 8 µm to remove 

particulates (silicates and other insoluble materials) while collecting the filtrate in a 100 mL 

graduated flask. All the initial filtrate passed through the filter paper then the insoluble residue was 

washed onto the filter paper with a minimum of 0.5 mol/L HNO3. The graduated flask was filled 

up to the mark with 0.5 mol/L HNO3 and homogenized by shaking. The trace elements could be 

determined by an appropriate ICP-OES method. 

3.9. Quality control 

The quality control for this study was conducted using the Certified Reference Material (CRM) 

BCR®-701. This CRM is certified for only six elements (Cd, Cr, Cu, Ni, Pb, and Zn). The 

percentage recovery for each element was calculated. 

In order to validate the BCR sequential procedure, the sums of the cumulated concentrations for 

each element in Step 1 (F1) + Step 2 (F2) + Step 3 (F3) + Aqua regia step (F4) were compared to 

the pseudo total concentrations obtained from the same samples (0 – 25 cm depth) and given in 

mg/kg units. 



 

57 
 

3.10. Statistical analysis 

The statistical analysis was conducted using SPSS Statistics 28 for basic descriptive statistical 

analysis, a one-sample t-test to determine the differences between the means of one variable and 

the linear regression analysis for the determination of the soils’ effect on the plants.  

The descriptive statistical analysis was conducted to determine whether the data distribution would 

be normal or non-normal for physicochemical characteristics (variables) in soil samples. The 

skewness and kurtosis have to be within the accepted threshold of +/- 2 to suggest normal 

distribution (Alshahri, 2019). For the data that is normally distributed, the Pearson correlation 

matrix was selected to determine the mutual relationship to identify the degree of association 

between pairs variables and describe the interdependency.  

One-sample t-test analysis was used to determine whether the specific value of each element is 

different from the unknown population mean at a 95 % confidence interval. The linear regression 

analysis was used to determine whether the soil has an effect on the plant, consequently 

determining whether the plant uptake of each element is due to the soil concentration of the same 

element. To facilitate the comparison of the results, the corresponding values of the soil and plant 

analyses are presented in regression graphs in order to combine the results of the two techniques. 

The higher the correlation coefficient (r) indicates, the better the link between the soil and plant 

analyses (FAO, 1982). 

The principal component analysis (PCA) biplot was utilized using Analyse-it for Microsoft excel 

2010 version 5.80.2 software to examine the relationships among the radionuclides, PTEs, and soil 

characteristics in a multidimensional dataset. The Analyse-it software was also used to plot the 

correlation figures and linear regression figures. To determine the common characteristics between 

PTEs, radionuclides, and physicochemical properties in the soil and plant samples, Pearson’s 

correlation coefficient (r) was determined. The regression statistics were also conducted to verify 

the significance of possible differences between PTE and radionuclide concentrations and the soil 

characteristics variables in soil samples at a 95 % confidence level (p ≤ 0.05). When the r-value is 

close to 1, it is considered that the two variables have a relationship and p ≤ 0.05 state that there is 

sufficient evidence to conclude that the correlation coefficient is significantly different from zero 

and therefore reject the null hypothesis (Althouse and Soman, 2017; Statstutor, 2015).  
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4. RESULTS AND DISCUSSION 

The characteristics that may affect the mobility of elements in the soil are discussed. The 

radionuclide, PTE total concentrations in soil and plant samples, and uranium in water samples are 

displayed and compared to the Hungarian regulatory limits, WHO, and UNSCEAR recommended 

limits. The transfer factors were calculated to evaluate the plant uptake. Additionally, the mobility 

of radionuclides and PTEs in soil was evaluated using the BCR sequential extraction procedure, 

and the results are discussed in this chapter. Finally, the correlations and the relationship between 

the PTEs, the radionuclides, and the chemical properties of the soil were determined through 

statistical analysis. 

4.1. Characteristics that may affect the mobility of elements 

4.1.1. Meteorological conditions 

The meteorological data were retrieved from the data published on the Website 

(https1://www.ksh.hu/docs/eng/xstadat/xstadat_annual/i_met002cc.html) of the Hungarian 

Central Statistical Office.  During the remediation period, from the time when the mine closed to 

a sampling of soil (1997 – 2018), the average precipitation was 674 mm with a minimum of 405 

mm in 2011 and a maximum of 981 mm in 2014. During the sampling month of July 2018, the 

precipitation intensity was 58 mm over thirteen precipitation days; the average temperature was 

22. 1 ℃ with a minimum of 10.1 ℃ and a maximum of 31.3 ℃, and the days with wind greater 

than or equal to 10 m/s were eleven as indicated on the Website 

(https2://www.ksh.hu/docs/eng/xstadat/xstadat_infra/e_met006.html) (Hungarian Central 

Statistical Office, n.d.). It should be noted that in 2018, the highest precipitation intensity (134 

mm) was observed in June, while sampling took place in July. 

4.1.2. Physicochemical characteristics 

The physicochemical characteristics were measured to determine their content in soil and plants. 

These parameters were eventually evaluated for their possible effects on plant uptake of elements 

and radionuclides from the soil. The raw data for the CEC and SOM is presented in (Appendix 

A2. and A3.) respectively. The behavior of the physicochemical properties in the function of depth 

is indicated in (Figure 12. a, b, c, and d) and in the function of topography is indicated in (Figure 

12. e). It should be noted that the Radioactive sample was sampled from 0 – 25 cm depth only due 

to the hard rock beneath the surface, therefore (Figure 12. d) was plotted using the results for the 

soil characteristics measured in 0 – 25 cm depth. Additionally, the soil moisture content (% SM), 

https://www.ksh.hu/docs/eng/xstadat/xstadat_annual/i_met002cc.html
https://www.ksh.hu/docs/eng/xstadat/xstadat_infra/e_met006.html
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the average soil organic matter (% SOM), pH, CEC, and plant moisture content are indicated in  

(Table 3.).  

 a) 
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d) 

 

e) 

 
 

Figure 12. Comparison for the physicochemical characteristics in terms of depth in a) Rn-M11; 

b) Rn-M12; c) Rn-M13; d) Radioactive sample; and e) The averages of all the samples in terms 

of location 

Table 3. Properties that may affect the mobility of elements 
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Rn-M11 0 – 25 9.24 6.22 52.9 ± 6.71 1.61 33.1 

25 – 50 7.44 6.12 20.2 ± 0.06 1.21 

50 – 75 12.6 5.99 14.6 ± 4.55 2.56 

75 – 100 Hard rock (not sampled) 

Rn-M12 0 – 25 9.47 5.79 33.0 ± 0.69 0.75 31.2 

25 – 50 8.99 5.50 8.23 ± 1.09 0.64 

50 – 75 8.19 5.47 24.4 ± 1.31 0.96 

75 – 100 8.43 5.38 33.0 ± 0.01 1.11 

Rn-M13 0 – 25 17.1 5.61 28.2 ± 0.44 5.27 25.0 

25 – 50 14.3 5.27 31.8 ± 4.61 3.34 

50 – 75 14.2 5.38 28.1 ± 2.67 1.92 

75 – 100 14.2 5.36 36.6 ± 0.01 1.76 

Radioactive 

sample 

0 - 25 3.16 5.27 27.3 ± 0.01 1.31 60.3 

The soil moisture ranged from 3.16 % to 17.1 %, with the radioactive sample having the lowest 

soil moisture content. This might be due to the degraded quality of the soil, which exhibited poor 

ability for plant growth, as indicated in (Figure 13.). Rn-M13 sample exhibited the highest soil 

moisture and soil organic matter content with an average of 15.0 % and 3.07 %, respectively. This 

sample was taken from the area that is completely covered with grass, as shown in (Figure 7.) 

which might have influenced the high percentages of moisture and organic matter in the soil. 

According to Thlaspi et al. (2003), plants accumulate large amounts of metals from the soil when 

their moisture content is high. A similar scenario could be expected in the case of organic matter 

since these two variables correlate with each other (p ≤ 0.05). Additionally, it should be noted that 

the samples were collected a month after the high precipitations (134 mm) were recorded in June 

2018. It was observed that the soil moisture content had an opposite behavior to the plant moisture 

content for each sample, as shown in (Figure 12. e) (r = - 0.923; p ≤ 0.05). The sample location 

with the lowest soil moisture content resulted in the highest plant moisture content. The descriptive 

statistics results for all the soil characteristics considered for this study are presented in (Appendix 

A13.).  

According to Dragović et al. (2015), the soil moisture content is one of the factors that cause the 

variations of background concentrations of radionuclides in soil. Furthermore, low moisture 

content would lower hydrophilic radionuclides since solubility would decrease (Ahmad et al., 

2019). Similarly, Thlaspi et al. (2003) conducted a study on soil moisture effects on uptake of 

metals by biota, where the authors concluded that the study conducted did not find any correlation 

between low soil moisture and enhanced uptake of metals. As a matter of fact, exactly the reverse 
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was observed where enhanced metal absorption at higher soil moisture values was commonly 

observed (Thlaspi et al., 2003).  

 

 

Figure 13. Radioactive sampling point 

The pH values indicated a narrow range of 5.27 to 6.22. These pH values suggested that the soil 

was acidic. The observations indicated that the trend of the pH values decreased with the 

decreasing slope of the spoil deposit. The water hardness is responsible for the pH changes. 

According to Wilson, (2010), alkalinity is important because it buffers the pH of water within the 

system and without this buffering capacity, small additions of acids or bases would result in 

significant changes of pH. The hardness of water in the mining area is due to the dissolution of 

minerals in soils such as the limestone (CaCO3), and can also be associated with pollution by 

industrial effluents (Ferrari et al., 2017). When the lime dessolution occurs, the Ca decreases and 

the dissolved CO2 increases which results to the pH decrease, consequently the CEC also 

decreases. This explanation is supported by the PCA statistical analysis in (Figure 23.). The sample 

collected from the top of the deposit (Rn-M11) had the highest average pH (6.11) and the sample 

collected from the bottom edge of the slope (Radioactive sample) had the lowest pH (5.27). 

Chakraborty et al. (2013) reported that soil-to-plant TF depends on soil properties such as pH and 

moisture content. 

The CEC values ranged from 8.25 ± 1.09 (cmol(+)/kg) to 52.89 ± 6.71 (cmol(+)/kg). The CEC 

values did not follow any trend. It was observed that Rn-M12 at 25 – 50 cm depth had the lowest 
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CEC of 8.25 ± 1.09 (cmol(+)/kg), which is an indication that the soil at this sampling location is 

more susceptible to cation nutrient loss through leaching. 

The SOM ranged between 0.87 % and 3.87 %. It could be observed that the sample collected from 

the slope of the spoil deposit (Rn-M12) had the lowest average % SOM. Although this sample had 

a higher moisture content than the Radioactive sample, its water-holding capabilities might be low. 

This could be due to the water runoffs down the slope instead of infiltrating through the soil in this 

location. This has been proven by the sample collected at the bottom of the deposit (Rn-M13) with 

the highest soil moisture and soil organic matter contents.  

One-Sample t-test statistical analysis indicated that the CEC values were significantly different (p 

> 0.05) in all three depths (0 – 25 cm, 25 – 50, and 50 – 75 cm) and three samples (Rn-M11, Rn-

M12, and Rn-M13) that were considered for the function of topography. In contrast, the SOM was 

only significantly different in 25 – 50 cm depth. In terms of depth, the CEC and the SOM were 

found to be significantly different in Rn-M11. The statistical results for the soil characteristics are 

discused in detail in section 4.4.1. 

4.2. Radioanalytical results 

There have not been known limits placed for natural radionuclides (K-40, U-238, U-235, and Th-

232) in the soil since K-40, Th-232, and U-238 are principal primordial radionuclides that have 

existed since the beginning of Earth. However, UNSCEAR (2000) placed international median 

values for each radionuclide in soil and the mean values for each country based on previously 

reported activity concentrations in the world. Therefore, the activity concentration obtained in this 

study were compared to the mean concentrations for Hungary. The UNSCEAR did not report on 

the mean values for U-235; this might be due to that the natural uranium contains 0.7% of the U-

235 isotope, and the remaining 99.3% is mostly the U-238 isotope (World Nuclear Association, 

2020). For Rn-222, it is the obligation for each country to place a limit not to be exceeded 

following the regulations of the International Commission on Radiological Protection (ICRP), 

IAEA, and/or UNSCEAR based on the safety of the people. Hence, Hungary set the Rn-222 action 

level value of 1000 Bq/m3, which is documented in the Hungarian Regulation 10 16/2000 (2000) 

(Shahrokhi et al., 2017). Following the closure of the Mecsek uranium mine, the Republic of 

Hungary (2008) indicated the limit values (Table 4.) for the release and environmental load, which 

had to be complied with within the course of mine closure and remediation projects according to 

the environmental protection license and the specifications. The Rn-222 activity concentrations 

obtained in this study were compared to the Hungarian Regulation 10 16/2000 action level value, 
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radiation protection requirement for radon reported by the Republic of Hungary, and the activity 

concentrations of natural radionuclides in soil samples were compared to the international values 

reported by UNSCEAR (2000). 

Table 4. Radiation protection requirements (the Republic of Hungary, 2008) 

For the remediation of waste rock piles, heap leaching 

piles, and tailings ponds 

For the remediation of surface facilities and their 

immediate surroundings 

Radon Radon 

Rn exhalation 0.74 Bq/m2/s  Rn exhalation 0.74 Bq/m2/s 

Rn concentration background + 30 Bq/m3 Rn concentration 1000 Bq/m3 

Activity concentration of soil Activity concentration of soil 

In the uppermost 0-15 cm 

layer  

background + 180 Bq/kg In the uppermost 0-15 cm 

layer  

background + 180 Bq/kg 

In the next 15 cm layer background + 550 Bq/kg In the next 15 cm layer background + 550 Bq/kg 

4.2.1. Radon activity concentrations 

The summary of the results for Rn-222 activity concentration measurements in the soil samples 

is indicated in (Table 5.). 

Table 5. Rn-222 activity concentration in soil 

Sample name Sample depth (cm) Activity (Bq/m3) 

Rn-M11 0 – 25 5.08 ± 1.34 

 25 – 50 25.6 ± 1.81 

 50 – 75 < background 

 75 – 100 Hard rock (not sampled) 

Rn-M12 0 – 25 29.3 ± 1.35 

 25 – 50 29.1 ± 1.79 

 50 – 75 14.3 ± 1.95 

 75-100 23.0 ± 0.77 

Rn-M13 0 – 25 13.5 ± 2.33 

 25 – 50 49.3 ± 2.27 

 50 – 75 40.2 ± 2.16 

 75 – 100 44.3 ± 2.16 

Radioactive 

sample 

0 – 25 80.3 ± 1.34 
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Activity concentrations of Rn-222 for each soil sample were investigated to determine the behavior 

of Rn-222 as the depth of the sample increases and to determine if the activity concentrations were 

within the set limit. The average Rn-222 activity concentrations for the soil depths of Rn-M11, 

Rn-M12, and Rn-M13 samples were 15.3 ± 1.58 Bq/m3, 23.9 ± 1.47 Bq/m3, and 36.8 ± 2.23 Bq/m3, 

respectively. The Radioactive sample exhibited a higher activity concentration as compared to all 

the samples collected. This sampling point already indicated a higher gamma dose rate, as shown 

in (Figure 8.) from the previous monitoring report conducted by the Mecsekérc Zrt. (2017).  

The activity concentrations for Rn-222 did not have a particular pattern regarding the vertical 

distribution of sample depth. Statistically, the sample depths and the Rn-222 concentrations 

indicated a weak negative correlation (r = - 0.100; p = > 0.05). The topographic details imply that 

the activity concentration for Rn-222 might decrease as the slope of the spoil deposit increase. 

This observation indicates that the sample collected from the top of the deposit had an average of 

15.3 ± 1.58 Bq/m3, while the sample collected from the bottom edge of the deposit had 80.3 ± 1.34 

Bq/m3. The One-Sample t-test statistical analysis results indicated that there was a significant 

difference (p > 0.05) between the sample locations (Topography). In contrast, the t-test indicated 

that only Rn-M11 had significant differences in terms of depths. The Rn-222 activity concentration 

for sampling point Rn-M11 (50 - 75 cm) was below the detection limit, as can be seen in (Table 

5.). The reason for this might be the hard rock that was below 50 -75 cm layer. The statistical 

analysis showed that the Rn-222 concentrations were significantly different in the Rn-M11 sample. 

According to Elzain (2014), lower porosity of the soil and intact rocks above the aquifer reduces 

the probability of radon gas escape, while higher porosity might allow the radon gas to escape 

easily. Rn-M13 and Radioactive samples were observed to have an elevated Rn-222 activity 

concentration compared to Rn-M11 and Rn-M12. This increase in concentration might be due to 

the fact that the sampling point for Rn-M13 was at the bottom of the slope on the field surface, 

and the other two points are at the top of the slope. In comparison, the radioactive sample was at 

the edge of the deposit, which is at the bottom of the deposit slope. The Rn-222 activity 

concentrations, which ranged between 5.08 ± 1.34 Bq/m3 and 80.3 ± 1.34 Bq/m3, were found to 

be below the action level value of 1000 Bq/m3 set by the Republic of Hungary (2008) for radiation 

protection and also stated in the Hungarian Regulation 10 16/2000 (2000) for workplaces like 

mines, tourists caves, and other underground activities. This action level is set in accordance with 

the ICRP, where the action level is suggested to be between 500 Bq/m3 and 1500 Bq/m3 (ICRP, 

2012; Shahrokhi et al., 2017). 
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4.2.2. Gamma spectroscopy 

The soil activity concentrations for natural radionuclides measured were compared to the 

Hungarian mean value for the natural radionuclide content in the soil as specified by UNSCEAR 

(2000). The raw data for radionuclides are shown in (Appendix 4.). The activity concentrations for 

K-40 were presented separately from other radionuclides for better visuals, as shown in (Figure 

14.). 

 

Figure 14. Activity concentrations for K-40 measured in soil and plant samples 

The vertical analysis for K-40 results indicated that the soil depth did not have an impact on the 

concentration since similar concentrations could be obtained for each sample.  The average activity 

concentrations for K-40 in soil samples Rn-M11 and Rn-M12 were 1918 ± 104 Bq/kg and 1917 ± 

88.4 Bq/kg, respectively. In contrast, the average activity concentrations in Rn-M13 and 

Radioactive samples were 2332 ± 126 Bq/kg and 2173 Bq/kg, respectively. These results give an 

indication that the soil samples (Rn-M11 and Rn-M12) collected from the top of the deposit had 

lower concentrations of K-40 as compared to the soil samples (Rn-M13 and Radioactive sample) 

collected from the lower part of the deposit No. I. This might be due to some movement of K-40 

radioactivity through water precipitation. The activity concentrations of K-40 in soil were all above 

the World’s median value of 400 Bq/kg for K-40, and the concentrations were outside the range 

of 140 – 850 Bq/kg as reported by the UNSCEAR (2000), the lowest activity concentration 

reported in this study was 1779 ± 108 Bq/kg. The activity concentrations for K-40 sequence was 

as follows: Rn-M13 > Radioactive > Rn-M11 > Rn-M12. Elevated concentration of K-40 could 
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be the result of high clay content since K-40 is part of a clay minerals component, and its mobility 

is determined by the solubility in the soil (Ahmad et al., 2019). One-Sample t-test statistical results 

indicated that the differences in K-40 concentrations were due to chance (p ≤ 0.05) in terms of 

depths and in terms of topography. 

It was notable that the activity concentration of K-40 in the unwashed plant samples was slightly 

higher than in the washed sample. This concludes that some of the activity concentration in plants 

is due to dust particles. The comparison of the results for soil samples with plant samples collected 

at the same location indicated that K-40 radioactivity concentrations of plant samples were more 

than double the soil activity concentrations. This implies that the plant samples might have taken 

up a large amount of K-40 from the soil. These results are in agreement with the study conducted 

by Manigandan (2009), in which it was discovered that the K-40 activity concentrations were 

considerably higher than other radionuclides, which suggested higher levels of uptake of this 

radionuclide.  

The activity concentrations for U-238, Th-232, and U-235 radionuclides in the soil samples in 

each depth; and the concentrations for the plant samples collected at the same location are shown 

in (Figure 15.). The activity concentration for U-238 and Th-232 in soil were compared to the 

mean values for Hungary as reported by UNSCEAR (2000). The results for the Radioactive sample 

are presented separately in (Figure 16.) to show the progenies for U-238 behavior since U-238 was 

elevated in this location.  

The activity concentration for U-238 in soil ranged from 66.6 ± 12.2 Bq/kg to 154.80 ± 12.8 Bq/kg. 

The average activity concentrations for Rn-M11, Rn-M12, and Rn-M13 were 103.50 ± 11.8 Bq/kg, 

85.3 ± 9.54 Bq/kg, and 120.47 ± 13.5  Bq/kg, respectively. These activity concentrations of U-238 

were all above the mean values for soils in Hungary (29 Bq/kg) and the median value for soils in 

the World (35 Bq/kg) as reported by UNSCEAR (2000). These results indicate that Rn-M13 had 

elevated U-238 activity concentration as compared to other samples. The source of elevated U-

238 could be associated with geological material. 

Observations for Th-232 indicated that Rn-M13 had the highest average activity concentration   

(58.86 ± 10.6 Bq/kg) in the soil as compared to Rn-M11 and Rn-M13, which had 42.52 ± 9.28 

Bq/kg and 42.8 ± 42.83 Bq/kg, respectively. The Th-232 activity concentrations were above the 

mean value for soils in Hungary (28 Bq/kg) and the World’s median value (30 Bq/kg) (UNSCEAR, 

2000). Uranium-235 had the lowest activity concentrations as compared to all-natural 

radionuclides measured in this study. The U-235 concentrations ranged between 3.21 ± 0.16 Bq/kg 
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and 7.22 ± 0.60 Bq/kg, with sample Rn-M13 displaying a higher average activity concentration 

(5.62 ± 0.63 Bq/kg) than the rest of the samples. In fact, it was notable that when comparing Rn-

M11, Rn-M12, and Rn-M13, Rn-M13 displayed higher activity concentrations for all-natural 

radionuclides measured. This might be due to the fact that the Rn-M13 sample was collected at 

the bottom of the deposit. The higher activity concentration might suggest that the source of 

contamination may be near the sample collection area. The vertical distribution of activity 

concentrations for all the natural radionuclides in all depth levels did not follow any trend; the 

results varied throughout for all sample locations. Statistical results indicated that when it comes 

to the topography, the differences in U-238, U-235, and Th-232 concentrations were due to chance 

(p ≤ 0.05). However, in terms of depths, there was a significant difference between the 

concentrations of U-238 and U-235 among the depths of Rn-M13. 

Plant samples were observed to have elevated U-238 concentration (with an average of 170.62 ± 

43.4 Bq/kg) compared to all the natural radionuclides measured (Th-232 = 37.19 ± 29.8 Bq/kg and 

U-235 = 7.96 ± 2.03 Bq/kg). This might be attributed to high concentrations of U-238 in soil. 

Overall, the activity concentrations for all the natural radionuclides detected in plant samples were 

above the average concentrations found in soil samples collected from the same location, with an 

exception for Th-232. Thorium-232 displayed an average concentration that was less than the 

average concentration of the soil. This could be the indication that there was a biological uptake 

of these radionuclides by plants from the soil. However, for Th-232, the uptake was less than the 

uptake of other natural radionuclides.  
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Figure 15. Activity concentrations for the natural radionuclides in soil and plant samples 

The results for the activity concentrations for U-238 and Th-232 progenies in soil and plants for 

Rn-M11, Rn-M12, and Rn-M13 samples are presented in (Appendix A5.) and (Appendix A6). The 

vertical analysis did not show any trend; however, it could be noted that Ac-228 (969.1 keV) could 

not be detected in all plant samples, except for the Radioactive washed sample with 40.17 ± 110 

Bq/kg. This could be the result of cross-contamination since the concentration was not detectable 

in the same sample which was unwashed. The observation made that plant samples contained 

higher activity concentrations of U-238 progenies (Pb-214 at 295.2 keV, Pb-214 at 352 keV, Bi-

214 at 609.3 keV, and Bi-214 at 1120.3 keV) and Th-232 progeny (Ac-228 at 911.6 keV) as 

compared to the soil samples. Furthermore, Pb-212 (238.6 keV) concentration in the Radioactive 

soil sample was not detectable; however, in plants, both washed and unwashed samples resulted 

in 39.43 ± 22.6 Bq/kg and 37.12 ± 27.19 Bq/kg, respectively. This observation could be an 

indication that the plants absorb all the Pb-212 from the soil. 

The results for natural radionuclides in (Figure 15.) and their decay products in (Appendix A4.) 

indicated that the depth of the soil did not have an impact on activity concentrations; there was a 

variation in activity concentrations. However, the topography of the deposit may have influenced 

the concentration results. The samples collected on the top of the deposit appeared to have lower 

concentrations compared to the samples collected at the edge or at the bottom of the deposit. This 

might be an indication that there is a migration of radionuclides from the top of the deposit to the 

bottom of the deposit. When comparing the soil samples to the plant samples taken from the same 

sampling point, there was an indication of higher activity concentrations in plants. This might be 

an indication of the biological uptake of the radionuclide by the plant samples.   

The activity concentrations for the Radioactive soil sample washed and unwashed Radioactive 

plant samples were compared as illustrated separately to other samples as shown in (Figure 16.). 

While comparing the activity concentrations for the washed and unwashed plant samples, it was 

noted that the concentration difference was not significant. The difference in activity 

concentrations for both washed and unwashed plant samples was unnoticeable. 
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Figure 16. Radioactive sample – activity concentrations for radioactive soil and plant sample 

before and after washing 

The results for the radioactive sample in (Figure 16.) indicated elevated activity concentrations of 

U-238 and its decay products. The activity concentration of U-238 in soil was observed to be 

elevated in the Radioactive sample (1856.29 ± 24.9 Bq/kg), whereas other samples had a 

concentration range of 85.30 ± 9.54 Bq/kg to 120.47 ± 13.5 Bq/kg. The observation was made that 

U-238 concentration levels in a soil sample were above the mean value specified by UNSCEAR. 

It was expected for the activity concentration of U-238 to be elevated in soil collected from the 

Radioactive point due to the high gamma dose rate (between150 - 200 nGy/h), as can be seen in 

(Figure 8.). The activity concentrations of U-238 and its decay isotopes in the Radioactive sample 

ranged from 1744± 30.9 Bq/kg and 1959 ± 40.6 Bq/kg. On the other hand, Th-232 in the 

Radioactive soil sample brought about the lowest activity concentration (10.04 ± 12.3 Bq/kg) as 

compared to all the samples. However, the plant samples indicated higher activity concentrations 

(washed: 28.07 ± 16.0 Bq/kg and unwashed: 26.16 ± 33.4 Bq/kg) than the soil samples. The 

Radioactive soil sample is the only sample that resulted in Th-232 being less than the mean value 

for soils in Hungary (28 Bq/kg) and the World’s median value (30 Bq/kg) (UNSCEAR, 2000). 

The sequence for U-238 concentration in soil was as follows: Radioactive > Rn-M13 > Rn-M11 > 

Rn-M12, the sequence for Th-232 activity concentrations was as follows:  Rn-M13 > Rn-M12 > 

Rn-M11 > Radioactive, and the sequence for U-235 activity conentrations was as follows: 

Radioactive > Rn-M13 > Rn-M11 > Rn-M12.  
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The plant uptake of radionuclides in the soil is commonly known as soil to plant TF (Adesiji and 

Ademola, 2019). Transfer factor values were determined on a mass basis as indicated in (Table 

6.); the activity concentration of plant samples (dry matter) was related to the radionuclide activity 

concentration in the first 25 cm of soil and calculated using Equation (2) as indicated in chapter 

2.4.3. The TF values obtained in this study were compared to the mean values for radionuclide TF 

ratios (grasses) in a temperate environment for all types of soil reported by the International 

Atomic Energy Agency on their Technical Reports Series no. 472 (IAEA, 2011).  

Table 6. Transfer Factors calculated from 0 – 25 cm soil samples 

Radionuclides Rn-M11  Rn-M12  Rn-M13  Radioactive sample  

Pb-212 (238.6 keV) n.d. 1.25 ± 4.53 n.d. n.d. 

Pb-214 (295.2 keV) 1.97 ± 4.86 3.27 ± 4.45 1.16 ± 1.97 0.03 ± 1.59 

Ac-228 (338.3 keV) n.d. 1.56 ± 4.68 2.35 ± 2.05 2.44 ± 2.62 

Pb-214 (352 keV) 0.16 ± 4.40 2.57 ± 4.40 0.88 ± 1.99 0.06 ± 1.24 

Tl-208 (583.1 keV) 1.34 ± 4.75 6.40 ± 4.26 0.22 ± 2.18 2.64 ± 2.81 

Bi-214 (609.3 keV) 3.17 ± 4.42 1.72 ± 4.53 1.11 ± 2.03 0.12 ± 1.26 

Ac-228 (911.6 keV) 7.95 ± 4.37 1.68 ± 4.19 0.68 ± 2.37 4.26 ± 2.73 

Ac-228 (969.1 keV) n.d. n.d n.d n.d 

Bi-214 (1120.3 keV) 2.30 ± 4.51 0.85 ± 4.74 2.44 ± 2.03 0.12 ± 1.95 

K-40 (1460.8 keV) 3.97 ± 4.45 4.73 ± 4.31 1.74 ± 1.91 3.21 ± 3.32 

U-238 2.06 ± 4.54 1.71 ± 4.67 1.55 ± 2.02 0.08 ± 1.78 

Th-232 0.16 ± 2.59 1.67 ± 4.53 0.86 ± 2.08 2.60 ± 2.71 

U-235 2.06 ± 4.54 1.71 ± 4.67 1.55 ± 2.02 0.08 ± 1.78 

TF values for grasses (IAEA, 2010) 

 Mean Minimum Maximum  

Pb 0.31 0.11 1.0  

K (in pasture grasses) 0.73 - -  

U 0.017 0.00020 5.5  

Th  0.042 0.00074 0.65  

The n.d. abbreviation represents not detectable. 

Rn-M11 and Rn-M12 indicated high TF ratios as compared to Rn-M13 and radioactive samples. 

Rn-M11 had the highest TF ratio of 7.95 ± 4.37 for Ac-228 (911.6 keV), followed by Tl-208 (583.1 

keV) with a TF ratio of 6.40 ± 4.26 in sample Rn-M12. The Pb TF ratios for the radioactive sample 

were all below the minimum values reported by the IAEA. In comparison, the rest of the samples 

contained Pb radioisotopes that were above the maximum value. The TF ratios for U-238 and U-

235 were the same for all samples, which were all above the mean values but were below the 

maximum value of 5.5 as reported by IAEA. It could be noted that the TF ratios for the U 
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radioisotopes in the Radioactive sample were lower than the rest of the samples. This could be 

explained by the high concentrations of U radioisotopes in the Radioactive soil sample. This 

observation suggests that the plants in this sampling location could uptake fewer U radioisotopes 

as compared to the plants in other sampling locations. The TF ratios for Th-232 were less in Rn-

M11 and Rn-M13. However, the Radioactive sample had an elevated TF value as compared to 

other natural radionuclides. According to Azeez et al. (2019), the mobility for Th-232 may be 

restricted in plants due to its adsorption by cell wall materials, and it is also highly insoluble in 

natural waters. The TF ratios for K-40 were observed to be higher than the TF ratios for all the 

natural radionuclides. These results are harmonious with the K-40 results from the study conducted 

by Azeez et al. (2019), where the K-40 TF ratios were found to be significantly higher in all plants 

as compared to other radionuclides and the authors are of the opinion that this might be due to the 

high mobility of K-40 in the soil and its solubility in water. However, there is no data in the IAEA 

(2000) report regarding the TF ratios for K in normal grasses except for pasture grasses which only 

shows the mean value of 0.73. The sequence for natural radionuclide TF ratios was as follows:  

❖ K-40: Rn-M12 > Rn-M11 > Radioactive sample > Rn-M13 

❖ U-238 and U-235: Rn-M11 > Rn-M12 > Rn-M13 > Radioactive sample  

❖ Th-232: Radioactive sample > Rn-M12 > Rn-M13 > Rn-M11 

Transfer factor results indicated that there is a possibility of radionuclide uptake by plants. All 

samples were reported to have TF ratios that were very high for almost all radionuclides analyzed 

in this study (except for Pb-212 at 238.6 keV and Ac-228 at 969.1 keV). According to Fite and 

Leta (2015), if the TF ratios > 1, the plants have accumulated elements, the TF ratios approximately 

1 indicate that the plants are not influenced by the elements, and if the TF ratios < 1, it is the 

indication that plants avoid the elements from the uptake.  

4.3. Potentially toxic elements 

The results for total trace elements are discussed in detail in the publication by Khumalo et al. 

(2020). The summary for this paper is given in section 4.3.1. 

4.3.1. Pseudo total elements results  

The PTE concentrations obtained by the pseudo total analysis were compared to the soil 

permissible limits regulated by the Hungarian Government (6/2009. IV. 14. 2009) based on the 

regulation of other European (EU) member countries (Rékási and Filep, 2012). Additionally, the 

target values (Denneman and Robberse 1990; Ministry of Housing, Netherlands, 1994) and the 
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allowed levels (Commission of the European Communities, 1986) for elements in the soil are 

included for reference in comparison of the Hungarian limits to the World’s limits. (Table 7.) 

indicates the permissible limits in soil. 

Table 7. Permissible limits for PTEs in soil 

Element aTarget value of 

soil (mg/kg) 

bConcentration of elements 

in soil and contamination 

limit values (mg/kg) 

cAllowed 

levels in soil 

(mg/kg) 

dIntervention 

values (mg/kg) 

Cd 0.80 1.00 1.00 – 3.00 12.0 

Co - 30.0 - 240 

Cr 100 75.0 100 – 150 380 

Cu 36.0 75.0 50.0 – 140 190 

Fe - - - - 

Mn - - - - 

Ni 35.0 40.0 35.0 – 75.0 210 

Pb 85.0 100 50.0 – 300 530 

Zn 50.0 200 150 – 300 720 
aTarget values are specified to indicate desirable maximum levels of elements in unpolluted soils 

(Denneman and Robberse 1990).  
bContamination limit values for Hungarian soils (6/2009. IV. 14. 2009; Rékási and Filep, 2012). 
cAllowed levels in soil (Commission of the European Communities, 1986). 

dIntervention values (Netherlands Ministry of Housing, Spatial Planning and the Environment (VROM), 

2000). 

The results were presented according to the elemental importance in soil. The different 

classifications of these PTEs are discussed in section 2.2.2. The elements that are required by 

plants in large quantities (Ca, K, Mg, P, and Fe) are illustrated in (Figure 17.); elements that are 

needed in small amounts are shown in two figures for clear visibility: Co, Mn, and Cu are shown 

in (Figure 18.) and Na, Zn, and Ni are illustrated in (Figure 19.); and toxic elements (Cd, Cr, and 

Pb) in (Figure 20.). The pseudo total concentrations of the PTEs in soil and plants are presented in 

(Appendix A7.) for Rn-M11, (Appendix A8.) for Rn-M12, (Appendix A9.) for Rn-M13, and 

(Appendix A10.) for the Radioactive sample. According to Hooda (2010), Fe is an essential 

micronutrient; however, within soils and plants, it is not toxic because its average concentration is 

generally greater than 100 mg/kg; hence it was presented together with the macronutrients. For 

visual presentation of each element in the depths of each sample, the PTE figures showing the 

tendencies for each element are presented in (Appendix A11.). 
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Figure 17. The total concentration of Ca, Fe, K, Mg, and P in soil samples 

 

Figure 18. The total concentration of Co, Cu, and Mn in soil samples 
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Figure 19. The total concentration of Na, Ni, and Zn in soil samples 

  

Figure 20. The total concentration of Cr, Cd, and Pb in soil samples 
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mg/kg and 40.5 ± 0.06 mg/kg, respectively. However, these Ni concentrations were still within the 

allowed concentrations of 35 – 75 mg/kg recommended by the Commission of the European 

Communities (1986). Although micronutrients from the soil are essential for plant growth and 

development (Voss, 1998), high concentration levels can be toxic (Stanojković-Sebić et al., 2017). 

The results for toxic elements in the soil from spoil deposit No. I indicated that the Cd element 

was lower than the detection limit, whereas the Pb concentrations were below the Hungarian limits. 

Overall, the average concentrations for PTEs were all within the Hungarian limits for soils 

collected in Rn-M11, Rn-M12, and Rn-M13. Although Cr concentrations for the Rn-M12 sample 

at 25 – 50 cm (116 ± 0.21 mg/kg) and Radioactive sample (127 ± 0.01 mg/kg) were above the 

Hungarian limit value of 75 mg/kg, these concentrations were still within the allowed levels of 

100 – 150 mg/kg (Commission of the European Communities, 1986).  

Most PTE concentrations in soil samples collected from the spoil deposit No. I was lower than the 

contamination limit values for Hungarian soils and within the permissible limits. The results for 

micronutrients indicated that there was a trend in the increase of concentrations of elements as the 

slope of the deposit decreased. Soil samples collected from the top of the deposit (Rn-M11) 

contained less average concentration, followed by the sample collected from the slope (Rn-M12) 

and the sample collected from the bottom of the deposit (Rn-M13) had the highest average 

concentration. It should be noted that this sample was also observed to have the highest soil organic 

matter content. This observation might be an indication that there is a possibility of migration of 

these elements from the top to the bottom of the spoil deposit. The observations revealed that the 

Rn-M13 sample had the highest average concentrations for each element among all samples except 

in cases of Cr, Cu, Ni, and Pb, where the Radioactive sample had the highest average 

concentrations. It could be noted that the Rn-M13 also had the highest percentage of soil moisture 

content. This might be an indication that there is the possibility of water infiltrating through the 

deposit while migrating PTEs. The abundance of Cr, Cu, Ni, and Pb in the Radioactive sample 

could mean that these elements are correlated to U-238.  

It is worth mentioning that the U total concentrations in soil and plants were not measured using 

the pseudo total method. However, the U concentrations in soil for 0 – 25 cm depth could be 

obtained from the sum of the BCR sequential method. The U concentrations for the depths 25 – 

50, 50 – 75, and 75 – 100 were calculated from U-238 using specific activity concentration, hence 

the exclusion of U concentrations in the figures above. The calculated U concentrations are 

presented in (Appendix 7.), (Appendix 8.), (Appendix 9.), and (Appendix 10.) with the rest of the 

PTEs.  
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The concentrations for the elements in analyzed plants were compared to the WHO (1996) 

permissible limits for plants as indicated in (Table 8.). 

Table 8. Total concentrations for elements in plant samples 

Elem

ent 

Detection 

limits 

Rn-M11 

Concentrati

on  (mg/kg) 

Rn-M12 

Concentratio

n  (mg/kg) 

Rn-M13 

Concentrati

on  (mg/kg) 

Radioactive 

unwashed 

plant 

Concentrati

on  (mg/kg) 

Radioactive 

washed 

plant 

Concentrati

on (mg/kg) 

*Permis

sible 

values of 

plant 

(mg/kg) 

Ca  1.30E-05 5710 ± 31.3 4400 ± 9.01 2133 ± 6.89 5369 ± 0.25 5184 ± 24.9 - 

Cd  3.45E-05 n.d. n.d. n.d. n.d. n.d. 0.80 

Co  5.64E-05 n.d. n.d. n.d. n.d. n.d. - 

Cr  5.59E-05 14.2 ± 0.01 n.d. n.d. n.d. n.d. 1.30 

Cu  3.35E-05 5.89 ± 0.05 18.3 ± 1.21E-

03 

59.5 ± 0.07 21.7 ± 0.13 73.1 ± 0.10 10.0 

Fe  3.81E-05 265 ± 2.08 94.93 ± 0.32 301 ± 1.16 52.39 ± 0.21 68.59 ± 0.20 - 

K  1.12E-03 7206 ± 11.9 7608 ± 87.7 8861 ± 16.0 13289 ± 7.37 14302 ± 3.17 - 

Mg  1.15E-05 1781 ± 7.97 1786 ± 5.06 785 ± 0.51 868 ± 4.30 925 ± 1.69 - 

Mn  8.22E-06 34.2 ± 0.07 21.5 ± 0.11 26.1 ± 0.29 3.68 ± 0.02 8.97 ± 0.06 - 

Na  7.22E-04 73.9 ± 0.31 43.0 ± 0.12 36.9 ± 0.25 33.5 ± 0.87 52.8 ± 0.29 - 

Ni  6.74E-05 5.48 ± 0.03 2.42 ± 0.01 n.d. n.d. n.d. 10.0 

P  4.12E-03 1411 ± 0.28 1150 ± 2.08 1307 ± 0.34 1489 ± 9.02 1631 ± 3.95 - 

Pb  2.21E-04 n.d. n.d. n.d. n.d. n.d. 2.00 

U 9.42E-04 13.6 ± 2.33 15.6 ± 2.38 13.7 ± 1.30 11.9 ± 2.05 11.5 ± 1.67  

Zn  4.20E-05 20.9 ± 0.03 9.41 ± 0.03 13.6 ± 0.05 8.87 ± 0.02 13.3 ± 0.22 0.60 

Results highlighted in bold were above the WHO permissible limits and n.d. refers to not detectable. 

*The permissible values in plants (WHO, 1996; Ogundele et al., 2015). 

Chromium concentration for the Rn-M11 sample (14.2 ± 0.01 mg/kg) was observed to be above 

WHO (1996) limit of 1.3 mg/kg. Copper concentrations for Rn-M12, Rn-M13, and Radioactive 

(both unwashed and washed plant) samples were above the WHO permissible limit of 10 mg/kg.  

It was also observed that the concentrations for Cu increased as the topography changed from the 

top of the deposit to the bottom of the deposit. The increase in Cu concentration at the bottom of 

the deposit might be an indication that Cu was transported down the slope of the deposit and has 

accumulated at the bottom of the deposit. Zinc concentrations for all the plant samples collected 

were above WHO permissible limits of 0.6 mg/kg. This observation showed that Zn might have 

been available from soil to be absorbed in large quantities by plants. Due to metals being bound 

very tightly to the soil or exist in solid minerals at high pH, Jones and Jacobsen (2001) are of the 

opinion that Cu, Mn, Zn, Fe, and Ni will be more available at low pH levels than at high pH levels. 

It could be notable that the plant moisture and average concentrations for plants were having the 

same trends. The plant sample with the highest % plant moisture was observed to have 

accumulated elevated PTE concentration and vice versa. When comparing the results for the 

washed and unwashed Radioactive plant samples, there was no noticeable difference in 
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concentration. This indicated that the concentrations of the elements obtained in plants are not due 

to surface contamination but are due to biological uptake.  

The transfer factor (TF) ratios were calculated from the plant shoots. The results are indicated in 

(Table 9.) to determine the ability of a metal species to migrate from the soil into plant roots. 

Table 9. Soil/Plant Transfer Factor (TF) from pseudo total concentrations 

Element

s 

Rn-

M11 

Uncertaint

y 

Rn-M12 Uncertaint

y  

Rn-M13 Uncertaint

y  

Radioactiv

e sample  

Uncertaint

y  

Ca  0.27 ± 0.36 0.41 ± 0.11 0.28 ± 0.88 0.59 ± 0.01 

Cd   -  -  -  - 

Co  n.d. n.d. n.d. n.d. 

Cr  0.30 ± 0.11 n.d. n.d. n.d. 

Cu  0.52 ± 1.50 1.56 ± 0.02 3.64 ± 14.33 0.54 ± 4.58 

Fe  0.02 ± 0.03 0.01 ± 0.00 0.01 ± 0.02 0.01 ± 0.01 

K  0.93 ± 2.15 0.95 ± 15.80 0.56 ± 0.65 1.14 ± 1.19 

Mg  0.30 ± 0.92 0.39 ± 0.35 0.09 ± 0.02 0.14 ± 0.11 

Mn  0.11 ± 0.06 0.05 ± 0.03 0.05 ± 0.84 0.01 ± 0.21 

Na  0.20 ± 0.16 0.12 ± 13.04 0.09 ± 0.13 0.19 ± 0.66 

Ni 0.24 ± 0.60 0.10 ± 0.29 n.d n.d. 

P  0.25 ± 0.01 0.19 ± 0.09 0.14 ± 4.57E-03 0.46 ± 2.05 

Pb  n.d. n.d. n.d. n.d. 

Zn  0.69 ± 0.12 0.29 ± 0.11 0.20 ± 0.39 0.25 ± 0.09 

n.d. represents not detectable. 

It was observed that in the soil, the concentrations for Ni and Cr were above the Hungarian limits 

in some sampling locations. However, the TF values for these elements were very low. This could 

be the result of the plant having low suitability for phytoextraction and phytoremediation (Mirecki 

et al., 2015). Mirecki et al. (2015) further explain that the availability of PTEs for plants is 

controlled by the plant’s requirement for micronutrients and the capacity to absorb and eliminate 

toxic elements. Agic et al. (2015) emphasized that the availability, uptake, and accumulation of 

PTEs vary by shoots and roots for different plant species and by their adaptation to the 

environmental conditions. Hence, low TF values may be due to some elements having low 

translocation capabilities from the roots to the shoot system of the plant. As a result, higher element 

concentrations in the soil does not necessarily mean higher element uptake by plants. Furthermore, 

Fite and Leta (2015) state that the direct deposition and foliar absorption could cause a high level 

of elements in the plants more than the translocation of the root-to-upper plant portion. Copper TF 

values indicated an increasing trend from the Rn-M11 with reported TF = 0.52 ± 1.50 , M12 with 

TF = 1.56 ± 0.02 and to M13 with TF = 3.64 ± 14.33. This increasing trend might imply that there 

was a migration of Cu from the top of the deposit to the bottom of the deposit. Copper TF values 

for sampling points Rn-M12 and Rn-M13 were above the limit of 1, whereas the Radioactive 
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sample reported the TF value of K to be 1.14 ± 1.19. This observation implies that Cu and K metals 

were available to be taken up by plants (Intawongse et al., 2007, Agic et al., 2015).  

4.3.2. Uranium concentrations in water 

The concentrations of U in water were determined to evaluate the mobility of U from the 

surrounding spoil deposits into the groundwater and to determine the risks associated with its 

chemical effects. In addition, the levels of U in effluent water were determined to ensure that when 

the effluent water is released into the environment, it is within the regulatory limits to protect the 

environment. Furthermore, the content of U in seepage water was determined to find out how 

much of U could possibly seep into the groundwater. The U concentrations were measured on the 

groundwater effluent water and seepage water from the Mecsek uranium mine, and the results 

were recorded in (Table 10.). The IAEA (2004b) reported on the treatment of liquid effluents from 

uranium mines and mills during and after the operation. In this report, the concentrations for U in 

process water, pond water, seepage from the dams, and shallow groundwater measured in the 

Mecsek mine between 1996 and 2000 were reported and are listed in (Table 10.) below. In 

Hungary, the research of natural radioactivity of groundwater is an essential issue since both the 

drinking water supply and the bottled mineral water market rely almost 100 % on groundwater 

(Erőss et al., 2018). Therefore, the groundwater concentrations obtained in this study were 

compared to the total uranium guideline value of 0.03 mg/L in drinking water set by WHO (2004). 

In contrast, the effluent water and the seepage water results were compared to the Umax limit of 2 

mg/L, which is regulated by the Hungarian Ministerial Decree No. 15/2001 (VI. 6.) KöM (2001). 

All the water results obtained in this study were also compared to the results that were previously 

obtained in the Mecsek uranium mine and published by the IAEA (2004b).  

Table 10. Uranium concentrations for water samples 

Results from the current study Results from the IAEA (2004b) Study 

Sample ID Sample description U concentration 

(mg/L) 

Sample description U concentration 

(mg/L) 

PK-33/1 Groundwater (No. I) 6.06 ± 0.03 groundwater 0.01 – 0.04 

PK-44/3 Groundwater (No. I) 0.23 ± 0.001 pond water 0.03 

PK-29/1 Groundwater (No. I) 1.87 ± 0.01 process water < 0.5 

1504/1 Groundwater (No. I) 2.78 ± 0.01 seepage water 2 - 5  

P-2/5 Groundwater (No. II) 1.90 ± 0.06   

P-2/6 Groundwater (No. II) 0.52 ± 0.003   

Elfolyó treated mine water 0.32 ± 0.001   
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6/11 Szint mine water from the 

spoil deposit No. I 

2.46 ± 0.01   

Északi-táró  mixed water: mine 

water from the waste 

deposit No. III and 

leaking water from 

precipitation 

6.72 ± 0.04   

IIIM. Gyűjtő  seepage water from the 

waste deposit No. III 

6.99 ± 0.02   

 

Cs-0 seepage water from the 

waste rock pile No. II 

0.84 ± 0.003   

In this study, the focus was on the groundwater samples collected near spoil deposit No. I, since it 

is the deposit that the entire study is based on. Groundwater sample PK-33/1 collected near the 

spoil deposit No. I indicated an elevated U concentration of 6.06 ± 0.03 mg/L which is above the 

WHO guideline value for U (0.03 mg/L) in drinking water (WHO, 2004). In fact, all four 

groundwater samples collected near the spoil deposit No. I (PK-33/1, PK-44/3, PK-29/1, and 

1504/1) showed a large difference in concentrations (6.06 ± 0.03 mg/L, 0.23 ± 0.001 mg/L, 1.87 

± 0.01 mg/L, and 2.78 ± 0.01 mg/L respectively). It was observed that all groundwater samples 

collected in this study were above the WHO guideline value. Elevated U concentrations in 

groundwater are of concern because it indicates active processes of the uranium leaching from the 

spoil deposits. This increase also indicates the capability of elements migrating into the 

groundwater. The elevated U levels in groundwater may be due to the seeping of water containing 

high concentrations of U from the process water. According to Abiye and Shaduka (2017), if the 

tailings are not lined, the seepage from the processing water that is ponding on the tailing dams 

cannot be prevented from seeping into the groundwater. The comparison of U concentration in 

this study and the study conducted by IAEA (2004b) indicated that U concentrations in 

groundwater for this study ranged from 0.23 mg/L to 6.06 mg/L, whereas the U concentrations 

from the IAEA study ranged from 0.01 mg/L to 0.04 mg/L. It should be noted that in the Mecsek 

uranium mine, the groundwater contaminated with U is remediated by extracting it from the area 

and purifying it before being released to protect the drinking water aquifer (IAEA, 2004b). The 

uranium decontamination of contaminated water involves ion exchange technology, in which 

uranium dissolved in water is bound by the anion exchange resin, and the U content of the purified 

water is reduced to below 1 mg/L to ensure compliance with the Umax = 2 mg/L limit value 

(Mecsekérc Zrt., 2017). This groundwater remediation process has been continuously operating 

since 2007.  
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The U concentration in the seepage water from spoil deposit No. III was very high (6.99 ± 0.02 

mg/L) as compared to the U concentration range (2 – 4 mg/L) in the seepage water reported by the 

IAEA. Furthermore, it was observed that both the seepage water (IIIM. Gyűjtő) from spoil deposit 

No. III and the mixed water (Északi-táró) from the same deposit resulted in high levels of U (6.72 

± 0.04 mg/L and 6.99 ± 0.02 mg/L respectively). Overall, the U concentrations in mine water for 

this study ranged from 0.32 ± 0.001 mg/L to 6.72 ± 0.04 mg/L, whereas the U concentrations from 

the IAEA study were < 0.5 mg/L. According to the IAEA (2011), effluent water often contains U, 

Ra-226, and other PTEs, often in excess of regulatory requirements. These findings explained the 

reasons for Mecsekérc Zrt. (2017) to focus more on waste rock dumps No. I and No. III to ensure 

that the remediation process is successful. 

4.3.3. BCR sequential extraction  

The concentrations of Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, U, and Zn in fractions F1, F2, F3, and F4 

were determined from the 0 – 25 cm soil depth, and the results are given in (Table 11.). In the 

second column, the detection limits of elements are given in mg/kg units for the applied ICP-OES 

methods. 

Table 11. Average concentrations for each fraction of the BCR sequential extraction and pseudo 

total concentrations with standard uncertainties 

Fraction 1 – Acid soluble 

Element 

Instrumental 

detection limit 

(mg/kg) 

Concentration ± standard uncertainty (mg/kg) 

Rn-M11 Rn-M12 Rn-M13 Radioactive sample 

Cd 3.45E-05 0.03 ± 4.83E-03 0.01 ± 0.01 0.05 ± 0.01 0.06 ± 0.02 

Co 5.64E-05 0.05 ± 0.02 0.02 ± 0.01 0.81 ± 0.03 4.27 ± 1.84 

Cr 5.59E-05 0.07 ± 0.01 0.10 ± 0.02 0.07 ± 0.01 0.30 ± 0.11 

Cu 3.35E-05  n.d. n.d. 0.08 ± 0.02 5.08 ± 2.21 

Fe 3.81E-05 0.57 ± 0.53 0.30 ± 0.23 7.02 ± 0.57 824 ± 366 

Mn 8.22E-06 31.1 ± 0.17 19.5 ± 1.37 166 ± 2.94 202 ± 88.1 

Ni 6.74E-05 0.43 ± 0.21 0.32 ± 0.05 1.20 ± 0.02 2.28 ± 0.97 

Pb 2.21E-04 0.10 ± 0.06 0.08 ± 0.20 0.20 ± 0.18 4.34 ± 2.16 

U 9.42E-04   n.d  n.d n.d 17.4 ± 7.46 

Zn 4.20E-05 0.19 ± 0.25 n.d 2.05 ± 0.42 5.84 ± 2.15 

Fraction 2 - Reducible 

Element 

Instrumental 

detection limit 

(mg/kg) 

Rn-M11 Rn-M12 Rn-M13 Radioactive sample 

Cd 3.45E-05 0.01 ± 3.96E-03 n.d 0.04 ± 2.62E-03 0.12 ± 0.05 

Co 5.64E-05 2.23 ± 0.08 3.33 ± 0.11 1.99 ± 0.04 1.14 ± 0.53 

Cr 5.59E-05 6.00 ± 0.23 5.09 ± 1.37 2.10 ± 0.74 16.6 ± 9.41 

Cu 3.35E-05 1.47 ± 0.02 1.35 ± 0.03 2.07 ± 0.22 8.89 ± 3.54 

Fe 3.81E-05 4547 ± 17.9 584 ± 22.5 2805 ± 99.7 1349 ± 567 

Mn 8.22E-06 177 ± 4.81 286 ± 11.0 161 ± 4.75 75.0 ± 39.0 

Ni 6.74E-05 4.42 ± 0.22 4.09 ± 0.53 3.01 ± 0.37 6.14 ± 3.89 

Pb 2.21E-04 3.35 ± 0.04 3.92 ± 0.07 7.18 ± 0.11 28.2 ± 11.7 

U 9.42E-04 n.d n.d n.d 14.5 ± 5.77 
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Zn 4.20E-05 2.38 ± 0.36 1.32 ± 0.31 6.32 ± 0.29 5.50 ± 2.46 

Fraction 3 - Oxidizable 

Element 

Instrumental 

detection limit 

(mg/kg) 
Rn-M11 Rn-M12 Rn-M13 Radioactive sample 

Cd 3.45E-05 n.d 0.01 ± 2.60E-03 n.d 0.16 ± 0.07 

Co 5.64E-05 0.22 ± 0.02 0.19 ± 0.02 0.48 ± 0.02 1.17 ± 0.51 

Cr 5.59E-05 2.76 ± 0.09 2.87 ± 0.42 2.99 ± 0.50 4.84 ± 2.17  

Cu 3.35E-05 0.50 ± 0.11 0.44 ± 0.10 1.05 ± 0.05 15.2 ± 6.98 

Fe 3.81E-05 213 ± 4.09 192 ± 5.04 586 ± 27.8 898 ± 376 

Mn 8.22E-06 9.78 ± 0.27 13.0 ± 0.32 14.8 ± 0.62 11.3 ± 5.11 

Ni 6.74E-05 1.49 ± 0.03 1.64 ± 0.10 1.90 ± 0.10 2.05 ± 0.81 

Pb 2.21E-04 0.48 ± 0.33 0.57 ± 0.25 0.77 ± 0.50 1.41 ± 1.00 

U 9.42E-04 1.28 ± 0.21 2.07 ± 0.15 3.19 ± 0.12 18.9 ± 7.50 

Zn 4.20E-05 1.04 ± 0.14 0.85 ± 0.21 2.72 ± 0.09 5.91 ± 2.28 

Fraction 4 – Residual 

Element 

Instrumental 

detection limit 

(mg/kg) 
Rn-M11 Rn-M12 Rn-M13 Radioactive sample 

Cd 3.45E-05 0.11 ± 0.03 0.09 ± 0.01 0.10 ± 0.02 0.29 ± 0.03 

Co 5.64E-05 6.03 ± 0.30 4.39 ± 0.55 4.84 ± 0.28 1.09 ± 0.13 

Cr 5.59E-05 74.5 ± 2.63 57.6 ± 4.58 47.3 ± 7.51 62.1 ± 6.80 

Cu 3.35E-05 13.9 ± 0.28 13.7 ± 0.74 16.1 ± 0.90 10.7 ± 2.42 

Fe 3.81E-05 26731 ± 4018 19861 ± 3.11 17681 ± 1639 4360 ± 430 

Mn 8.22E-06 201 ± 24.4 133 ± 22.8 96.6 ± 5.00 19.7 ± 3.28 

Ni 6.74E-05 32.3 ± 1.31 25.9 ± 0.97 19.5 ± 3.16 19.0 ± 3.30 

Pb 2.21E-04 8.98 ± 3.22 4.87 ± 1.37 4.36 ± 0.45 10.4 ± 2.22 

U 9.42E-04 n.d n.d n.d n.d 

Zn 4.20E-05 50.9 ± 1.76 42.5 ± 5.82 54.5 ± 2.98 15.1 ± 2.05 

The n.d. refers to not detectable 

The average percentage distribution of PTE concentrations for each sample (where RA represents 

Radioactive sample) in different fractions of the modified BCR is represented graphically in 

(Figure 21.).  
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Figure 21. The average percentage for the distribution of extractable content (average %) of a) 

Cd, b) Co, c) Cr, d) Cu, e) Fe, f) Mn, g) Ni, h) Pb, i) U, and j) Zn in soil from uranium mine spoil 
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The results indicated that the percentages of the extractable amount of U, Mn, Pb, Co, and Cd in 

the non-residual fractions were subsequently high (ranging from 36.8 % to 100 %). High 

percentages of these PTEs in mobile fractions might lead to the high bioavailability of these 

elements, leading to toxicity if not properly handled (Zimmerman and Weindorf, 2010; Okoro et 

al., 2017). Sungur et al. (2014) state that the availability of these elements may lead to mobility 

and pose a critical toxicity risk in plants, and may cause environmental pollution over time. The 

average percentage of Cd (17.5 %) in the acid-soluble fraction presents a significant environmental 

hazard, taking into consideration the high toxicity of Cd (Ma et al., 2011). Although the percentage 

in the acid-soluble fraction is minimal, this fraction is more mobile and dangerous relative to other 

fractions, and thus, the pollution may become substantially high (Soltani et al., 2017). The 

observation made was that most of the PTEs in the residual fraction followed: 

either Rn-M11 > Rn-M12 > Rn-M13 > Radioactive sample, 

or Rn-M12 > Rn-M11 > Rn-M13 > Radioactive sample descending orders,  

except in the case of Cr where the order was Rn-M13 > Rn-M11 > Rn-M12 > Radioactive sample.  

The observation made was that the Cr behavior was decreasing with the decreasing soil moisture 

percentage. Avudainayagam et al. (2003) state that adsorption/precipitation reactions, plant 

uptake, or sub-surfaced layers can temporarily remove Cr from the soil, provided soil pH and soil 

moisture are favored.  

These results imply that the Radioactive sample had the highest quantity of PTEs bound to the 

non-residual fractions. The topographic conditions and the anthropogenic activities may have 

contributed to the amount of concentration found in these sample locations and the amount being 

released into the environment. The Radioactive sample, which was sampled from the bottom of 

the spoil deposit, had lower pH, lower CEC with a higher PTE distribution percentage, whereas 

the samples collected from the top of the deposit and on the slope showed slightly higher pH, 

higher CEC, with less PTE distribution percentage. Furthermore, the study conducted by Khumalo 

et al. (2020) indicated that the soil samples collected from the top of the deposit (Rn-M11) 

contained less average total concentration, followed by the sample collected from the slope (Rn-

M12) and the samples collected from the bottom of the deposit (Rn-M13 and Radioactive sample) 

had the highest average total concentrations. This could be due to the leaching from the spoil rock 

and transportation along by the lateral water stream horizontally from the top of the deposit to the 

bottom of the deposit. Additionally, there was no trend in terms of depths; the PTE concentrations 

varied throughout different depths of each sample. This could be the result of different soil types 
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that were used to form the soil cover layer of the spoil deposit in question (Khumalo et al., 2020). 

It was also noted that the Rn-M13 sample had similar trends to the Radioactive sample when it 

came to the distribution of elements, except the Rn-M13 contained less concentration of U. The 

reason might be that both these samples were sampled at the bottom of the spoil deposit where the 

soil had elevated total concentrations of PTEs as per the study conducted by Khumalo et al. (2020).  

The results of this study are in agreement with numerous studies (Bielicka-Giełdoń et al., 2013; 

Sungur et al., 2014; Sahito et al., 2015; Pavlović et al., 2018). The study conducted by Bielicka-

Giełdoń et al. (2013) resulted in an abundance of  Fe, Cu, Cr, and Ni in the residual fraction. 

Similarly, the study conducted by Pavlović et al. (2018) indicated that Fe, Cu, Cr, and Ni were 

predominantly in the residual fraction at most sites investigated. Furthermore, in the study 

conducted by Sungur et al. (2014), the authors stated that it was clear that Mn, Cd, and Pb are the 

most mobile elements in soil samples, whereas the least-mobile elements are Ni, Zn, and Cu. 

Additionally, the PTEs that were bound to the non-residual fractions suggest that they are primarily 

derived from anthropogenic inputs. In contrast, the PTEs in the residual fractions indicate that they 

are of lithogenic origin (Baran and Tarnawski, 2015). The study conducted by Sahito et al. (2015) 

indicated that the total Cu and Pb were the most mobile elements in the soils investigated as 

compared to Cd, Fe, and Zn. According to De Almeida et al. (2007), Cd, Pb, Cu, and Cr are 

associated with various bioavailable geochemical fractions, like the water-soluble fraction, the 

exchangeable fraction, and the non-available fractions like those associated with the crystalline 

net of clays and silica minerals.   

The mobility of PTEs in soil 

The fractions weakly bound to soil components (acid-soluble, reducible, and oxidizable) were used 

to assess the mobility of elements in soil (Kabala and Singh, 2001). The mobility factor was 

calculated, and the results are illustrated in (Figure 22.). The results indicated the mobility of PTEs 

was in the following order:  

❖ Rn-M11 sample: U > Mn > Pb > Co > Cd > Ni > Cu > Cr > Zn > Fe,  

❖ Rn-M12 sample: U > Mn > Pb > Co > Ni > Cd > Cr > Cu > Zn > Fe,  

❖ Rn-M13 sample: U > Mn > Pb > Cd > Co > Ni > Zn > Cu > Fe > Cr, and 

❖ Radioactive sample: U > Mn > Co > Pb > Cu > Cd > Zn > Fe > Ni > Cr.  

The mobility order for all the samples asserts that U followed by Mn and Pb were highly mobile 

in this study, while Fe, Zn, and Cr were less mobile. According to Wijaya et al. (2018), the 
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dominance of Fe in the residual fraction is an indication that Fe was from natural soil minerals 

bound to silicate and aluminate. This data reveals that Cd, Mn, Pb, and U were more available for 

mobility compared to other PTEs in this study. The high mobility of U might be coming from the 

wounding that occurred during the remediation process of the spoil deposit No. I. Under normal 

circumstances, Cd is usually more mobile than Pb. However, natural radioactive elements such as 

uranium break down and form Pb as one of their end products (Kotoky et al., 2003). This explains 

the reason Pb was found to be more mobile after U and Mn. Based on previous studies, sequential 

extractions revealed that a significant fraction of U and possibly Pb and Cd could be considered 

as mobile (Skipperud and Salbu, 2015). 

 

Figure 22. Potential mobility of PTEs in soil 

4.3.4. Quality control 

The quality control for the BCR sequential procedure was conducted using the Certified Reference 

Material (CRM) BCR®-701, and the results are presented in (Table 12.).  

Table 12. Quality control results obtained for the analysis of BCR®-701 

Extraction 

step 

Element Experimental value 

(mg/kg of dry mass 

± standard 

deviation) 

Certified value 

(mg/kg of dry mass ± 

standard deviation) 

Recovery (%) 

Step 1 Cd 7.20 ± 0.08 7.34 ± 0.35 98.1 

Cr 2.88 ± 0.03 2.26 ± 0.16 127 

Cu 50.69 ± 0.59 49.30 ± 1.70 103 
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Ni 11.93 ± 0.11 15.40 ± 0.9 77.5 

Pb 0.06 ± 0.26 3.18 ± 0.21 1.95* 

Zn 176.1 ± 4.12 205.0 ± 6.0 85.9 

Step 2 Cd 2.30 ± 0.04 3.77 ± 0.28 99.5 

Cr 39.80 ± 0.30 45.70 ± 2.0 89.3 

Cu 109.3 ± 0.69 124.0 ± 3.0 92.0 

Ni 23.94 ± 0.33 26.60 ± 1.3 90.0 

Pb 114.2 ± 1.48 126.0 ± 3.0 89.7 

Zn 104.7 ± 0.81 114.0 ± 5.0 91.9 

Step 3 Cd 0.78 ± 0.01 0.27 ± 0.06 128 

Cr 107.1 ± 0.51 143.0 ± 7.0 76.4 

Cu 48.84 ± 0.14 55.2 ± 4.0 95.9 

Ni 13.44 ± 0.08 15.30 ± 0.9 82.6 

Pb 9.28 ± 0.64 9.30 ± 2.0 92.4 

Zn 38.01 ± 0.23 45.70 ± 4.0 78.4 

* The recovery percentage is too low. 

The results produced good recoveries except for Pb in the acid-soluble fraction, which indicated a 

very low yield of 1.95 %. There could be several reasons for the Pb recovery to have a low yield. 

According to Barać et al. (2016), errors during elemental analysis can be caused by improper 

sampling, storage, sample preparation, and the analysis itself. Furthermore, Barać et al. (2016) 

state that a poor recovery could be the result of washing with water between two extraction steps, 

however in this study, only Pb had a poor recovery, and therefore, this could not be the reason in 

this case. On the other hand, Van Herreweghe et al. (2003) believe that the overall poor recovery 

rates in the extraction procedure could be caused by the heterogeneity of the sample. It was 

observed that Cr in the acid-soluble fraction and Cd in the oxidizable fraction extracted 127 % and 

128 %, respectively. This might be due to a cumulative error in each of the extraction 

measurements (Van Herreweghe et al., 2003). 

In addition, the validation of the BCR sequential procedure is presented in (Table 13.) and in 

(Appendix A12.) indicated that there was a slight difference between the sum of the concentrations 

cumulated concentrations of fractions (F1+F2+F3+F4) in the BCR procedure and the pseudo total 

concentrations.  

Table 13. Validation for the BCR sequential procedure 

Sum of Fraction 1 + Fraction 2 + Fraction 3 + Fraction 4 

Element 

Instrumental 

detection limit 

(mg/kg) 
Rn-M11 Rn-M12 Rn-M13 Radioactive sample 

Cd 3.45E-05 0.15 ± 0.05  0.11 ± 0.03 0.20  ± 0.04 0.62 ± 0.16 

Co 5.64E-05 8.53 ± 0.42 7.93 ± 0.69 8.12 ± 0.36 7.67 ± 3.01 

Cr 5.59E-05 83.4 ± 2.96 65.6 ± 6.40 52.4 ± 8.76 83.9 ± 18.5 

Cu 3.35E-05 15.9 ± 0.43 15.28 ± 0.89 19.3 ± 1.19 39.9 ± 15.2 

Fe 3.81E-05 27398 ± 4040 20637 ± 3140 21079 ± 1767 7430 ± 1740 
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Mn 8.22E-06 419 ± 29.6 452 ± 35 439 ± 13.3 308 ± 135 

Ni 6.74E-05 38.7 ± 1.77 32.0 ± 1.66 25.6 ± 3.65 29.5 ± 8.86 

Pb 2.21E-04 12.9 ± 3.66 9.45 ± 1.90 12.5 ± 1.24 44.4 ± 17.1 

U 9.42E-04 1.28 ± 0.35 2.07 ± 0.23 2.72 ± 0.19 50.8 ± 20.7 

Zn 4.20E-05 54.5 ± 2.51 44.7 ± 6.52 65.6 ± 3.77 32.3 ± 8.94 

Pseudo total concentrations (0 – 25 cm) (Khumalo et al., 2020) 

Element 

Instrumental 

detection limit 

(mg/kg) 

Rn-M11 Rn-M12 Rn-M13 Radioactive sample 

Cd 3.45E-05 n.d n.d n.d n.d 

Co 5.64E-05 6.16 ± 0.07 7.15 ± 0.02 9.53 ± 0.09 7.87 ± 0.01 

Cr 5.59E-05 47.10 ± 0.20 44.39 ± 0.27 62.97 ± 0.22 126.83 ± 0.01 

Cu 3.35E-05 11.31 ± 0.06 11.73 ± 0.08 16.35 ± 0.01 40.25 ± 0.05 

Fe 3.81E-05 12104 ± 139 13817 ± 169 21139 ± 109 8014 ± 57.1 

Mn 8.22E-06 317.0 ± 2.04 422.1 ± 6.21 492.43 ± 0.60 301.52 ± 0.17 

Ni 6.74E-05 23.17 ± 0.10 23.91 ± 0.06 29.65 ± 0.03 40.54 ± 0.10 

Pb 2.21E-04 7.58 ± 0.01 7.74 ± 0.01 13.73 ± 0.03 44.0 ± 1.11 

Zn 4.20E-05 30.13 ± 0.37 32.09 ± 0.45 67.43 ± 0.12 36.05 ± 0.38 

The results of the comparison between the sum of the accumulated BCR concentrations and the 

concentrations obtained from the pseudo total were found to be acceptably close. There were some 

cases where the concentrations of the BCR were larger than the concentrations obtained by pseudo 

total. This could be caused by the cumulative error from each extraction measurement (Van 

Herreweghe et al., 2003).  

4.4. Statistical analysis 

4.4.1. Statistical results for the physicochemical properties 

The mean, standard error, standard deviation, variance, kurtosis, and skewness for the soil 

characteristics were determined and are shown in (Appendix A13.).  

The descriptive statistical analysis was conducted for Rn-M11, Rn-M12, and Rn-M13 samples. 

The statistical results indicated that the kurtosis of all the variables measures for the Rn-M11 

sample was undefined due to less than four data points, whereas the skewness for all the variables 

was within the acceptable threshold. In addition, the Rn-M12 sample indicated that the kurtosis of 

the soil moisture (%), pH, and soil organic matter (%) were out of the +/- 2 acceptable threshold, 

whereas, for Rn-M13, only the soil moisture (%) was out of this threshold. The skewness of all 

the measured variables in each sample was within the acceptable threshold. The descriptive 

statistics for all the soil samples combined indicated that the kurtosis and the skewness of the pH, 

CEC, soil moisture (%), and soil organic matter (%) were all within the +/- 2 acceptable threshold, 

which indicated normal distribution. However, the kurtosis of the plant moisture (%) and soil 

organic matter (%) were out of this threshold. This is due to some of the percentages of these 

variables being the outliers which suggests that the data distribution was not normal in this case. 

In distribution analysis, the skewness is used to indicate asymmetry and deviation from a normal 
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distribution in nature, where the high values of skewness are caused by the large variation in the 

concentrations, which resulted in outlier values (Alshahri, 2019).  

In the t-test statistical analysis, only Rn-M11, Rn-M12, and Rn-M13 samples were considered. 

The Radioactive sample was excluded due to having only one depth 0 – 25 cm and also having 

outliers. One-Sample t-test statistical analysis was conducted to determine if there are differences 

in each soil characteristic in terms of topography for different samples (Appendix A14.) and in 

terms of different depths for each sample (Appendix A15.). When considering the topography, it 

was observed that the SOM values were significantly different in all three depths that were 

considered for this analysis, whereas the CEC was only significantly different in 25 – 50 cm depth. 

In terms of depth, CEC and SOM were found to be significantly different in Rn-M11. The 

differences in SOM percentages for different sampling locations might be due to the different types 

of soils used to cover the deposit and the topography. Soil texture affects the soils’ water holding 

capacity. The run-offs transport the SOM down the slope of the deposit, and the bottom location 

is favored by wet conditions as compared to the samples which are on the mid-slope and on top of 

the deposit.  

4.4.2. Correlation matrices and comparison of radionuclides, PTE 

pseudo total, and physicochemical properties associations  

Pearson’s correlation coefficients of the radionuclides, total PTEs, and chemical properties of the 

soil were calculated from the concentrations of each sample to establish inter-relationships of these 

elements and chemical properties in the soil samples. The results of the correlation matrix are 

presented in (Table 14.), and the visual presentation of the correlation is shown in (Appendix A16.) 

The outcome of the correlation relationship conducted was used to prove the null hypothesis which 

states that the correlation coefficient is not significantly different from zero. When the r-value is 

close to 1, it is considered that the two variables have a strong relationship; and p ≤ 0.05 indicate 

that there is sufficient evidence to conclude that the correlation coefficient is significantly different 

from zero and therefore reject the null hypothesis (Althouse and Soman, 2017; Statstutor, 2015). 

To describe the correlation between the two variables, the following terms were used:  weak 

correlation for r = 0.20 to 0.40, moderate correlation for r = 0.41 to 0.60 and strong correlation for 

r > 0.60 (Gulan et al., 2017). 

H0: null hypothesis – the Pearson’s correlation coefficient (r) is not significantly different from 

0; the results are due to chance; and H1: alternative hypothesis – the Pearson’s correlation 

coefficient (r) is significantly different from 0; the r-value is closer to 1. 
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Table 14. The correlation matrix (r) for the concentrations of the natural radionuclides, total PTEs, and the chemical properties of the soil 

 

Pearsons’ (r) 
  

U-
238 

Th-
232 

U-
235 

K-40 
Rn-
222 

Ca Co Cr Cu Fe K Mg Mn Na Ni P Pb U Zn CEC pH 
% Soil 

moisture 
% 

SOM 

U-238 -                       

Th-232 -0.65 -                      

U-235 1.00 -0.65 -                     

K-40 0.13 0.31 0.13 -                    

Rn-222 0.73 -0.35 0.73 0.31 -                   

Ca -0.30 -0.06 -0.30 -0.42 -0.54 -                  

Co 0.05 0.45 0.05 0.75 0.47 -0.57 -                 

Cr 0.69 -0.43 0.69 0.16 0.62 -0.51 0.33 -                

Cu 0.97 -0.54 0.97 0.29 0.74 -0.30 0.18 0.67 -               

Fe -0.55 0.78 -0.55 0.57 -0.05 -0.22 0.79 -0.23 -0.42 -              

K 0.26 0.22 0.26 0.84 0.40 -0.66 0.80 0.27 0.38 0.53 -             

Mg -0.19 0.32 -0.19 0.34 -0.15 0.56 0.30 -0.34 -0.08 0.48 0.17 -            

Mn -0.33 0.69 -0.33 0.60 0.18 -0.57 0.86 0.05 -0.22 0.88 0.62 0.10 -           

Na -0.81 0.79 -0.81 0.19 -0.31 0.13 0.37 -0.61 -0.70 0.84 0.09 0.45 0.62 -          

Ni 0.39 -0.22 0.39 0.12 0.45 -0.50 0.39 0.94 0.38 -0.04 0.20 -0.35 0.23 -0.39 -         

P -0.59 0.80 -0.59 0.54 -0.11 -0.11 0.70 -0.38 -0.44 0.98 0.48 0.54 0.80 0.89 -0.20 -        

Pb 0.97 -0.52 0.97 0.32 0.80 -0.42 0.26 0.70 0.98 -0.36 0.46 -0.12 -0.14 -0.69 0.42 -0.41 -       

U 1.00 -0.65 1.00 0.13 0.73 -0.30 0.05 0.69 0.97 -0.55 0.26 -0.20 -0.33 -0.81 0.39 -0.59 0.97 -      

Zn -0.20 0.49 -0.20 0.68 -0.12 -0.05 0.50 -0.19 0.04 0.60 0.58 0.50 0.47 0.43 -0.16 0.66 -0.03 -0.20 -     

CEC -0.03 0.05 -0.03 0.02 0.00 -0.11 -0.01 -0.32 -0.12 0.07 0.17 0.03 -0.01 0.18 -0.42 0.11 -0.01 -0.03 -0.25 -    

pH -0.28 -0.05 -0.28 -0.44 -0.60 0.11 -0.71 -0.39 -0.37 -0.41 -0.36 -0.45 -0.46 -0.13 -0.38 -0.35 -0.38 -0.28 -0.26 0.28 -   

% Soil moisture -0.57 0.71 -0.57 0.50 -0.30 -0.13 0.51 -0.40 -0.39 0.81 0.46 0.38 0.64 0.74 -0.25 0.86 -0.39 -0.57 0.81 0.08 -0.10 -  

% SOM -0.11 0.38 -0.11 0.78 -0.15 -0.27 0.50 -0.12 0.07 0.53 0.78 0.33 0.46 0.26 -0.13 0.55 0.07 -0.11 0.86 0.08 -0.04 0.75 - 

 

Note: SM is the soil moisture, and the values highlighted in bold are Pearson’s correlation coefficient (r) significant at 95 % confidence level; p ≤ 0.0 



 

91 
 

The observations for the physicochemical properties of the soil indicated: 

A weak correlation between the pH and the radionuclides with the range -0.03 > r < 0.05 at p > 

0.05.  

Similarly, there was a weak correlation between the pH and the PTEs where the range was -0.25 

> r < 0.18 at p > 0.05 except in the case of the pH – Ni pair where the moderate negative correlation 

was observed (r = -0.42).  

On the other hand, the % SM demonstrated strong correlations with Th-232, Fe, P, Mn, Na, and 

Zn at (p ≤ 0.05).  

The strong correlation between soil moisture and these elements could predict their behavior in 

soil.  

Additionally, the results indicated a weak positive correlation between the pairs pH – % SM and 

CEC – pH; however, the pair CEC – % SM showed a weak negative correlation. The results 

indicated a strong correlation between the % SOM and the % SM (r = 0.75; p ≤ 0.05). Additionally, 

% SOM had a strong correlation (p ≤ 0.05) with Zn (r = 0.86), K-40 (r = 0.78), and K (r = 0.78); 

and a moderate correlation (p ≤ 0.05) with Fe (r = 0.53), P (r = 0.55), Co (r = 0.50), and Mn (r = 

0.46). However, the % SOM was observed to have a weak relationship with the radionuclides, the 

pH, and the CEC. It could be noted that the SOM had a significant relationship (p ≤ 0.05) with the 

macronutrients. This confirms that when the soil contains a higher % SOM, it is likely to contain 

a large number of nutrients. The results of this study indicated that the % SOM and % plant 

moisture had a negative correlation (r = - 0.923) which was significant at p ≤ 0.05. This could be 

noted in (Figure 12. e) where the trend of these two variables is inversely proportional. 

The correlation matrix between radionuclides and PTEs indicated a significant relationship (p ≤ 

0.05) between the following pairs: 

❖ U-238 – U-235 (r = 1.00), U-238 – Rn-222 (r = 0.73) and U-238 – Cu (r = 0.97)  

❖ Th-232 – Fe (r = 0.78), Th-232 – P (r = 0.80), Th-232 – Na (r = 0.79), and Th-232 – Mn 

(r = 0.69).  

❖ U-235 – Rn-222 (r = 0.73) and U-235 – Cu (r = 0.97) 

❖  K-40 – K (r = 0.84) and K-40 – Co (r = 0.75), K-40 – Mn (r = 0.60), K-40 – Zn (r = 0.68), 

K-40 – Fe (r = 0.57), and K-40 – P (r = 0.54).  
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The correlation between U-238 and U-235 could be because these isotopes are both primary 

isotopes of uranium, and the correlation between U-238 and Rn-222 could be because Rn-222 is a 

progeny of U-238. A strong positive correlation between these radionuclides and PTEs suggests 

their common origin (Bai et al., 2017). Whereas the observations among PTEs resulted in the 

strong significant correlation matrices (r > 0.60; p ≤ 0.05) between the following pairs: 

❖ Fe – P, Fe – Co, Fe – Mn, Fe – Na and Fe – Zn and Zn  

❖ K – Co and K – Mn  

❖ P – Co, P – Zn, P – Mn, and P – Na  

❖ Co – Mn  

❖ Mn – Na  

It could be noted that Co and Mn were common in these correlation matrices. According to Gulan 

et al. (2017), Co is widely dispersed in the Earth's crust, and its correlation with Mn shows that 

the occurrence in the soils is mostly due to similar sources. 

4.4.3. Principal component analysis for PTE pseudo total, 

radionuclides, and soil characteristics 

The correlation matrix for the PTEs in soil, radionuclides in soil, and soil characteristics were 

confirmed by the PCA correlation biplot in (Figure 23.). The correlation biplot indicated that most 

of the elements contribute to the positive side of the principal component two (PC 1) and the 

negative side of the PC 2. The radioactive elements (U-238, U-235, and Rn-222) indicated a strong 

correlation with the PTEs (U, Ni, Pb, Cu, and Cr), which were all contributing to the negative side 

of the PC 1 and PC 2. It could be observed that the CEC and the pH were diagonally opposite the 

U-238, U-235, and Rn-222, including all the PTEs that are correlated with these elements. This 

observation emphasizes that the diagonally opposite variables are negatively correlated; in this 

case, it can be pointed out that to minimize the mobility of these radionuclides, the pH and CEC 

should increase. Furthermore, Ca was observed to be strongly associated with the pH. According 

to Panhwar et al. (2016), when the Ca content increases in the soil, the pH will also increase. The 

CEC vector is short due to the large variance in the data.   
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Figure 23. Principal component analysis plot for the soil characteristics, radionuclides, and 

PTEs in soil 

The results of the correlation biplot are displayed in (Table 15.) and (Table 16.). (Table 15.) shows 

that PC 1 contributed 41.0 % while PC 2 contributed 29.8 % to the proportion. In (Table 16), PC 

1 has a strong positive association with Th-232, Fe, Na, P, and % soil moisture. Whereas the PC 

2 has a strong negative association with K-40, Co, and K. 

The PCA correlation biplot for the elements in plants is shown in (Figure 24.), and the component 

proportions, as well as the coefficient distributions, are presented in (Appendix  A17.). It was 

observed that the larger percentage was negatively associated with PC 1 and positively associated 

with PC 2 with a large percentage associated with the Rn-M11 sample. The Rn-M12 had an 

association with the radioactive elements (U-238, U-235, Th-232), and U. Uranium-238, U-235, 

and U were all negatively correlated with P in plants 

U-238

Th-232

U-235

K-40

Rn-222

Ca

Co

CrCu Fe

K

Mg

Mn

Na

Ni P

Pb

U

Zn

CEC

pH

% soil moisture

% SOM

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5

P
C

 2
 (

2
9

.8
%

)

PC 1 (41.0%)

    Radioactive sample soil : 0 - 25
Rn-M11 soil : 0 – 25

    Rn-M11 soil : 25 - 50
    Rn-M11 soil : 50 - 75

Rn-M12 soil : 0 – 25
    Rn-M12 soil : 25 - 50
    Rn-M12 soil : 50 - 75
    Rn-M12 soil : 75 - 100

Rn-M13  soil : 0 – 25
    Rn-M13 soil : 25 - 50
    Rn-M13 soil : 50 - 75
    Rn-M13 soil : 75 - 100

Rn-M12

Rn-M13
Radioactive sample

Rn-M11 

Correlation biplot (70.8%) 



 

94 
 

 

Correlation biplot (79.1%) 
 
 
 

         

 
 

        
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          

Figure 24. Principle Component Analysis plot for radionuclides and PTEs in plants 

 

Table 15. Principal component analysis for soil characteristics, radionuclides, and PTEs in soil 

Component  Variance Proportion Cumulative proportion 

1 9.429 0.410 0.410 

2 6.854 0.298 0.708 

3 2.189 0.095 0.803 

4 1.748 0.076 0.879 

5 1.365 0.059 0.938 

6 0.510 0.022 0.961 

7 0.324 0.014 0.975 

8 0.275 0.012 0.987 

9 0.142 0.006 0.993 

10 0.111 0.005 0.998 

11 0.052 0.002 1.000 

12 0.000 0.000 1.000 
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Table 16. Coefficients for radionuclides, PTEs, and soil characteristics in soil 

             

             

  Component 

  1 2 3 4 5 6 7 8 9 10 11 12 

U-238 -0.288 -0.153 0.142 0.006 -0.059 -0.054 0.145 0.057 0.076 0.031 0.017 -0.043 

Th-232 0.271 -0.066 -0.092 0.013 -0.013 -0.149 0.865 -0.054 -0.087 0.081 0.073 0.027 

U-235 -0.288 -0.153 0.142 0.006 -0.059 -0.054 0.145 0.057 0.076 0.031 0.017 0.001 

K-40 0.085 -0.317 0.163 0.079 0.085 0.111 -0.090 -0.627 -0.545 0.187 0.201 0.043 

Rn-222 -0.177 -0.244 -0.097 -0.088 -0.327 -0.373 -0.220 0.033 -0.343 -0.287 0.065 -0.186 

Ca 0.049 0.247 0.325 -0.412 0.019 0.189 0.056 0.005 -0.187 0.074 -0.303 -0.276 

Co 0.102 -0.345 -0.133 -0.084 -0.123 0.113 0.036 -0.001 0.173 -0.037 0.129 0.459 

Cr -0.217 -0.194 -0.272 -0.089 0.174 0.352 0.072 0.185 -0.193 -0.074 -0.057 0.210 

Cu -0.251 -0.206 0.199 -0.035 0.027 -0.154 0.128 0.140 -0.124 -0.002 -0.181 -0.097 

Fe 0.269 -0.193 -0.102 -0.081 -0.112 0.082 -0.033 0.002 0.078 -0.211 0.152 -0.280 

K 0.046 -0.342 0.104 0.242 0.008 0.143 -0.073 -0.128 0.388 -0.317 -0.217 -0.031 

Mg 0.146 -0.071 0.398 -0.425 -0.136 0.347 0.113 -0.005 0.121 -0.276 0.167 -0.019 

Mn 0.192 -0.251 -0.283 0.037 -0.072 -0.116 0.043 -0.157 0.195 0.261 -0.386 -0.441 

Na 0.303 -0.014 -0.063 -0.093 -0.218 -0.144 -0.039 0.165 -0.283 -0.170 -0.496 0.443 

Ni -0.139 -0.169 -0.426 -0.136 0.249 0.420 0.042 0.202 -0.220 -0.021 -0.087 -0.242 

P 0.286 -0.165 -0.006 -0.072 -0.127 -0.034 -0.035 0.105 -0.050 -0.249 0.143 -0.229 

Pb -0.249 -0.227 0.147 0.027 -0.062 -0.066 0.126 0.078 -0.038 -0.042 -0.016 0.032 

U -0.288 -0.153 0.142 0.006 -0.059 -0.054 0.144 0.057 0.075 0.032 0.018 -0.060 

Zn 0.179 -0.206 0.279 -0.035 0.368 -0.235 -0.041 0.246 -0.121 0.007 -0.209 0.012 

CEC 0.035 0.023 0.149 0.418 -0.617 0.404 0.021 0.229 -0.172 0.270 -0.105 -0.064 

pH 0.008 0.253 0.044 0.510 0.182 0.056 0.194 0.019 -0.221 -0.570 0.020 -0.144 

% soil moisture 0.272 -0.137 0.088 0.110 0.139 -0.089 -0.121 0.548 -0.074 0.268 0.431 -0.082 

% SOM 0.148 -0.222 0.287 0.268 0.307 0.168 -0.102 0.005 0.056 0.093 -0.204 0.051 

 

The correlation matrix indicates the correlation coefficient for each pair of variables. Positively correlated variables are blue, and negatively 

correlated variables are red, with the intensity-dependent on the magnitude of the correlation. 
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4.4.4. The comparison of the pseudo total concentrations of each 

element in terms of topography and depths 

The comparison for each element concentration in terms of topography was made. In this 

comparison, only three samples (Rn-M11, Rn-M12, and Rn-M13) were taken into consideration. 

The radioactive sample was excluded since it was collected from the edge of the deposit and mostly 

contained outliers in terms of concentrations. 

Before conducting the One-Sample t-test statistical analysis, the concentrations for each element 

were plotted, comparing each element for different samples in the same depth (Figure 25.) (e.g., 

comparing Co in 0 – 25 cm for Rn-M11, 0 – 25 cm for Rn-M12, and 0 – 25 cm in Rn-M13 to see 

if there are differences in concentrations of Co as the slope decreases). This comparison was made 

to give an indication of the behavioral tendencies for each element in the same depth but in 

different positions of the deposit. It could be noted that U-238, U-235, and Pb had similar trends. 

Additionally, Cr and Ni also indicated similar behavioral patterns. Likewise, Co, Fe, and P also 

showed similar behavioral patterns. There was a noticeable increase in tendencies for Co, Mn, Fe, 

P, and Rn-222 elements as the topographic conditions change. 

To determine if these visuals were statistically correct, a One-Sample t-test analysis was conducted 

for each element in Rn-M11, Rn-M12, and Rn-M13 considering 0 – 25 cm depth (Table 17.), 25 

– 50 cm depth (Table 18.), and 50 – 75 cm depth (Table 19.).  The t-test statistical analysis results 

for 0 – 25 cm depth for all four samples, including the Radioactive sample, are presented in 

(Appendix A26.) The null hypothesis for the t-test was a follows: 

H0: The concentrations of each element are not equal as the topographic locations of the deposit 

change. If p ≤ 0.05, the null hypothesis is rejected.  

In 0 – 25 cm depth (Table 17.), it was observed that the Rn-222, Ca, K, and Zn concentrations 

were significantly different.  Whereas, in 0 – 25 cm depth (Appendix A26.) which includes the 

Radioactive sample, indicated that U-238, U-235, Rn-222, U, Pb, and Cu were significantly 

different in different sampling locations. These results confirm that the majority of the 

concentrations of these elements come from the Radioactive sample. A similar observation was 

made in 25 – 50 cm depth (Table 18.) and 50 – 75 cm depth (Table 19.) where Cr and Ni; and Rn-

222 and Ca were all significantly different, respectively. These observations suggest that as the 

slope changes, the concentrations of these elements will significantly change. In this case, it is 

apparent that the water movement down the slope moves some elements in the water direction.  
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One-Sample t-test statistical analysis was also conducted to determine if there are differences in 

concentrations between the depths of each sample. The t-test results for Rn-M11 are shown in 

(Appendix 18.), Rn-M12 are shown in (Appendix 19.), and Rn-M13 are shown in (Appendix 

A20.). The results indicated that only the Rn-M11 sample had elements that were significantly 

different as the depth deepens. In this sampling location, U-238, U-235, Rn-222, and Ca were 

significantly different. These results suggest that the insufficient cover layer affects the 

concentrations of these elements from the spoil rock to the top layer of the deposit. If the soil cover 

layer is not sufficient, these elements can easily become mobile. 
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Figure 25. The comparison of the pseudo total concentrations of each element in the same depth for different soil samples 
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Table 17. One-Sample t-test analysis for each element in Rn-M11, Rn-M12, and Rn-M13 for 0 – 25 cm depth (function of topography)  

     One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 

Two-
Sided 

p Lower Upper Lower Upper 

U_238 3 102.367 17.615 10.170 10.065 2 0.005 0.010 102.367 58.608 146.126 17.615 5.811 0.741 11.256 

Th_232 3 48.200 9.914 5.724 8.421 2 0.007 0.014 48.200 23.572 72.828 9.914 4.862 0.553 9.451 

U_235 3 4.767 0.815 0.470 10.135 2 0.005 0.010 4.767 2.743 6.790 0.815 5.851 0.749 11.332 

K_40 3 2065.000 412.610 238.220 8.668 2 0.007 0.013 2065.000 1040.020 3089.980 412.610 5.005 0.582 9.722 

Rn_222 3 15.9600 12.29597 7.09908 2.248 2 0.077 0.154 15.96000 -14.5849 46.5049 12.29597 1.298 -0.385 2.878 

Ca 3 13010.333 6974.659 4026.821 3.231 2 0.042 0.084 13010.333 -4315.679 30336.346 6974.659 1.865 -0.184 3.864 

Cd 3 0.000 .00000a 0.000                
Co 3 7.613 1.732 1.000 7.613 2 0.008 0.017 7.613 3.311 11.916 1.732 4.395 0.456 8.567 

Cr 3 51.500 10.050 5.803 8.875 2 0.006 0.012 51.500 26.533 76.467 10.050 5.124 0.606 9.949 

Cu 3 13.133 2.836 1.637 8.021 2 0.008 0.015 13.133 6.088 20.179 2.836 4.631 0.506 9.013 

Fe 3 15686.667 4798.911 2770.653 5.662 2 0.015 0.030 15686.667 3765.511 27607.822 4798.911 3.269 0.202 6.444 

K 3 10511.000 4551.179 2627.624 4.000 2 0.029 0.057 10511.000 -794.755 21816.755 4551.179 2.310 -0.049 4.667 

Mg 3 6333.667 1969.684 1137.198 5.570 2 0.015 0.031 6333.667 1440.700 11226.634 1969.684 3.216 0.189 6.345 

Mn 3 410.333 88.081 50.854 8.069 2 0.008 0.015 410.333 191.527 629.140 88.081 4.659 0.511 9.065 

Na 3 379.667 17.214 9.939 38.201 2 0.000 0.001 379.667 336.904 422.429 17.214 22.055 3.464 42.385 

Ni 3 25.573 3.549 2.049 12.480 2 0.003 0.006 25.573 16.756 34.390 3.549 7.205 1.000 13.915 

P 3 6939.333 2041.943 1178.916 5.886 2 0.014 0.028 6939.333 1866.865 12011.802 2041.943 3.398 0.233 6.687 

Pb 3 9.673 3.488 2.014 4.803 2 0.020 0.041 9.673 1.008 18.338 3.488 2.773 0.078 5.521 

U 3 2.023 0.721 0.416 4.860 2 0.020 0.040 2.023 0.232 3.815 0.721 2.806 0.086 5.581 

Zn 3 43.200 20.982 12.114 3.566 2 0.035 0.070 43.200 -8.921 95.321 20.982 2.059 -0.123 4.212 

The p values highlighted in bold are above the 0.05 significance level. 
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Table 18. One-Sample t-test analysis for each element in Rn-M11, Rn-M12, and Rn-M13 for 25 – 50 cm depth (function of topography) 

     One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 
   

Significance  
95% Confidence 

Interval of the 
Difference 

  
95% 

Confidence 
Interval 

  N Mean 
Std. 

Deviation 
Std. Error 

Mean 
t df 

One-
Sided p 

Two-
Sided p 

Mean 
Difference 

Lower Upper  Standardizera 
Point 
Estimate 

Lowe
r 

Upper 

U_238 3 84.50 23.07 13.32 6.344 2 0.012 0.024 84.50 27.19 141.81 23.07 3.663 0.295 7.184 

Th_23
2 

3 46.93 8.72 5.04 9.321 2 0.006 0.011 46.93 25.27 68.60 8.72 5.381 0.657 10.438 

U_235 3 3.94 1.08 0.62 6.322 2 0.012 0.024 3.94 1.26 6.62 1.08 3.650 0.292 7.160 

K_40 3 2174.67 403.23 232.81 9.341 2 0.006 0.011 2174.67 1172.98 3176.35 403.23 5.393 0.660 10.460 

Rn_22
2 

3 34.67 12.79 7.39 4.694 2 0.021 0.043 34.67 2.89 66.45 12.79 2.710 0.061 5.404 

Ca 3 14950.67 2487.41 1436.11 10.411 2 0.005 0.009 14950.67 8771.60 21129.73 2487.41 6.011 0.779 11.636 

Cd 3 0.00 .00000a 0.00                

Co 3 7.94 1.62 0.94 8.462 2 0.007 0.014 7.94 3.90 11.97 1.62 4.885 0.558 9.495 

Cr 3 70.80 39.89 23.03 3.074 2 0.046 0.092 70.80 -28.30 169.90 39.89 1.775 
-

0.214 
3.703 

Cu 3 14.83 2.48 1.43 10.340 2 0.005 0.009 14.83 8.66 21.01 2.48 5.970 0.771 11.559 

Fe 3 16391.33 4156.74 2399.90 6.830 2 0.01 0.021 16391.33 6065.41 26717.25 4156.74 3.943 0.358 7.712 

K 3 9301.00 2828.90 1633.26 5.695 2 0.015 0.029 9301.00 2273.63 16328.37 2828.90 3.288 0.207 6.480 

Mg 3 6342.33 1449.35 836.78 7.579 2 0.008 0.017 6342.33 2741.95 9942.71 1449.35 4.376 0.452 8.530 

Mn 3 430.67 90.50 52.25 8.242 2 0.007 0.014 430.67 205.85 655.48 90.50 4.759 0.532 9.255 

Na 3 398.67 66.98 38.67 10.309 2 0.005 0.009 398.67 232.28 565.05 66.98 5.952 0.768 11.524 

Ni 3 33.99 17.14 9.90 3.435 2 0.038 0.075 33.99 -8.59 76.57 17.14 1.983 
-

0.147 
4.075 

P 3 7177.00 1968.21 1136.35 6.316 2 0.012 0.024 7177.00 2287.69 12066.31 1968.21 3.646 0.291 7.153 

Pb 3 10.19 3.57 2.06 4.950 2 0.019 0.038 10.19 1.33 19.05 3.57 2.858 0.100 5.678 

U 3 6.79 1.85 1.07 6.344 2 0.012 0.024 6.79 2.18 11.40 1.85 3.663 0.295 7.183 

Zn 3 45.33 11.77 6.79 6.673 2 0.011 0.022 45.33 16.10 74.56 11.77 3.853 0.338 7.541 

The p values highlighted in bold are above the 0.05 significance level. 
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Table 19. One-Sample t-test analysis for each element in Rn-M11, Rn-M12, and Rn-M13 for 50 – 75 cm depth (function of topography) 

     One-Sample Test One-Sample Effect Sizes   

One-Sample Statistics 
    

Significance 

  

95% Confidence 
Interval of the 

Difference 
Standardizera 

Point 
Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

t df 
One-
Sided 

p 

Two-
Sided 

p 

Mean 
Difference 

Lower Upper     Lower Upper 

U_238 3 125.967 31.850 18.388 6.850 2 0.01 0.021 125.967 46.848 205.086 31.850 3.955 0.361 7.734 

Th_232 3 58.367 19.775 11.417 5.112 2 0.018 0.036 58.367 9.242 107.491 19.775 2.951 0.124 5.852 

U_235 3 5.873 1.479 0.854 6.877 2 0.01 0.02 5.873 2.199 9.548 1.479 3.970 0.364 7.763 

K_40 3 2031.333 98.673 56.969 35.657 2 <.001 <.001 2031.333 1786.216 2276.450 98.673 20.587 3.227 39.566 

Rn_222 3 18.167 20.377 11.765 1.544 2 0.131 0.263 18.167 -32.453 68.786 20.377 0.892 
-

0.559 
2.224 

Ca 3 29550.333 13324.603 7692.963 3.841 2 0.031 0.062 29550.333 
-

3549.815 
62650.481 13324.603 2.218 

-
0.076 

4.500 

Cd 3 0.000 .00000a 0.000                

Co 3 7.417 1.735 1.002 7.404 2 0.009 0.018 7.417 3.107 11.727 1.735 4.275 0.430 8.338 

Cr 3 41.500 9.945 5.742 7.228 2 0.009 0.019 41.500 16.794 66.206 9.945 4.173 0.408 8.146 

Cu 3 15.800 2.740 1.582 9.986 2 0.005 0.01 15.800 8.992 22.608 2.740 5.766 0.732 11.169 

Fe 3 15775.333 4721.006 2725.674 5.788 2 0.014 0.029 15775.333 4047.704 27502.962 4721.006 3.342 0.220 6.581 

K 3 8063.000 2309.689 1333.500 6.046 2 0.013 0.026 8063.000 2325.415 13800.585 2309.689 3.491 0.255 6.861 

Mg 3 8691.000 1016.165 586.683 14.814 2 0.002 0.005 8691.000 6166.707 11215.293 1016.165 8.553 1.239 16.491 

Mn 3 376.667 113.536 65.550 5.746 2 0.014 0.029 376.667 94.629 658.705 113.536 3.318 0.214 6.536 

Na 3 409.667 72.016 41.579 9.853 2 0.005 0.01 409.667 230.769 588.565 72.016 5.689 0.717 11.022 

Ni 3 21.893 4.297 2.481 8.825 2 0.006 0.013 21.893 11.219 32.567 4.297 5.095 0.600 9.894 

P 3 7383.333 1908.639 1101.953 6.700 2 0.011 0.022 7383.333 2642.012 12124.655 1908.639 3.868 0.341 7.571 

Pb 3 9.783 2.785 1.608 6.085 2 0.013 0.026 9.783 2.866 16.701 2.785 3.513 0.260 6.903 

U 3 10.060 2.527 1.459 6.895 2 0.01 0.02 10.060 3.782 16.338 2.527 3.981 0.366 7.783 

Zn 3 51.400 10.983 6.341 8.106 2 0.007 0.015 51.400 24.116 78.684 10.983 4.680 0.516 9.106 

The p values highlighted in bold are above the 0.05 significance level.
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4.4.5. The correlation matrices and comparison of elemental 

associations for the BCR procedure 

The statistical analysis for the BCR procedure, as shown in (Appendix A21.) indicated that: 

The pH had a strong correlation with Co (r = 0.965), Fe (r = 0.891), and Ni (r = 0.806) at p ≤ 0.05; 

a moderate correlation with Mn (r = 0.512) and Zn (r = 0.500) at p > 0.05; a low correlation with 

Cr (r = 0.208, p > 0.05); and a negative correlation with Cd, Cu, Pb, and U at p ≤ 0.05.  

The CEC had a strong correlation with Ni (r = 0.812), Co (r = 0.861) at p ≤ 0.05; a moderate 

correlation with Cr (r = 0.511, p > 0.05) and Fe (r = 0.618, p ≤ 0.05); a low correlation with Zn (r 

= 0.290) and Mn (r = 0.093) at p > 0.05; and a negative correlation with Cd, Cu, Pb, and U at p > 

0.05.  

The % SOM had a strong correlation with Zn (r = 0.942, p ≤ 0.05), and a significant negative 

correlation with U (r = 0.581) and Cr (r = 0.789). The correlations between the pH, CEC, Co, Ni, 

and Fe were demonstrated by the behavior of these elements. When the pH and CEC decreased, 

these elements were increasing in the non-residual fractions. 

In this statistical analysis, there was a significant relationship among Cd, Cr, Pb, U, and Cu at p ≤ 

0.05. Consequently, the null hypothesis was rejected. The pairs Cd-Cu (r = 0.994), Cd-Pb (r = 

0.995), Cd-U (r = 0.981), Cu-Pb (r = 0.999), Cu-U (r = 0.995), and Pb-U (r = 0.995) at p ≤ 0.05 

had a strong correlation which might be an indication that the anthropogenic conditions could be 

the common factor among these elements. These results imply that where U is mobile, there is a 

high possibility that Cd, Cu, and Pb will also be available. This has been demonstrated by the 

Radioactive sample where 100 % of U was bound to all the non-residual fractions. Similarly, Cd 

(63.86 %), Cu (80.40 %), and Pb (83.10 %) including Co (90.02 %), Mn (87.63 %), and Zn (63.48 

%) in Radioactive sample were in abundance in the non-residual fractions.  

One-Sample t-test statistical analysis was conducted to determine if there are differences for each 

element in each fraction of the BCR method considering different samples. The results for the 

statistical analysis for Fraction 1 are shown in (Appendix A22.), for Fraction 2 are shown in 

(Appendix A23.), for Fraction 3 are shown in (Appendix A24.), and for Fraction 4 are shown in 

(Appendix A25.). In Fraction 1, all elements were significantly different except for Cd, while in 

Fraction 2, Cd, Co, Cu, U, and Zn were significantly different. Furthermore, Cd, Co, Cu, U, and 

Zn were significantly different in different samples, and in Fraction 4, the Cd and Mn elements 

were significantly different. 
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Linear regression analysis was performed to determine the soil’s effect on the plants using the soil 

concentrations from the sum of the mobilized fractions (obtained using a BCR method) and the 

plant concentrations (Table 20.). The results were statistically insignificant for most of the 

elements. The results indicated that the correlations between the soil and the plants for each 

element were not strong except for U, which showed R = 0.794, p > 0.05. In fact, all the p values 

in this analysis were above the 0.05 significance level. The unstandardized coefficient B resulted 

in negative values except for Fe, which showed a positive but low value. In summary, these 

observations suggest that the mobilized element from the BCR method are not being taken up by 

the plants. In this case, the BCR method could not be considered to determine the elemental plant 

uptake from the soil. This is due to a large number of factors that control the PTE accumulation 

and bioavailability, such as soil and climate conditions, plant genotype, and agronomic 

management; this includes active/passive transfer processes, redox states, sequestration and 

speciation, the type of plant root system and the response of plants to elements in relation to 

seasonal cycles (Olszewski et al., 2016). In this study, most of these factors were not taken into 

consideration since the plant analysis. 

Hence the transfer factor values calculated using pseudo total concentrations are useful in this case 

for the determination of elemental plant uptake as it has already been established by several 

researchers (as discussed in section 2.4.3).  
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Table 20. Regression analysis for PTEs to determine the soil’s effect on the plants using the sum of the mobilized fractions of the BCR method 

Model Summary ANOVAa 

Coefficientsa 

 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. Element R R Square 

Adjusted 

R Square 

Std. Error 

of the 

Estimate Model 

Sum of 

Squares df 

Mean 

Square F Sig.   B 

Std. 

Error Beta 

Cr .192a 0.037 -0.445 8.52768 Regression 5.575 1 5.575 0.077 .808b Soil -0.184 0.666 -0.192 -0.277 0.808 

Cu .092a 0.008 -0.487 28.20403 Regression 13.491 1 13.491 0.017 .908b Soil -0.158 1.212 -0.092 -0.130 0.908 

Fe .044a 0.002 -0.497 150.73046 Regression 87.131 1 87.131 0.004 .956b Soil 0.004 0.060 0.044 0.062 0.956 

Mn .309a 0.095 -0.357 15.05023 Regression 47.697 1 47.697 0.211 .691b Soil -0.074 0.161 -0.309 -0.459 0.691 

Ni .471a 0.222 -0.167 2.80946 Regression 4.498 1 4.498 0.570 .529b Soil -0.560 0.742 -0.471 -0.755 0.529 

U .794a 0.631 0.446 1.12533 Regression 4.327 1 4.327 3.417 .206b Soil -0.049 0.027 -0.794 -1.849 0.206 

Zn .435a 0.189 -0.217 6.13069 Regression 17.515 1 17.515 0.466 .565b Soil -0.345 0.505 -0.435 -0.683 0.565 

a. Predictors: (Constant), Soil a. Dependent Variable: Plant 
  

  a. Dependent Variable: Plant 

  

  

          b. Predictors: (Constant), Soil                   

 Regression analysis for Cd, Co, and Pb was not done due to the concentrations in plants being undetectable 
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5. CONCLUSION AND RECOMMENDATIONS 

It has been established that radioactivity should be controlled, and the limitation of discharges to 

the environment should ensure that the levels in the environment are below the limits derived from 

the ICRP's (Valkovic, 1993). On the other hand, according to (Almeida et al., 2011), there is no 

limitation to the concentration of naturally occurring radioisotopes in the soil (Laţo et al., 2012). 

However, the activity concentrations for the soil can be compared to the World median values 

reported by  UNSCEAR (2000).  

It was observed that the activity concentrations of K-40, U-238, and Th-232 radionuclides 

indicated high activity concentrations in all soil and plant samples collected from the Mecsek 

uranium mine at Pecs. The concentrations for these three natural radionuclides were above the 

Hungarian mean values and the World’s median values as specified by UNSCEAR. The vertical 

distribution of activity concentrations for all the natural radionuclides in all depth levels did not 

follow any trend; the results varied throughout for all sample locations. However, It could be noted 

that the samples collected from the bottom of the deposit (Rn-M13 and Radioactive samples) had 

elevated activity concentrations as compared to the samples collected from the top and on the slope 

of the deposit. This increase in concentrations is due to the leaching from the spoil matter through 

the cover soil layer along the slope of the deposit.  

Most PTE concentrations in soil cover samples collected from deposit No. I were lower than the 

contamination limit values for Hungarian soils and within the permissible limits. The results for 

some PTEs indicated a trend in the increase of concentrations of elements as the slope of the 

deposit decreased. Soil samples collected from the top of the deposit (Rn-M11) contained less 

average concentration, followed by the sample collected from the slope (Rn-M12) and the sample 

collected from the bottom of the deposit (Rn-M13) had the highest average concentration. The 

results for Rn-M13 were observed to have the combination of the highest average for the soil 

moisture content, soil organic matter content, and PTE concentrations. These results suggest that 

when the soil organic matter content and/or soil moisture content is high, there is a possibility for 

the PTEs to be available in abundance. This was proven by statistical analysis, where there was a 

strong correlation among these variables (p ≤ 0.05).  

The results for PTEs in plants indicated that there was a possibility that these elements were 

available for uptake by the plants. Even though some of these elements are essential to plants, 

elevated concentrations may cause several problems, including the toxicity of the environment. 

Similarly, radionuclides activity concentrations were observed to be elevated in plants for all the 
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samples collected from spoil deposit No. I. The unnoticeable difference in the results for the 

washed and unwashed radioactive samples eliminated the possibility that the concentrations 

detected in plant samples might be due to the surface contamination caused by the erosion. The 

transfer factor values calculated from the pseudo total concentrations indicated a likelihood of 

radionuclide and PTE uptake by plants. All samples were reported to have TF ratios that were very 

high for almost all radionuclides analyzed and for some of the PTEs, which indicated a higher 

absorption of these elements from the soil by the plant. The linear regression analysis for the 

determination of soil’s effect on plants using the sum of the BCR mobile fractions indicated that 

there is no evidence that the plants have taken up the elements from these mobile fractions. This 

could be due to the plants having different plant genotypes, and agronomic management, and 

different type of plant root systems, and the response of plants to elements. In this case, the BCR 

method could not be used successfully to predict the possibility of plant uptake. However, the 

transfer factor calculations using pseudo total could be successfully applied for the prediction of 

plant uptake. 

It was observed that all groundwater samples collected in this study were above the WHO 

guideline value. Elevated U concentrations in groundwater are of concern because it indicates 

active processes of the uranium leaching from the spoil deposits. It also shows the capability of 

elements migrating into the groundwater. The elevated U levels in groundwater may be due to the 

seeping of water containing high concentrations of U from the process water. These findings 

explained the need for Mecsekérc Zrt. (2017) to focus more on waste rock dumps No. I to ensure 

that the remediation process is successful. Based on the high levels of U in groundwater, it could 

be concluded that the soil cover layer requires an additional step to ensure that its integrity is intact. 

According to IAEA (2004a), one of many techniques to monitor the integrity of the soil cover 

layer is to monitor the radiological and chemical leachate collected in the vault drainage system 

and in groundwater to provide an indication of degradation in cover performance. 

The possibility of migration of PTEs was confirmed using fractionation by sequential extraction 

for PTEs. The high average percentage of  U, Mn, and Pb and a high percentage of U, Mn, Pb, and 

Cd in non-residual fractions indicates that there is a possibility being released may become a threat 

to the environment by subsequently becoming available to be taken up by plants (Pavlović et al., 

2018; Pérez-Moreno et al., 2018). Although these elements exhibit high percentages in non-

residual fractions, a large part of these percentages come from the Radioactive sample, which is 

radioactive and highly contaminated with U. Therefore, the location where Radioactive sample 

was taken from should be considered as a potential hazard to the environment. The fractional 
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distribution of the Radioactive sample shows that the mobility, availability, and vertical transport 

of metals are surprisingly different (Fedotov et al., 2018). The U, Cd, Co, Mn, Cu, Pb, and Zn 

fractional distribution in the Radioactive sample indicates that some parts of the spoil deposit 

require additional steps to protect the environment.  

Based on the statistical analysis, a significant correlation between the pH and the CEC existed; 

therefore, it was concluded that these soil chemical properties have an impact on each other. 

Additionally, the pH had a significant relationship with Co, Fe, and Ni; and the CEC had a 

significant relationship with Co, Fe, and Ni, whereas the relationship between the CEC and Cr was 

not significant). It was observed that the pH and CEC relationship with the radionuclides was not 

significant. However, soil moisture had a significant relationship with Th-232. This strong positive 

correlation between these radionuclides and PTEs suggests their common origin (Bai et al., 2017). 

When considering the topography, it was observed that the SOM values were significantly 

different in all three depths that were considered for this analysis, whereas the CEC was only 

significantly different in 25 – 50 cm depth. In terms of depth, CEC and SOM were found to be 

significantly different in Rn-M11. There was a strong significant relationship between 

radionuclides and some PTEs. The principal component analysis biplot analysis for soil indicated 

that when the pH, CEC, and Ca are high, the mobility of U, U-235, U-238, Cu, Cr, Pb, Rn-222, 

and Ni decrease. Furthermore, there was a very strong relationship among Cd, Cr, Pb, U, and Cu, 

which is significant at a 95 % confidence level. These results imply that where U is mobile, there 

is a high possibility that Cd, Cu, and Pb will also be available. The main trend of the concentration 

changes along the slope (considering only Rn-M11, Rn-M12, and Rn-M13), One-Sample t-test 

indicated that there was an increase of element concentrations from the top to bottom direction. 

The difference was significant in the case of Rn-222, U, Ca, Ni, Zn, Cr, and Ni. However, when 

the Radioactive sample was considered, an increase of U-238, U-235, and Pb was significant. The 

vertical distribution of PTEs and radionuclides did not show unambiguous trends; it was different 

for element to element and sampling position on the slope. The results indicated that only the Rn-

M11 sample had elements that were significantly different as the depth deepens. In this sampling 

location, U-238, U-235, Rn-222, and Ca were significantly different. These results show that two 

samples (Rn-M11 and Radioactive samples) which did not have sufficient (1 m) soil cover, showed 

significant differences in concentrations for some elements. Moreover, these results suggest that 

the insufficient cover layer affects the concentrations of these elements from the spoil rock to the 

top layer of the deposit.  
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Therefore, as Sungur et al. (2014) stated, the BCR sequential extraction procedure has proven to 

be useful in providing information regarding the mobility of PTEs for the planning and 

management of recultivation applications. The concentrations for each PTE obtained using a BCR 

sequential extraction procedure were significantly different in each fraction for Cd, Cr, Co, Cu, U, 

Pb, Mn, and Fe. Based on the plant radionuclidic and PTE uptake; and on the results from the BCR 

sequential extraction, it is apparent that one meter (1 m) intact of the soil cover layer for spoil 

deposit No. I is enough for effective retardation of migration of PTEs and radionuclides. However, 

where the soil cover layer thickness is low (Radioactive sample), it is not compelling enough. 

Therefore, additional soil cover is needed to stabilize and protect the environment to ensure 

environmental safety. Additionally, since the sampling of soil sample in 75 – 100 cm depth in Rn-

M11 and 25 – 100 cm for Radioactive sample was not possible due to the rocks underneath, it is 

an indication that the cover layer was not 1 m in these locations as recommended by the 

OECD/NEA (2014).  

As a summary, it can be concluded that the BCR sequential extraction is an appropriate tool for 

the identification of leakages through the wounded remediation cover soil layer. Despite the 

relatively low pseudo-total concentration of the PTEs, the sequential extraction proves additional 

information on their mobility by water infiltration. These results of the BCR sequential extraction 

confirm the establishment based on the measuring of pseudo total concentration and plant uptake. 

This methodology has proven to be appropriate for application in similar circumstances in South 

Africa. 
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6. NEW SCIENTIFIC RESULTS 
 

1. Radionuclide and PTE concentrations in the soil cover layer of the spoil deposit No. I take 

their origin from the soil's own matter and from the spoil rock due to the leaching and 

migration by water infiltration vertically and along the slope. The distribution of PTE and 

radionuclide concentrations in the soil cover layer depends on the chemical character of an 

element and soil characteristics (pH, CEC, SOM, Soil moisture, etc.) and has shown 

different patterns for different elements. In general, it could be stated that most PTE 

concentrations were lower than the contamination limits values for the Hungarian Soils. 

On the contrary, K-40, U-238, and Th-232 radionuclides were above the Hungarian mean 

values and the World median values. The main trend of the concentration changes along 

the slope (considering only Rn-M11, Rn-M12, and Rn-M13), there was an increase of 

element concentrations from the top to bottom direction. In the case of Rn-222, U, Ca, Ni, 

Zn, Cr, and Ni, the difference was significant. However, when the Radioactive sample was 

considered, an increase of U-238, U-235, and Pb was significant. The soil samples at the 

bottom of the deposit (Rn-M13) had the highest average SOM, soil moisture, and the least 

pH values; however, the CEC varied for all samples. The vertical distribution of PTEs and 

radionuclides did not show unambiguous trends; it was different for element to element 

and sampling position on the slope. At the wounded sampling location (Radioactive 

sample), where the soil cover layer was only 25 cm, significantly higher PTE and 

radionuclide concentrations were measured. 

2. The mobility of different elements in the soil cover layer was detected by the BCR 

fractionation. In the upper (0-25 cm) covering soil layer, the BCR fractionation results have 

shown that the abundance of U (100%), Mn (73.5 %), Pb (55.1%), and Cd (36.8 %) was 

present in mobile fractions and this is an indication that these elements may move together 

along the slope of deposit by water. The mobility of PTEs at all sampling locations (average 

mobility factor) followed the order:  U > Mn > Pb > Co > Cd > Cu > Ni > Zn > Fe > Cr. 

The mobility of U was confirmed by total concentrations in all four groundwater samples 

collected near spoil deposit No. I; PK-33/1 (6.06 ± 0.03 mg/L), PK-44/3 (0.23 ± 0.001 

mg/L), PK-29/1 (1.87 ± 0.01 mg/L), and 1504/1 (2.78 ± 0.01 mg/L) which were all above 

the WHO guideline value for U (0.03 mg/L) in drinking water.  

3. The concentrations of U-238, Th-232, K-40, Cr, Cu, and Zn in plant samples and the TF 

transfer factor values for U-238, U-235, Th-232, K-40, Cu, and K indicated that these 

elements were easily available for uptake from soil to plants. Using the pseudo total soil 
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concentrations for TF calculation, problem areas could be identified, and applying the BCR 

sequential extraction method helped to specify the elements prone to mobility and 

bioavailability according to environmental conditions in the Mecsek uranium mine.  

4. The combination of the BCR sequential extraction and pseudo total methodologies used in 

this study discovered some problems regarding the efficacy of the recultivation soil in 

uranium mine areas; thus, it is possible to make additional proposals for more 

supplementary remediation processes which are necessary. It was proved that the soil cover 

layer satisfactory retard the migration of the PTEs and radionuclides from the spoil 

leaching. However, when it is wounded, it may cause the release of these contaminants into 

the groundwater and surrounding environment. The BCR sequential extraction has proven 

to identify mobile elements in uranium mine deposits. Therefore, this methodology should 

be an appropriate tool in evaluating environmental contamination. As a result, this 

fractionation method should be included in the monitoring program.   
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7. SUMMARY 

This study is part of the ongoing environmental monitoring program of the abandoned Mecsek 

uranium mine in the period of mine closure, remediation, and post-closure operations. During this 

monitoring program on the recultivated spoil deposit No. I, the radionuclide and the potentially 

toxic element (PTE) contents in the covering soil had shown some anomalies that refer to possible 

migration alongside the slope through the covering soil. Consequently, there was a question of the 

adequacy of the 1-meter thickness soil covering layer used to cover the spoil deposit. Therefore, 

to further investigate this issue, the soil and plant samples were collected from four sampling 

locations following the top to the bottom position of the slope. The total metallic element content 

of soil and plant transfer was determined by multi-elemental inductively coupled plasma—optical 

emission spectrometry (ICP-OES). In contrast, Gamma-spectrometry and AlphaGUARD 

determined the activity concentrations for radionuclides. The natural radionuclide (U-238, Th-232, 

and K-40) concentrations in soil were all above the mean values for Hungary and the World 

median values as specified by The United Nations Scientific Committee on the Effects of Atomic 

Radiation, however, there was no trend in terms of soil depths. The study indicated a correlation 

between soil organic matter, PTE, and radionuclide content in plants and soil, and this suggested 

a high possibility for PTEs and radionuclides to be mobile and available for uptake by plants.  

To confirm the indication of PTE mobility in the present study for the soil samples, the BCR 

sequential extraction procedure was applied to characterize the environmental mobility of PTEs, 

and it was compared with the soil pH and the cation exchange capacity (CEC). The results 

indicated that the ratio of Cd, Co, Mn, Pb, and U in the non-residual fractions ranged between 36.8 

% to 100 % and increased from  top to the bottom direction. The results of the BCR sequential 

extraction confirmed the establishment based on the measuring of pseudo total concentration and 

plant uptake.  

Based on the radionuclides and PTE plant uptake and on the results from the BCR sequential 

extraction, it is apparent that one meter (1 m) intact of the soil cover layer for spoil deposit No. I 

is enough for effective retardation of migration of PTEs and radionuclides. However, where the 

soil cover layer thickness is low (Radioactive sample), it is not compelling enough. The 

distribution of U, Cd, Mn, Co, and Pb in fractions indicated that some parts of the spoil deposit 

require additional steps to hinder the migration through the covering soil layer. Therefore, the BCR 

sequential extraction procedure has proven to be useful in providing information for the planning 

and management of remediation operations. Consequently, this methodology can be useful in 

addressing similar problems in South Africa.  
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8. ÖSSZEFOGLALÁS  

PhD kutatómunkám a Magyarországon a felhagyott  Mecsek uránbánya bezárási és remediációs 

környezeti monitoring programjához kapcsolódott. Az eddigi monitoring során a rekultivált No. I  

jelű meddőhányót  fedő talajrétegben a radionuklidok és a poteciálisan toxikus elemek (PTE) 

koncentrációjában mutatkozó anomáliák felvetették a a medőhányó lejtő irányában a környezet 

felé történő migráció lehetőségét. Ezért felmerült a kérdés, hogy ezen a területen megfelelő-e az 

egy méter vastag talajtakaró a migráció visszattartására. PhD kutatásaim célja ennek a kérdésnek 

a megválaszolására irányult a meddőhányó területén a lejtő irányában felülről lefelé vett talaj- és 

növényminták továbbá vízminták vizsgálatával. A mintavételi tervet az eddigi radiológiai 

monitoring gamma aktivitás eredményei alapján dolgoztam ki. A talaj, növény és vízminták 

mineralizálható teljes elemkoncentrációinak mérésére a doktori munkahelyemen kidolgozott 

flexibilis multielemes induktív csatolású plazma—optikai emissziós spektrometriás (ICP-OES) 

módszert alkalmaztam, a radionuklidok aktivitás koncentrációját gamma spektrometriával, a 

radont  AlphaGUARD segítségével mértem. A természetes radionuklidok (U-238, Th-232, K-40) 

aktivitás koncentrációi a teljes fedőtalaj rétegben meghaladták a Magyar- és a világátlagokat (The 

United Nations Scientific Committee on the Effects of Atomic Radiation), s nem változtak 

szignifikánsan a mélység függvényében. A talaj és a növények föld felettirészének PTE és 

radionuklid tartalma és a talaj szervesanyag tartalma között kimutatott korreláció utalt a PTE és 

radionuklid tartalom jelentős mobilitásának lehetőségére a lejtő irányában, amelyet talaj/növény 

átviteli faktorok is alátámasztottak. A No. I. medőhányóval szomszédos területről származó 

vízmintákban ugyancsakészlelheő volt a raradionuklid és PTE koncentrációk növekedése a 

korábbi értékekhez képest. 

A teljes elemkoncentrációk mérése alapján feltételezhető jelentős  környezeti elem-mobilitás 

alátámasztására elvégeztem a felső 0-25 cm talajrétegben az elemtartalom frakcionálását a BCR 

által javasolt szekvens extrakciós eljárással, s a mobilitási faktorokat összehasonlítottam a talaj pH 

és kation cserélőképesség változásával (CEC). Eredményeim szerint a Cd, Co, Mn, Pb és U 

könnyen mobilizálható frakcióinak részaránya a teljes extraháható koncentrációk 37 és 100 %-a 

közé esett és a lejtőn lefelé haladva növekedett.  

A növények radioaktív elem felvétele és a BCR szekvens extrakció eredményei igazolták, hogy az 

1 mr vastagságú fedőtalaj réteg a rekultivált No. I. meddőhányón elegendő hatékonysággal gátolta  

a PTE és radinuklidok migrációját. Azonban azokon a helyeken, ahol a fedőréteg vastagsága  

kisebb (radioaktiv mintapont körzete) ez a visszatartás nem megfelelő mértékű. Az U, Cd, Mn, Co 

és Pb nagyarányú jelenléte a könnyen mobilizálható frakciókban azt jelzik, hogy a meddőhányó 
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érintett részein további remediációs lépések szükségesek a fedőtalaj rétegen keresztül történő 

migráció visszatartására. Az erre vonatkozó tervek kidolgozásához, s az érintett területek 

körülhatárolásához a monitorozás kiegészítése a BCR szekvens extrakcióval hasznos 

információkat szolgáltat. Ez a metodika hazámban a Dél-Afrikai Köztársaságban is jól 

alkalmazható a felhagyott uránbányák remediációja során.  
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A2. Cation exchange capacity (CEC)  

Sample Soil depth Ba+ conc. 

(mg/L) 

Ba2+ conc. Soil 

weight (g) 

Volume 

prepared 

in (mL) 

Ba2+ conc. 

(mg/kg) 

Ba2+ conc. (g/kg) CEC (g/kg) to (cmol(+)/kg) Average CEC 

Rn-M11 0 – 25 6343.89 12687.79 4.0087 40 126602.53 126.60  60.80 ± 4.88 52.89 ± 3.87 

5566.13 11132.26 4.0433 40 110130.39 110.13  52.89 ± 2.87 

25 – 50 2201.45 4402.91 4.007 40 43952.15 43.95  21.11 ± 0.07 20.17 ± 0.05 

2008.95 4017.90 4.0129 40 40049.82 40.05  19.23 ± 0.03 

50 – 75 1434.19 2868.38 4.0025 40 28665.88 28.67  13.77 ± 1.92 14.55 ± 2.63 

1599.63 3199.26 4.0097 40 31915.22 31.92  15.33 ± 3.34 

Rn-M12 0 – 25 468.33 936.65 4.0018 40 9362.32 9.36 4.50 ± 0.49 32.80 ± 0.40 

6372.35 12744.70 4.0069 40 127227.53 127.23 61.10 ± 0.30 

25 – 50 263.85 527.69 4.0349 40 5231.28 5.23  2.51 ± 0.11 8.23 ± 0.63 

1453.21 2906.41 4.0019 40 29050.33 29.05 13.95 ± 1.15 

50 – 75 1602.97 3205.94 4.0025 40 32039.40 32.04  15.39 ± 1.51 24.42 ± 0.76 

3487.51 6975.01 4.0056 40 69652.61 69.65 33.45 ± 2.15E-03 

75 - 100 3443.06 6886.13 4.013 40 68638.21 68.64  32.96 ± 1.32E-03 32.96 ± 1.32E-03 

Rn-M13 0 – 25 2336.85 4673.71 4.023 40 46469.88 46.47  22.32 ± 0.51 28.15 ± 0.26 

3550.93 7101.86 4.0134 40 70781.50 70.78 33.99 ± 3.42E-03 

25 – 50 2728.88 5457.77 4.0066 40 54487.77 54.49  26.17± 5.32 31.83 ± 3.07 

3904.99 7809.99 4.0016 40 78068.64 78.07  37.49 ± 0.81 

50 – 75 3513.39 7026.77 4.0044 40 70190.53 70.19  33.71 ± 3.42E-03 28.08 ± 1.54 

2348.77 4697.54 4.0181 40 46763.80 46.76  22.46 ± 3.09 

75 - 100 3931.26 7862.52 4.0037 40 78552.58 78.55  37.72 ± 5.32E-03 36.61 ± 0.03 
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3698.30 7396.61 4.0026 40 73918.03 73.92  35.50 ± 0.06 

Radioactive 

sample 

0 - 25 3421.16 6842.31 4.0051 40 68336.01 68.34  32.82 ± 0.01 27.26 ± 0.02 

2260.87 4521.75 4.0009 40 45207.29 45.21  21.71 ± 0.03 

Conc. is for the concentration 
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A3: Determination of soil organic matter (SOM %) 

Sample Name   Weight 

(mg) 

N (%) C (%) S (%) C/N ratio TC 

(%) 

CaCo3 (%) Average 

TOC (%) 

Average 

SOM (%) 

Rn-M11 0 – 25  841.70 0.06 1.86 0.02 31.3 1.87 

 

7.8 

 

0.93 

 

1.61 

 891.30 0.06 1.88 0.01 31.0 

25 – 50  785.40 0.06 1.5 0.01 25.9 1.51 

 

6.7 

 

0.70 

 

1.21 

 867.90 0.06 1.51 0.01 24.9 

50 – 75  857.20 0.11 3.67 0.01 33.9 3.69 

 

18.3 

 

1.49 

 

2.56 

 875.10 0.11 3.70 0.00 34.1 

Rn-M12 0 – 25  942.20 0.04 0.87 0.01 20.4 0.87 

 

3.6 

 

0.44 

 

0.75 

 894.50 0.04 0.87 0.01 20.1 

25 – 50  854.90 0.03 0.88 0.01 27.4 0.91 

 

4.5 

 

0.37 

 

0.64 

 853.00 0.03 0.94 0.00 28.7 

50 – 75  828.50 0.03 2.10 0.00 77.7 2.10 

 

12.8 

 

0.56 

 

0.96 

 837.30 0.03 2.09 0.00 74.7 

75 – 100  881.90 0.03 2.21 0.00 76.7 2.22 

 

13.1 

 

0.65 

 

1.11 

 912.50 0.03 2.23 0.00 75.8 

Rn-M13 0 – 25  841.10 0.23 3.13 0.04 13.8 3.14 

 

0.6 

 

3.06 

 

5.27 

 868.50 0.22 3.14 0.04 14.0 

25 – 50  908.80 0.16 2.20 0.02 13.7 2.21 

 

2.2 

 

1.94 

 

3.34 

 943.60 0.16 2.21 0.02 13.8 

50 – 75  938.00 0.1 1.57 0.01 15.7 1.55 

 

3.6 

 

1.12 

 

1.92 

825.80 0.1 1.53 0.01 15.5  

75 – 100  839.60 0.08 1.77 0.01 21.2 1.77 6.2 1.02 1.76 

920.40 0.08 1.76 0.01 20.9 

Radioactive 

sample 

0 – 25  918.50 0.02 1.04 0.02 47.3 1.03 2.2 0.76 1.31 

929.50 0.02 1.01 0.03 42.7 
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A4.Specific activity concentration for the radionuclides in soil and plants 

   
Specific activity and uncertainty of the mother isotope of the decay chain (Bq/kg) Specific activity (Bq/kg) 

 
 

 
238U 232Th 235U 40K 

Sample description 
Sample 

type 

Sample depth 

Sample 

activity 

density   

Sample 

activity 

density 

deviation 

Sample 

activity 

density   

Sample 

activity 

density 

deviation 

Sample 

activity 

density   

Sample 

activity 

density 

deviation 

Sample 

activity 

density   

Sample activity 

density deviation 

Rn-M11 

soil 

0 - 25 82.07 ± 11.07 46.87 ± 9.16 3.83 ± 0.52 1878.20 ± 100.85 

  25 - 50 73.64 ± 11.51 40.72 ± 9.09 3.43 ± 0.54 1955.58 ± 101.22 

  50 - 75 154.80 ± 12.83 39.97 ± 9.60 7.22 ± 0.60 1919.41 ± 110.56 

  Plant   169.30 ± 50.28 7.49 ± 23.75 7.90 ± 2.35 7461.08 ± 448.61 

Rn-M12 

Soil 

0 - 25 113.77 ± 10.96 38.96 ± 8.69 5.31 ± 0.51 1779.02 ± 107.66 

  25 - 50 68.91 ± 3.51 43.16 ± 2.77 3.21 ± 0.16 1927.76 ± 32.55 

  50 - 75 91.91 ± 11.54 55.82 ± 9.10 4.29 ± 0.54 2104.21 ± 110.75 

  75 - 100 66.62 ± 12.17 33.36 ± 9.15 3.11 ± 0.57 1855.70 ± 102.52 

  Plant   194.10 ± 51.20 64.90 ± 39.35 9.05 ± 2.39 8411.01 ± 464.00 

Rn-M13 

Soil 

0 - 25 110.55 ± 13.84 58.65 ± 10.81 5.16 ± 0.65 2537.66 ± 134.48 

  25 - 50 111.02 ± 14.35 56.93 ± 11.18 5.18 ± 0.67 2640.42 ± 128.36 

  50 - 75 131.10 ± 13.85 79.30 ± 10.41 6.11 ± 0.65 2070.92 ± 127.64 

  75 - 100 129.21 ± 12.06 40.54 ± 10.05 6.03 ± 0.56 2077.12 ± 114.86 

  Plant   170.85 ± 28.00 50.23 ± 22.54 7.97 ± 1.31 4415.99 ± 256.30 

Radioactive 

sample Soil 0 - 25  1856.29 ± 24.85 10.04 ± 12.33 86.58 ± 1.16 2172.75 ± 117.22 

  Plant Unwashed sample 148.23 ± 44.26 26.16 ± 33.37 6.91 ± 2.06 6969.89 ± 389.13 

  Plant Washed sample 143.46 ± 36.06 28.07 ± 16.00 6.69 ± 1.68 5266.51 ± 331.36 
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A5. Activity concentration for the radionuclides in soil and plants for U-238 and Th-232 progenies 

   Pb-212 (238.6 keV) Pb-214 (295.2 keV) Ac-228 (338.3 keV) Pb-214 (352 keV) Tl-208 (583.1 keV) 

Sample 

Identificatio

n 

Sample 

type 

Sample 

depth 

(cm) 

Activity 

concentrat

ion 

(Bq/kg) 

 Sample 

activity 

deviatio

n 

(Bq/kg) 

Activity 

concentrat

ion 

(Bq/kg) 

 Sample 

activity 

deviation 

(Bq/kg) 

Activity 

concentrat

ion 

(Bq/kg) 

Sample 

activity 

deviation 

(Bq/kg) 

Activity 

concentratio

n (Bq/kg) 

 Sample 

activity 

deviation 

(Bq/kg) 

Activity 

concentratio

n (Bq/kg) 

 Sample 

activity 

deviation 

(Bq/kg) 

Rn-M11 

Soil 

0 – 25 46.13 ± 7.95 93.87 ± 15.77 19.53 ± 28.50 50.88 ± 10.09 22.27 ± 4.90 

25 - 50 40.49 ± 7.94 85.04 ± 16.72 65.73 ± 29.84 86.08 ± 9.62 12.99 ± 5.59 

50 - 75 9.87 ± 8.67 96.56 ± 20.46 135.81 ± 29.69 125.81 ± 11.99 14.20 ± 5.96 

Plant 

  n.d. 184.74 ± 76.58 n.d 7.91 ± 44.41 29.95 ± 23.26 

Rn-M12 

Soil 

0 – 25 54.53 ± 7.23 71.14 ± 16.62 59.54 ± 27.80 74.21 ± 9.62 15.39 ± 5.13 

25 - 50 39.22 ± 2.44 40.04 ± 5.20 55.72 ± 8.88 52.08 ± 3.01 17.39 ± 1.58 

50 - 75 36.97 ± 8.32 57.00 ± 18.57 84.80 ± 29.65 53.66 ± 9.97 24.37 ± 5.48 

75 - 100 28.21 ± 8.01 82.14 ± 17.28 81.14 ± 28.86 58.16 ± 10.21 24.09 ± 5.23 

Plant 

  68.28 ± 32.80 232.55 ± 74.01 92.88 ± 130.16 190.81 ± 42.32 98.44 ± 21.83 

Rn-M13 

Soil 

0 – 25 33.37 ± 10.15 87.91 ± 20.87 81.51 ± 35.72 89.85 ± 11.73 42.13 ± 5.78 

25 - 50 57.46 ± 9.51 83.37 ± 21.22 109.06 ± 35.33 82.56 ± 11.74 40.62 ± 6.09 

50 - 75 24.69 ± 9.49 99.88 ± 20.87 150.87 ± 32.88 110.72 ± 12.65 23.38 ± 6.04 

75 - 100 35.10 ± 8.88 103.77 ± 18.56 65.33 ± 32.19 69.44 ± 11.15 25.35 ± 5.42 

Plant 

  n.d. 102.34 ± 41.11 191.84 ± 73.39 79.27 ± 23.30 9.07 ± 12.59 

Radioactive 

sample 

Soil 0 - 25 n.d. 

1958.6

9 ± 40.62 1.84 ± 41.93 1901.77 ± 28.93 23.89 ± 6.22 

Unwashed plant  37.12 ± 27.19 50.80 ± 64.55 4.49 ± 109.67 121.18 ± 35.78 63.03 ± 17.48 

Washed plant  39.43 ± 22.55 41.65 ± 54.73 n.d. 81.66 ± 31.46 32.69 ± 15.26 
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A6. Activity concentration for the radionuclides in soil and plants for U-238 and Th-232 progenies 

   Bi-214 (609.3 keV) Ac-228 (911.6 keV) Ac-228 (969.1 keV) Bi-214 (1120.3 keV) 

Sample 

Identifica

tion 

Sample 

type 

Sample 

depth 

(cm) 

Activity 

concentration 

(Bq/kg) 

 sample 

activity 

deviation 

(Bq/kg) 

Activity 

concentration 

(Bq/kg) 

 sample 

activity 

deviation 

(Bq/kg) 

Activity 

concentration 

(Bq/kg) 

 sample 

activity 

deviation 

(Bq/kg) 

Activity 

concentration 

(Bq/kg) 

 sample 

activity 

deviation 

(Bq/kg) 

Rn-M11 
Soil 

0 – 25 71.47 ± 10.41 34.32 ± 21.08 99.54 ± 32.12 112.04 ± 38.75 

25 - 50 85.51 ± 9.99 100.99 ± 18.35 43.68 ± 35.12 37.94 ± 40.57 

50 - 75 111.92 ± 12.45 43.89 ± 21.97 n.d. 284.92 ± 43.78 

Plant   226.51 ± 46.04 272.73 ± 92.11 n.d. 258.03 ± 174.61 

Rn-M12 
Soil 

0 – 25 102.29 ± 9.90 105.85 ± 18.91 26.38 ± 31.21 207.45 ± 38.12 

25 - 50 62.38 ± 3.17 70.99 ± 5.98 60.31 ± 10.39 121.15 ± 12.30 

50 - 75 43.19 ± 10.69 75.98 ± 18.62 77.14 ± 35.07 213.78 ± 39.66 

75 - 

100 71.89 ± 10.55 77.94 ± 20.36 n.d. 54.29 ± 43.06 

Plant   176.10 ± 44.86 178.36 ± 79.21 n.d. 176.93 ± 180.72 

Rn-M13 
Soil 

0 – 25 107.28 ± 12.80 159.37 ± 21.43 77.60 ± 39.24 157.16 ± 48.23 

25 - 50 109.64 ± 13.41 49.17 ± 24.98 20.59 ± 41.18 168.50 ± 50.27 

50 - 75 95.70 ± 13.30 128.58 ± 22.97 118.25 ± 38.77 218.09 ± 47.94 

75 - 

100 72.15 ± 12.44 104.74 ± 21.70 36.39 ± 39.34 271.46 ± 41.29 

Plant   118.81 ± 26.03 108.47 ± 50.81 0.00 ± 0.00 383.00 ± 98.13 

Radioacti

ve 

sample 

Soil 0 - 25 1743.56 ± 30.91 43.73 ± 25.21 14.43 ± 41.83 1821.13 ± 80.22 

Plant 

Unwashed 204.09 ± 39.08 186.26 ± 68.91 n.d. 216.85 ± 156.10 

Plant 

Washed 187.99 ± 32.32 93.76 ± 57.94 40.17 ± 110.02 262.54 ± 125.60 
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A7. Rn-M11 pseudo total concentration of PTEs in soil and plants 

Rn-M11 

Sample 

type 

Soil  Plant 

Depth 

(cm) 

0 - 25 25 - 50  50 - 75         

Element Total 

concentrati

on (mg/kg)  

  Standar

d 

deviati

on 

(SD) 

Uncertain

ty 

(mg/kg) 

Total 

concentrati

on (mg/kg)  

  Standar

d 

deviati

on 

(SD) 

Uncertain

ty 

(mg/kg) 

Total 

concentrati

on (mg/kg)  

  Standar

d 

deviati

on 

(SD) 

Uncertain

ty 

(mg/kg) 

Total 

concentrati

on (mg/kg)  

  Standar

d 

deviati

on 

(SD) 

Uncertain

ty 

(mg/kg) 

Ca  20860.91 ± 150.16 86.69 17476.40 ± 48.63 28.07 38540.63 ± 789.30 455.70 5710.41 ± 54.26 31.33 

Cd  n.d. n.d. n.d. n.d. 

Co  6.16 ± 0.07 0.04 6.22 ± 0.04 0.02 5.68 ± 0.05 0.03 n.d. 

Cr  47.10 ± 0.20 0.11 40.49 ± 0.31 0.18 33.39 ± 0.01 3.86E-03 14.19 ± 0.02 0.01 

Cu  11.31 ± 0.06 0.03 13.26 ± 0.09 0.05 17.89 ± 0.14 0.08 5.89 ± 0.09 0.05 

Fe  12103.95 ± 138.58 80.01 12548.33 ± 118.12 68.20 11050.04 ± 87.35 50.43 265.23 ± 3.60 2.08 

K  7724.75 ± 9.58 5.53 7951.40 ± 38.35 22.14 6359.99 ± 28.72 16.58 7205.72 ± 20.60 11.89 

Mg  5888.18 ± 15.01 8.67 5338.84 ± 85.29 49.24 8040.88 ± 13.42 7.75 1781.29 ± 13.81 7.97 

Mn  316.99 ± 2.04 1.18 339.87 ± 5.28 3.05 273.48 ± 3.63 2.10 34.23 ± 0.13 0.07 

Na  365.93 ± 3.27 1.89 361.10 ± 1.94 1.12 354.03 ± 5.15 2.98 73.89 ± 0.53 0.31 

Ni  23.17 ± 0.10 0.06 21.22 ± 0.08 0.05 18.12 ± 0.05 0.03 5.48 ± 0.06 0.03 

P  5543.60 ± 36.61 21.14 5785.68 ± 132.20 76.32 5686.71 ± 48.97 28.27 1410.64 ± 0.48 0.28 

Pb  7.58 ± 0.01 0.01 7.87 ± 0.24 0.14 8.91 ± 0.07 0.04 n.d. 

U 6.59 ± 0.89 0.51 5.91 ± 0.92 0.53 12.40 ± 1.03 0.59 13.60 ± 4.04 2.33 

Zn  30.13 ± 0.37 0.21 39.19 ± 0.08 0.05 60.52 ± 0.08 0.05 20.91 ± 0.05 0.03 
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A8. Rn-M12 pseudo total concentration of PTEs in soil and plants 

Rn-M12 

Sample 

type 

Soil Plant 

Depth 

(cm) 

0 - 25  25 - 50 50 - 75 75 - 100    

Element Total 

concentr

ation 

(mg/kg)  

  Stand

ard 

devia

tion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Total 

concentr

ation 

(mg/kg)  

  Stand

ard 

devia

tion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Total 

concentr

ation 

(mg/kg)  

  Stand

ard 

devia

tion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Total 

concentr

ation 

(mg/kg)  

  Stand

ard 

devia

tion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Total 

concentr

ation 

(mg/kg)  

  Stand

ard 

devia

tion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Ca  10641.4

2 

± 146.3

1 

84.47 14872.5

2 

± 87.26 50.38 35868.2

5 

± 271.3

8 

156.68 37406.4

7 

± 321.4

8 

185.61 4399.59 ± 15.61 9.01 

Cd  n.d. n.d. n.d. n.d. n.d. 

Co  7.15 ± 0.02 0.01 8.14 ± 0.01 4.77E-

03 

7.42 ± 0.05 0.03 7.27 ± 0.06 0.03 n.d. 

Cr  44.39 ± 0.27 0.15 116.43 ± 0.36 0.21 38.47 ± 0.05 0.03 42.90 ± 0.44 0.25 n.d. 

Cu  11.73 ± 0.08 0.05 13.47 ± 0.07 0.04 12.71 ± 0.02 0.01 13.34 ± 0.13 0.07 18.30 ± 2.10E

-03 

1.21E-

03 

Fe  13816.6

4 

± 168.6

4 

97.36 15822.8

7 

± 233.2

7 

134.68 15784.0

6 

± 74.03 42.74 15819.6

9 

± 187.7

6 

108.40 94.93 ± 0.56 0.32 

K  8045.29 ± 9.62 5.55 7400.34 ± 59.60 34.41 7136.54 ± 28.95 16.71 8159.24 ± 20.43 11.80 7607.97 ± 151.9

0 

87.70 

Mg  4624.97 ± 25.41 14.67 5683.93 ± 7.20 4.16 9862.23 ± 67.63 39.04 9897.33 ± 32.85 18.97 1785.93 ± 8.77 5.06 

Mn  422.07 ± 6.21 3.59 431.24 ± 1.72 0.99 359.35 ± 0.29 0.17 343.47 ± 1.52 0.88 21.54 ± 0.20 0.11 

Na  373.89 ± 0.02 0.01 359.38 ± 1.82 1.05 383.83 ± 2.19 1.27 432.82 ± 2.91 1.68 43.02 ± 0.21 0.12 

Ni  23.91 ± 0.06 0.04 53.47 ± 0.75 0.43 20.99 ± 0.12 0.07 22.18 ± 0.07 0.04 2.42 ± 0.02 0.01 

P  5990.72 ± 41.75 24.11 6315.55 ± 29.05 16.77 7012.80 ± 48.87 28.21 7234.93 ± 67.42 38.93 1150.10 ± 3.60 2.08 

Pb  7.74 ± 0.01 3.79E-

03 

8.41 ± 0.06 0.04 7.54 ± 0.56 0.32 7.75 ± 0.01 3.75E-

03 

n.d. 

U 9.14 ± 0.88 0.51 5.54 ± 0.28 0.16 7.38 ± 0.92 0.53 5.35 ± 0.98 0.57 15.60 ± 4.11 2.38 

Zn  32.09 ± 0.45 0.26 37.91 ± 0.20 0.11 39.22 ± 0.22 0.13 40.00 ± 0.19 0.11 9.41 ± 0.05 0.03 
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A9. Rn-M13 pseudo total concentration of PTEs in soil and plants 

Rn-M13 

Sample 

type 

Soil Plant 

Depth 

(cm) 

0 - 25  25 - 50 50 - 75 75 - 100 

E
le

m
en

t 

Total 

concent

ration 

(mg/kg)  

  Stand

ard 

deviat

ion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Total 

concentr

ation 

(mg/kg)  

  Stand

ard 

deviat

ion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Total 

concentr

ation 

(mg/kg)  

  Stand

ard 

deviat

ion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Total 

concentr

ation 

(mg/kg)  

  Stand

ard 

deviat

ion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Total 

concentr

ation 

(mg/kg)  

  Stand

ard 

deviat

ion 

(SD) 

Uncert

ainty 

(mg/kg

) 

Ca  7528.92 ± 13.50 7.79 12502.8

1 

± 100.4

7 

58.01 14241.9

6 

± 42.20 24.37 19613.9

3 

± 31.49 18.18 2132.77 ± 11.94 6.89 

Cd  n.d. n.d. n.d. n.d. n.d. 

Co  9.53 ± 0.09 0.05 9.45 ± 0.03 0.02 9.15 ± 0.07 0.04 8.21 ± 0.07 0.04 n.d. 

Cr  62.97 ± 0.22 0.13 55.89 ± 0.34 0.20 52.64 ± 0.21 0.12 46.63 ± 0.07 0.04 n.d. 

Cu  16.35 ± 0.01 0.00 17.65 ± 0.36 0.21 16.77 ± 0.05 0.03 15.18 ± 0.02 0.01 59.50 ± 0.11 0.07 

Fe  21139.2

2 

± 108.8

8 

62.86 20802.7

9 

± 20.76 11.98 20491.6

9 

± 340.5

4 

196.61 18229.5

2 

± 256.3

1 

147.98 301.45 ± 2.01 1.16 

K  15762.7

2 

± 42.50 24.54 12551.9

1 

± 51.42 29.69 10692.2

4 

± 155.2

3 

89.62 9455.13 ± 86.18 49.76 8860.64 ± 27.63 15.95 

Mg  8487.81 ± 42.52 24.55 8003.76 ± 1.48 0.86 8170.15 ± 19.23 11.10 8516.88 ± 7.30 4.21 784.89 ± 0.87 0.51 

Mn  492.43 ± 0.60 0.35 520.88 ± 0.86 0.50 498.26 ± 1.39 0.80 383.88 ± 1.96 1.13 26.10 ± 0.50 0.29 

Na  398.55 ± 3.34 1.93 476.14 ± 0.32 0.19 490.82 ± 0.26 0.15 438.29 ± 2.77 1.60 36.90 ± 0.43 0.25 

Ni  29.65 ± 0.03 0.02 27.28 ± 0.12 0.07 26.57 ± 0.19 0.11 22.95 ± 0.11 0.06 n.d. 

P  9283.47 ± 128.4

8 

74.18 9429.05 ± 117.1

5 

67.64 9449.72 ± 49.47 28.56 8586.58 ± 146.4

4 

84.55 1307.24 ± 0.59 0.34 

Pb  13.73 ± 0.03 0.02 14.33 ± 0.52 0.30 12.86 ± 0.08 0.05 11.72 ± 0.69 0.40 n.d. 

U 8.88 ± 1.11 0.64 8.92 ± 1.15 0.66 10.40 ± 1.11 0.64 10.40 ± 0.97 0.56 13.73 ± 2.25 1.30 

Zn  67.43 ± 0.12 0.07 58.92 ± 0.08 0.04 54.51 ± 0.12 0.07 47.46 ± 0.24 0.14 13.56 ± 0.05 0.03 
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A10. Radioactive sample pseudo total concentration of PTEs in soil and plants 

Radioactive sample 

Sample type Soil Plant 

Depth (cm) 0 - 25 Unwashed 
 

   Washed   

Element Total 

concentration 

(mg/kg)  

  Standard 

deviation 

(SD) 

Uncertainty 

(mg/kg) 

Total 

Concentration 

(mg/kg)  

  Standard 

deviation 

(SD) 

Uncertainty 

(mg/kg) 

Total 

concentration 

(mg/kg)  

  Standard 

deviation 

(SD) 

Uncertainty 

(mg/kg) 

Ca  9116.44 ± 43.16 24.92 5368.94 ± 0.43 0.25 5184.20 ± 43.05 24.85 

Cd  n.d. n.d. n.d. 

Co  7.87 ± 3.78E-03 2.18E-03 n.d. n.d. 

Cr  126.83 ± 0.01 0.01 n.d. n.d. 

Cu  40.25 ± 0.05 0.03 21.65 ± 0.22 0.13 73.09 ± 0.17 0.10 

Fe  8013.97 ± 57.10 32.96 52.39 ± 0.37 0.21 68.59 ± 0.35 0.20 

K  11623.50 ± 10.69 6.17 13289.26 ± 12.76 7.37 14301.76 ± 5.50 3.17 

Mg  6239.30 ± 69.62 40.19 868.42 ± 7.44 4.30 925.47 ± 2.93 1.69 

Mn  301.52 ± 0.17 0.10 3.68 ± 0.04 0.02 8.97 ± 0.10 0.06 

Na  173.28 ± 2.29 1.32 33.53 ± 1.51 0.87 52.84 ± 0.50 0.29 

Ni  40.54 ± 0.10 0.06 n.d. n.d. 

P  3250.14 ± 7.63 4.40 1489.16 ± 15.61 9.02 1631.12 ± 6.84 3.95 

Pb  44.00 ± 1.11 0.64 n.d. n.d. 

U 149.00 ± 1.20 0.69 11.91 ± 3.56 2.05 11.53 ± 2.90 1.67 

Zn  36.05 ± 0.38 0.22 8.87 ± 0.03 0.02 13.34 ± 0.39 0.22 
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A11. Tendencies for each element in the soil in terms of depths in each sample 
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A12. A comparison for the sum of the BCR sequential extraction concentrations and the total concentrations of a) Cd, b) 

Co, c) Cr, d) Cu, e) Fe, f) Mn, g) Ni, h) Pb, and i) Zn in soil 
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 c)  d)  
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e)  f)  

g)   h)  
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i)   j)  

- Acid soluble;   - Reducible;   - Oxidizable;   - Residual;   - Psedudo total content 
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A13. Descriptive statistics for soil characteristics 

Descriptive Statistics for Rn-M11 

 

N Minimum Maximum Sum Mean Std. Deviation Variance Skewness Kurtosis 

Statistic Statistic Statistic Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Std. Error 

CEC (cmol(+)/kg) 3 14.55 52.89 87.61 29.2033 20.70482 428.690 1.590 1.225  -  - 

pH 3 5.87 6.42 18.51 6.1700 0.27839 0.078 -0.782 1.225  -  - 

Soil_moisture (%) 3 7.44 12.60 29.28 9.7600 2.61901 6.859 0.858 1.225  -  - 

SOM (%) 3 1.21 2.56 5.38 1.7933 0.69342 0.481 1.107 1.225  -  - 

Descriptive Statistics for Rn-M12 

 

N Minimum Maximum Sum Mean Std. Deviation Variance Skewness Kurtosis 

Statistic Statistic Statistic Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Std. Error 

CEC (cmol(+)/kg) 4 8.23 32.96 98.57 24.6425 11.65878 135.927 -1.376 1.014 1.318 2.619 

pH 4 5.36 5.67 21.85 5.4625 0.14056 0.020 1.809 1.014 3.430 2.619 

Soil_moisture (%) 4 8.19 9.47 35.08 8.7700 0.57457 0.330 0.419 1.014 -2.215 2.619 

SOM (%) 4 0.64 1.11 3.46 0.8650 0.21048 0.044 0.190 1.014 -2.592 2.619 

Descriptive Statistics for Rn-M13 

 

N Minimum Maximum Sum Mean Std. Deviation Variance Skewness Kurtosis 

Statistic Statistic Statistic Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Std. Error 
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CEC (cmol(+)/kg) 4 28.08 36.61 124.67 31.1675 4.02896 16.233 1.066 1.014 -0.200 2.619 

pH 4 5.17 5.64 21.62 5.4050 0.19399 0.038 0.000 1.014 0.863 2.619 

Soil_moisture (%) 4 14.20 17.10 59.80 14.9500 1.43411 2.057 1.994 1.014 3.978 2.619 

SOM (%) 4 1.76 5.27 12.29 3.0725 1.62803 2.650 1.057 1.014 -0.188 2.619 

Descriptive Statistics for all four samples 

 

N Minimum Maximum Sum Mean Std. Deviation Variance Skewness Kurtosis 

Statistic Statistic Statistic Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Std. Error 

CEC (cmol(+)/kg) 12 8.23 52.89 338.11 28.1758 11.29603 127.600 0.373 0.637 1.545 1.232 

pH 12 5.17 6.42 67.25 5.6042 0.38592 0.149 1.196 0.637 0.584 1.232 

Soil_moisture (%) 12 3.16 17.10 127.32 10.6100 3.90144 15.221 -0.100 0.637 -0.253 1.232 

SOM (%) 12 0.64 5.27 22.44 1.8700 1.32120 1.746 1.791 0.637 3.398 1.232 
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A14. One-Sample t-test analysis for each soil characteristic in Rn-M11, Rn-M12, and Rn-M13 in different depths (function 

of topography) 

0 - 25 cm depth (Rn-M11, Rn-M12, Rn-M13, and Radioactive sample) 

          One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 
   Significance  

95% Confidence 
Interval of the 

Difference Standardizera 
Point 

Estimate 

95% 
Confidence 

Interval   

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean t df 

One-
Sided 

p 

Two-
Sided 

p 
Mean 

Difference Lower Upper     Lower Upper 

CEC 
(cmol(+)/kg) 

4 35.3150 11.98119 5.99060 5.895 3 0.005 0.010 35.31500 16.2502 54.3798 11.98119 2.948 0.522 5.375 

pH 4 5.7500 0.48229 0.24114 23.845 3 0.000 0.000 5.75000 4.9826 6.5174 0.48229 11.922 3.128 21.090 

Soil_moisture 
(%) 

4 9.7425 5.70932 2.85466 3.413 3 0.021 0.042 9.74250 0.6577 18.8273 5.70932 1.706 0.050 3.295 

SOM (%) 4 2.2350 2.05448 1.02724 2.176 3 0.059 0.118 2.23500 -1.0341 5.5041 2.05448 1.088 -0.239 2.326 

0 - 25 cm depth (Rn-M11, Rn-M12, and Rn-M13) excluding Radioactive sample 

          One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% Confidence 
Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 

Two-
Sided 

p Lower Upper Lower Upper 

CEC 
(cmol(+)/kg) 

3 38.0000 13.11747 7.57338 5.018 2 0.019 0.038 38.00000 5.4144 70.5856 13.11747 2.897 0.110 5.751 

pH 3 5.9100 0.44193 0.25515 23.163 2 0.001 0.002 5.91000 4.8122 7.0078 0.44193 13.373 2.052 25.727 

Soil_moisture 
(%) 

3 11.9367 4.47306 2.58252 4.622 2 0.022 0.044 11.93667 0.8250 23.0484 4.47306 2.669 0.050 5.327 

SOM (%) 3 2.5433 2.40019 1.38575 1.835 2 0.104 0.208 2.54333 -3.4191 8.5057 2.40019 1.060 -0.483 2.487 

 25 - 50 cm depth (Rn-M11, Rn-M12, and Rn-M13) 

          
One-Sample Test One-Sample Effect Sizes 
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One-Sample Statistics 
   Significance  

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% Confidence 
Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean t df 

One-
Sided 

p 

Two-
Sided 

p 
Mean 

Difference Lower Upper Lower Upper 

CEC 
(cmol(+)/kg) 

3 20.0767 11.80028 6.81289 2.947 2 0.049 0.098 20.07667 -9.2368 49.3902 11.80028 1.701 -0.238 3.573 

pH 3 5.5967 0.55194 0.31866 17.563 2 0.002 0.003 5.59667 4.2256 6.9678 0.55194 10.140 1.512 19.530 

Soil_moisture 
(%) 

3 10.2433 3.59764 2.07710 4.932 2 0.019 0.039 10.24333 1.3063 19.1804 3.59764 2.847 0.097 5.658 

SOM (%) 3 1.7300 1.42313 0.82164 2.106 2 0.085 0.170 1.73000 -1.8053 5.2653 1.42313 1.216 -0.417 2.741 

 50 - 75 cm depth (Rn-M11, Rn-M12, and Rn-M13) 

          One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% Confidence 
Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 

Two-
Sided 

p Lower Upper Lower Upper 

CEC 
(cmol(+)/kg) 

3 22.3500 6.99849 4.04058 5.531 2 0.016 0.031 22.35000 4.9648 39.7352 6.99849 3.194 0.184 6.304 

pH 3 5.5333 0.29160 0.16836 32.866 2 0.000 0.001 5.53333 4.8089 6.2577 0.29160 18.975 2.966 36.474 

Soil_moisture 
(%) 

3 11.6633 3.11256 1.79704 6.490 2 0.011 0.023 11.66333 3.9313 19.3954 3.11256 3.747 0.314 7.343 

SOM (%) 3 1.8133 0.80532 0.46495 3.900 2 0.030 0.060 1.81333 -0.1872 3.8138 0.80532 2.252 -0.066 4.562 
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A15. T-test results for the determination of differences in soil characteristics values for different samples in depths 

(function of depths) 

Rn-M11: differences in terms of depth 

       
One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 
Two-

Sided p Lower Upper Lower Upper 

CEC 
(cmol(+)/kg) 

3 29.2033 20.70482 11.95394 2.443 2 0.067 0.135 29.20333 -22.2303 80.6370 20.70482 1.410 -0.342 3.068 

pH 3 6.1700 0.27839 0.16073 38.388 2 0.000 0.001 6.17000 5.4784 6.8616 0.27839 22.163 3.481 42.593 

Soil_moisture 
(%) 

3 9.7600 2.61901 1.51208 6.455 2 0.012 0.023 9.76000 3.2540 16.2660 2.61901 3.727 0.309 7.304 

SOM (%) 3 1.7933 0.69342 0.40035 4.479 2 0.023 0.046 1.79333 0.0708 3.5159 0.69342 2.586 0.028 5.175 

Rn-M12: differences in terms of depth 

          One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 
Two-

Sided p Lower Upper Lower Upper 

CEC 
(cmol(+)/kg) 

4 24.6425 11.65878 5.82939 4.227 3 0.012 0.024 24.64250 6.0908 43.1942 11.65878 2.114 0.216 3.965 

pH 4 5.4625 0.14056 0.07028 77.722 3 0.000 0.000 5.46250 5.2388 5.6862 0.14056 38.861 10.401 68.613 

Soil_moisture 
(%) 

4 8.7700 0.57457 0.28729 30.527 3 0.000 0.000 8.77000 7.8557 9.6843 0.57457 15.264 4.039 26.978 

SOM (%) 4 0.8650 0.21048 0.10524 8.219 3 0.002 0.004 0.86500 0.5301 1.1999 0.21048 4.110 0.903 7.380 

Rn-M13: differences in terms of depth 

          One-Sample Test One-Sample Effect Sizes 
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One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 
Two-

Sided p Lower Upper Lower Upper 

CEC 
(cmol(+)/kg) 

4 31.1675 4.02896 2.01448 15.472 3 0.000 0.001 31.16750 24.7565 37.5785 4.02896 7.736 1.967 13.723 

pH 4 5.4050 0.19399 0.09700 55.724 3 0.000 0.000 5.40500 5.0963 5.7137 0.19399 27.862 7.443 49.202 

Soil_moisture 
(%) 

4 14.9500 1.43411 0.71705 20.849 3 0.000 0.000 14.95000 12.6680 17.2320 1.43411 10.425 2.716 18.452 

SOM (%) 4 3.0725 1.62803 0.81402 3.774 3 0.016 0.033 3.07250 0.4819 5.6631 1.62803 1.887 0.126 3.591 
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A16. Correlation graphs for the soil characteristics, radionuclides, and PTEs in soil  
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A17. Pseudo total Principal Components Analysis for radionuclides and PTEs in plants 

  

Component  Variance Proportion Cumulative proportion 

1 7.813 0.488 0.488 

2 4.851 0.303 0.791 

3 2.791 0.174 0.966 

4 0.546 0.034 1.000 

5 0.000 0.000 1.000 
      

Coefficients  Component  

  1 2 3 4 5 

U-238 -0.301 -0.241 0.027 0.113 0.698 

Th-232 -0.039 -0.441 0.020 0.286 0.045 

U-235 -0.301 -0.241 0.027 0.113 -0.098 

K-40 -0.212 0.027 0.479 -0.080 -0.084 

Ca 0.003 0.327 0.411 0.123 -0.130 

Cr -0.225 0.344 -0.073 -0.155 -0.040 

Cu 0.245 -0.093 -0.317 0.620 -0.232 

Fe -0.185 0.040 -0.492 -0.305 -0.003 

K 0.344 0.075 0.123 0.117 -0.071 

Mg -0.315 0.074 0.226 0.314 0.059 

Mn -0.308 0.052 -0.295 0.043 -0.182 

Na -0.181 0.358 -0.062 0.450 -0.059 

Ni -0.308 0.225 0.064 0.044 -0.080 

P 0.262 0.305 -0.025 0.153 0.581 

U -0.301 -0.241 0.027 0.113 -0.116 

Zn -0.165 0.331 -0.298 0.122 0.138 
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A18. Pseudo total t-test results for the determination of differences in concentration means for Rn-M11 sample in different 

depths 

 

     One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% Confidence 
Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 

Two-
Sided 

p Lower Upper Lower Upper 

U_238 3 103.567 44.745 25.833 4.009 2 0.028 0.057 103.567 -7.586 214.719 44.745 2.315 -0.048 4.676 

Th_232 3 42.533 3.798 2.193 19.398 2 0.001 0.003 42.533 33.099 51.968 3.798 11.199 1.691 21.560 

U_235 3 4.827 2.082 1.202 4.015 2 0.028 0.057 4.827 -0.346 9.999 2.082 2.318 -0.047 4.682 

K_40 3 1917.667 39.017 22.527 85.129 2 0.000 0.000 1917.667 1820.743 2014.590 39.017 49.149 7.800 94.410 

Rn_222 3 10.227 13.554 7.825 1.307 2 0.161 0.321 10.227 -23.443 43.896 13.554 0.755 -0.626 2.020 

Ca 3 25626.000 11312.050 6531.015 3.924 2 0.030 0.059 25626.000 -2474.690 53726.690 11312.050 2.265 -0.062 4.587 

Cd 3 0.000 .00000a 0.000                
Co 3 6.020 0.296 0.171 35.229 2 0.000 0.001 6.020 5.285 6.755 0.296 20.340 3.187 39.093 

Cr 3 40.333 6.852 3.956 10.196 2 0.005 0.009 40.333 23.313 57.353 6.852 5.887 0.755 11.400 

Cu 3 14.167 3.384 1.954 7.250 2 0.009 0.018 14.167 5.760 22.574 3.384 4.186 0.411 8.171 

Fe 3 11900.667 769.421 444.226 26.790 2 0.001 0.001 11900.667 9989.318 13812.015 769.421 15.467 2.396 29.742 

K 3 7345.333 860.773 496.968 14.780 2 0.002 0.005 7345.333 5207.054 9483.612 860.773 8.533 1.236 16.454 

Mg 3 6422.667 1428.146 824.541 7.789 2 0.008 0.016 6422.667 2874.954 9970.379 1428.146 4.497 0.478 8.759 

Mn 3 310.000 34.044 19.655 15.772 2 0.002 0.004 310.000 225.430 394.570 34.044 9.106 1.335 17.550 

Na 3 360.333 6.028 3.480 103.541 2 0.000 0.000 360.333 345.360 375.307 6.028 59.779 9.495 114.824 

Ni 3 20.837 2.547 1.470 14.171 2 0.002 0.005 20.837 14.510 27.163 2.547 8.182 1.174 15.782 

P 3 5672.333 121.665 70.243 80.753 2 0.000 0.000 5672.333 5370.101 5974.566 121.665 46.623 7.397 89.557 

Pb 3 8.120 0.699 0.404 20.110 2 0.001 0.002 8.120 6.383 9.857 0.699 11.611 1.759 22.348 

U 3 2.023 0.721 0.416 4.860 2 0.020 0.040 2.023 0.232 3.815 0.721 2.806 0.086 5.581 

Zn 3 43.267 15.603 9.008 4.803 2 0.020 0.041 43.267 4.507 82.026 15.603 2.773 0.078 5.521 

The values highlighted in bold were significantly different. 
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A19. Pseudo total t-test results for the determination of differences in concentration means for Rn-M12 sample in different 

depths 

     One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 

  

Significance 
Mean 

Difference 
95% Confidence Interval 

of the Difference  
Standardizera 

Point 
Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 
Deviation 

Std. 
Error 
Mean 

t df 
One-
Sided 

p 

Two-
Sided 

p 
  Lower Upper     Lower Upper 

U_238 4 85.35 22.26 11.13 7.67 3 0.002 0.005 85.35 49.94 120.76 22.26 3.84 0.82 6.90 

Th_232 4 42.85 9.52 4.76 9.00 3 0.001 0.003 42.85 27.70 58.00 9.52 4.50 1.02 8.06 

U_235 4 3.98 1.04 0.52 7.69 3 0.002 0.005 3.98 2.33 5.63 1.04 3.85 0.82 6.92 

K_40 4 1916.75 138.87 69.44 27.61 3 <.001 <.001 1916.75 1695.78 2137.72 138.87 13.80 3.64 24.40 

Rn_222 4 23.93 7.05 3.53 6.79 3 0.003 0.007 23.93 12.70 35.15 7.05 3.39 0.67 6.14 

Ca 4 24697.00 13909.13 6954.57 3.55 3 0.019 0.038 24697.00 2564.46 46829.54 13909.13 1.78 0.08 3.41 

Cd 4 0.00 .00000a 0.00                

Co 4 7.50 0.44 0.22 33.76 3 <.001 <.001 7.50 6.79 8.20 0.44 16.88 4.48 29.83 

Cr 4 60.45 37.12 18.56 3.26 3 0.024 0.047 60.45 1.39 119.51 37.12 1.63 0.02 3.17 

Cu 4 12.80 0.81 0.40 31.67 3 <.001 <.001 12.80 11.51 14.09 0.81 15.84 4.20 27.99 

Fe 4 15311.00 996.16 498.08 30.74 3 <.001 <.001 15311.00 13725.89 16896.11 996.16 15.37 4.07 27.17 

K 4 7685.25 495.25 247.62 31.04 3 <.001 <.001 7685.25 6897.20 8473.30 495.25 15.52 4.11 27.43 

Mg 4 7517.00 2762.06 1381.03 5.44 3 0.006 0.012 7517.00 3121.94 11912.06 2762.06 2.72 0.44 4.99 

Mn 4 388.75 44.23 22.11 17.58 3 <.001 <.001 388.75 318.37 459.13 44.23 8.79 2.26 15.58 

Na 4 387.50 32.03 16.01 24.20 3 <.001 <.001 387.50 336.54 438.46 32.03 12.10 3.18 21.40 

Ni 4 30.14 15.60 7.80 3.86 3 0.015 0.031 30.14 5.31 54.96 15.60 1.93 0.14 3.66 

P 4 6638.75 582.90 291.45 22.78 3 <.001 <.001 6638.75 5711.22 7566.28 582.90 11.39 2.98 20.15 

Pb 4 7.86 0.38 0.19 41.46 3 <.001 <.001 7.86 7.26 8.46 0.38 20.73 5.52 36.61 

U 4 6.85 1.78 0.89 7.71 3 0.002 0.005 6.85 4.02 9.68 1.78 3.85 0.82 6.93 

Zn 4 37.30 3.57 1.79 20.88 3 <.001 <.001 37.30 31.61 42.99 3.57 10.44 2.72 18.48 
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A20. Pseudo total t-test results for the determination of differences in concentration means for Rn-M13 sample in different 

depths 

     One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 
   

Significance 
Mean 
Difference 

95% Confidence 
Interval of the 

Difference  

Standardizera 
Point 
Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

t df 
One-
Sided 

p 

Two-
Sided 

p 
  Lower Upper     Lower Upper 

U_238 4 120.50 11.00 5.50 21.909 3 <.001 <.001 120.50 103.00 138.00 11.00 10.96 2.86 19.39 

Th_232 4 58.85 15.90 7.95 7.401 3 0.003 0.005 58.85 33.54 84.16 15.90 3.70 0.77 6.67 

U_235 4 5.62 0.52 0.26 21.586 3 <.001 <.001 5.62 4.79 6.45 0.52 10.79 2.82 19.10 

K_40 4 2331.50 300.25 150.12 15.531 3 <.001 <.001 2331.50 1853.74 2809.26 300.25 7.77 1.98 13.77 

Rn_222 4 36.83 15.99 7.99 4.606 3 0.01 0.019 36.83 11.38 62.27 15.99 2.30 0.29 4.28 

Ca 4 13472.00 4985.82 2492.91 5.404 3 0.006 0.012 13472.00 5538.44 21405.56 4985.82 2.70 0.44 4.96 

Cd 4 0.00 .00000a 0.00                

Co 4 9.09 0.61 0.30 29.992 3 <.001 <.001 9.09 8.12 10.05 0.61 15.00 3.97 26.51 

Cr 4 54.53 6.84 3.42 15.95 3 <.001 <.001 54.53 43.65 65.40 6.84 7.98 2.04 14.14 

Cu 4 16.53 1.04 0.52 31.864 3 <.001 <.001 16.53 14.87 18.18 1.04 15.93 4.22 28.16 

Fe 4 20166.00 1317.43 658.72 30.614 3 <.001 <.001 20166.00 18069.67 22262.33 1317.43 15.31 4.05 27.06 

K 4 12115.50 2744.66 1372.33 8.828 3 0.002 0.003 12115.50 7748.14 16482.86 2744.66 4.41 1.00 7.91 

Mg 4 8294.75 249.56 124.78 66.475 3 <.001 <.001 8294.75 7897.65 8691.85 249.56 33.24 8.89 58.69 

Mn 4 473.75 61.12 30.56 15.501 3 <.001 <.001 473.75 376.49 571.01 61.12 7.75 1.97 13.75 

Na 4 451.00 41.22 20.61 21.881 3 <.001 <.001 451.00 385.41 516.59 41.22 10.94 2.86 19.36 

Ni 4 26.61 2.77 1.39 19.186 3 <.001 <.001 26.61 22.20 31.03 2.77 9.59 2.49 16.99 

P 4 9187.25 407.00 203.50 45.146 3 <.001 <.001 9187.25 8539.62 9834.88 407.00 22.57 6.02 39.87 

Pb 4 13.15 1.12 0.56 23.399 3 <.001 <.001 13.15 11.36 14.94 1.12 11.70 3.07 20.70 

U 4 9.65 0.87 0.43 22.282 3 <.001 <.001 9.65 8.27 11.03 0.87 11.14 2.91 19.71 

Zn 4 57.08 8.33 4.17 13.701 3 <.001 <.001 57.08 43.82 70.33 8.33 6.85 1.72 12.17 



 

179 
 

A21. Pearson correlation matrix for PTEs obtained using the BCR procedure and the soil characteristics  

  Cd Co Cr Cu Fe Mn Ni Pb U Zn pH CEC 

% 

SOM 

Cd 1             

Co -0.674 1.000           
 

Cr 0.498 0.024 1.000          
 

Cu 0.997 -0.723 0.451 1.000          

Fe -0.914 0.916 -0.242 -0.940 1.000        
 

Mn -0.982 0.562 -0.651 -0.968 0.840 1.000        

Ni -0.299 0.629 0.677 -0.351 0.524 0.114 1.000      
 

Pb 0.996 -0.663 0.563 0.992 -0.904 -0.991 -0.227 1.000      

U 0.991 -0.732 0.524 0.993 -0.939 -0.975 -0.270 0.995 1.000     

Zn -0.701 0.693 -0.669 -0.709 0.748 0.736 -0.109 -0.750 -0.786 1.000    

pH -0.654 0.965 0.208 -0.706 0.891 0.512 0.806 -0.621 -0.683 0.500 1.000   

CEC -0.257 0.861 0.511 -0.325 0.618 0.093 0.812 -0.224 -0.309 0.290 0.897 1.000  

SOM -0.486 0.435 -0.789 -0.480 0.485 0.573 -0.424 -0.556 -0.581 0.942 0.195 0.038 1.000 

The bold r values are significant at p ≤ 0.05. 
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A22. BCR t-test results to determine if there are differences between the concentrations of each element in different 

samples in Fraction 1 

     One-Sample Test One-Sample Effect Sizes 

  

Fraction 1 

            

One-Sample Statistics 
  Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference Standardizera 
Point 
Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean t df 

One-
Sided 

p 

Two-
Sided 

p   Lower Upper     Lower Upper 

Cd 4 0.038 0.022 0.011 3.382 3 0.022 0.043 0.038 0.002 0.073 0.022 1.691 0.043 3.271 

Co 4 1.288 2.022 1.011 1.274 3 0.146 0.292 1.288 -1.929 4.504 2.022 0.637 -0.496 1.692 

Cr 4 0.135 0.111 0.055 2.435 3 0.046 0.093 0.135 -0.041 0.311 0.111 1.217 -0.174 2.522 

Cu 4 1.290 2.527 1.263 1.021 3 0.191 0.382 1.290 -2.731 5.311 2.527 0.510 -0.578 1.531 

Fe 4 207.973 410.697 205.348 1.013 3 0.193 0.386 207.973 -445.538 861.483 410.697 0.506 -0.581 1.526 

Mn 4 104.650 92.917 46.459 2.253 3 0.055 0.110 104.650 -43.202 252.502 92.917 1.126 -0.220 2.384 

Ni 4 1.058 0.904 0.452 2.339 3 0.051 0.101 1.058 -0.381 2.496 0.904 1.170 -0.198 2.449 

Pb 4 1.180 2.107 1.054 1.120 3 0.172 0.344 1.180 -2.173 4.533 2.107 0.560 -0.545 1.593 

U 4 4.350 8.700 4.350 1.000 3 0.196 0.391 4.350 -9.494 18.194 8.700 0.500 -0.585 1.518 

Zn 4 2.020 2.709 1.355 1.491 3 0.116 0.233 2.020 -2.291 6.331 2.709 0.746 -0.429 1.837 

The values highlighted in bold were significantly different. 
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A23. BCR t-test results to determine if there are differences between the concentrations of each element in different 

samples in Fraction 2 

  Fraction 2   

One-Sample Test 
    

      
One-Sample Effect Sizes 

One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 

Two-
Sided 

p Lower Upper Lower Upper 

Cd 4 0.043 0.054 0.027 1.563 3 0.108 0.216 0.043 -0.044 0.129 0.0544 0.781 -0.408 1.886 

Co 4 2.173 0.902 0.451 4.815 3 0.009 0.017 2.173 0.737 3.608 0.9023 2.408 0.329 4.458 

Cr 4 7.448 6.325 3.163 2.355 3 0.050 0.100 7.448 -2.617 17.512 6.3250 1.177 -0.194 2.461 

Cu 4 3.445 3.644 1.822 1.891 3 0.078 0.155 3.445 -2.353 9.243 3.6436 0.945 -0.315 2.117 

Fe 4 1298.000 1079.472 539.736 2.405 3 0.048 0.095 1298.000 -419.681 3015.681 1079.4724 1.202 -0.181 2.499 

Mn 4 174.750 86.642 43.321 4.034 3 0.014 0.027 174.750 36.883 312.617 86.6425 2.017 0.178 3.805 

Ni 4 4.415 1.298 0.649 6.802 3 0.003 0.006 4.415 2.349 6.481 1.2981 3.401 0.675 6.154 

Pb 4 10.675 11.838 5.919 1.804 3 0.085 0.169 10.675 -8.161 29.511 11.8375 0.902 -0.339 2.055 

U 4 3.618 7.235 3.618 1.000 3 0.196 0.391 3.618 -7.895 15.130 7.2350 0.500 -0.585 1.518 

Zn 4 3.880 2.407 1.204 3.224 3 0.024 0.048 3.880 0.050 7.710 2.4070 1.612 0.009 3.143 

The values highlighted in bold were significantly different. 

 

  



 

182 
 

A24. BCR t-test results to determine if there are differences between the concentrations of each element in different 

samples in Fraction 3 

  Fraction 3   
One-Sample Test One-Sample Effect Sizes 

      

Standardizera 
Point 

Estimate 

95% 
Confidence 

Interval 

One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference Lower Upper 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 

Two-
Sided 

p Lower Upper 

0.07848 0.542 -0.557 1.570 

Cd 4 0.043 0.078 0.039 1.083 3 0.179 0.358 0.043 -0.082 0.167 0.456 1.130 -0.218 2.390 

Co 4 0.515 0.456 0.228 2.260 3 0.054 0.109 0.515 -0.210 1.240 0.630 0.818 -0.157 1.729 

Cr 4 3.365 0.988 0.494 6.813 3 0.003 0.006 3.365 1.793 4.937 0.988 3.407 0.677 6.163 

Cu 4 4.295 7.269 3.634 1.182 3 0.161 0.322 4.295 -7.271 15.861 7.269 0.591 -0.525 1.632 

Fe 4 472.250 336.627 168.313 2.806 3 0.034 0.068 472.250 -63.398 1007.898 336.627 1.403 -0.085 2.810 

Mn 4 12.230 2.184 1.092 11.202 3 0.001 0.002 12.230 8.755 15.705 2.184 5.601 1.354 9.979 

Ni 4 1.770 0.252 0.126 14.044 3 0.000 0.001 1.770 1.369 2.171 0.252 7.022 1.765 12.470 

Pb 4 0.808 0.420 0.210 3.849 3 0.015 0.031 0.808 0.140 1.475 0.420 1.925 0.141 3.652 

U 4 6.368 8.412 4.206 1.514 3 0.114 0.227 6.368 -7.017 19.752 8.412 0.757 -0.422 1.852 

Zn 4 2.630 2.343 1.171 2.245 3 0.055 0.110 2.630 -1.098 6.358 2.343 1.123 -0.221 2.379 

The values highlighted in bold were significantly different. 
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A25. BCR t-test results to determine if there are differences between the concentrations of each element in different 

samples in Fraction 4 

  

Fraction 

4   

One-Sample Test 

    

      

One-Sample Effect Sizes 

One-Sample Statistics 

t 
d
f 

Significanc
e   

Mean 
Difference 

95% 
Confidenc
e Interval 

of the 
Difference   

Standardizer
a 

Point 
Estimat

e 

95% 
Confidenc
e Interval   

  N Mean 

Std. 
Deviatio

n 

Std. 
Error 
Mean     

One-Sided 
p 

Two-
Side
d p   Lower Upper     Lower Upper 

Cd 4 0.148 0.095 0.048 3.094 3 0.027 0.054 0.148 -0.004 0.299 0.095 1.547 -0.020 3.038 

Co 4 4.088 2.115 1.057 3.866 3 0.015 0.031 4.088 0.723 7.452 2.115 1.933 0.144 3.666 

Cr 4 60.373 11.272 5.636 10.71
2 

3 0.001 0.002 60.373 42.436 78.309 11.272 5.356 1.282 9.551 

Cu 4 13.600 2.218 1.109 12.26
3 

3 0.001 0.001 13.600 10.070 17.130 2.218 6.131 1.509 10.90
8 

Fe 4 17158.250 9363.24
1 

4681.62
1 

3.665 3 0.018 0.035 17158.25
0 

2259.243 32057.25
7 

9363.241 1.833 0.103 3.501 

M
n 

4 112.575 75.536 37.768 2.981 3 0.029 0.059 112.575 -7.620 232.770 75.536 1.490 -0.045 2.948 

Ni 4 24.175 6.262 3.131 7.722 3 0.002 0.005 24.175 14.211 34.139 6.262 3.861 0.825 6.948 

Pb 4 7.153 2.994 1.497 4.778 3 0.009 0.017 7.153 2.388 11.917 2.994 2.389 0.322 4.426 

U 4 0.000 .00000a 0.000                
Zn 4 40.740 17.843 8.922 4.566 3 0.010 0.020 40.740 12.348 69.132 17.843 2.283 0.282 4.249 

The values highlighted in bold were significantly different. 
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A26. Pseudo total One-Sample t-test analysis for each element in Rn-M11, Rn-M12, Rn-M13, and Radioactive sample for 0 

– 25 cm depth (function of topography) 

     
One-Sample Test One-Sample Effect Sizes 

One-Sample Statistics 

t df 

Significance 

Mean 
Difference 

95% Confidence 
Interval of the 

Difference 

Standardizera 
Point 

Estimate 

95% 
Confidence 

Interval 

  N Mean 
Std. 

Deviation 

Std. 
Error 
Mean 

One-
Sided 

p 

Two-
Sided 

p Lower Upper Lower Upper 

U_238 4 540.775 876.935 438.467 1.233 3 0.153 0.305 540.775 -854.624 1936.174 876.935 0.617 -0.508 1.665 

Th_232 4 38.650 20.745 10.372 3.726 3 0.017 0.034 38.650 5.641 71.659 20.745 1.863 0.116 3.551 

U_235 4 25.225 40.922 20.461 1.233 3 0.153 0.305 25.225 -39.891 90.341 40.922 0.616 -0.508 1.665 

K_40 4 2092.000 341.195 170.597 12.263 3 0.001 0.001 2092.000 1549.083 2634.917 341.195 6.131 1.509 10.908 

Rn_222 4 32.0400 33.72369 16.86184 1.900 3 0.077 0.154 32.04000 -21.6219 85.7019 33.72369 0.950 -0.312 2.124 

Ca 4 12036.750 6018.474 3009.237 4.000 3 0.014 0.028 12036.750 2460.014 21613.486 6018.474 2.000 0.171 3.777 

Cd 4 0.000 .00000a 0.000                
Co 4 7.678 1.420 0.710 10.813 3 0.001 0.002 7.678 5.418 9.937 1.420 5.406 1.297 9.639 

Cr 4 70.375 38.632 19.316 3.643 3 0.018 0.036 70.375 8.903 131.847 38.632 1.822 0.099 3.483 

Cu 4 19.900 13.730 6.865 2.899 3 0.031 0.063 19.900 -1.948 41.748 13.730 1.449 -0.064 2.883 

Fe 4 13768.500 5483.656 2741.828 5.022 3 0.008 0.015 13768.500 5042.779 22494.221 5483.656 2.511 0.367 4.632 

K 4 10789.000 3757.387 1878.693 5.743 3 0.005 0.010 10789.000 4810.159 16767.841 3757.387 2.871 0.496 5.245 

Mg 4 6310.000 1608.937 804.468 7.844 3 0.002 0.004 6310.000 3749.822 8870.178 1608.937 3.922 0.844 7.054 

Mn 4 383.250 90.035 45.017 8.513 3 0.002 0.003 383.250 239.985 526.515 90.035 4.257 0.949 7.635 

Na 4 328.000 104.285 52.142 6.290 3 0.004 0.008 328.000 162.060 493.940 104.285 3.145 0.590 5.714 

Ni 4 29.315 8.025 4.012 7.306 3 0.003 0.005 29.315 16.546 42.084 8.025 3.653 0.758 6.588 

P 4 6017.000 2486.460 1243.230 4.840 3 0.008 0.017 6017.000 2060.487 9973.513 2486.460 2.420 0.333 4.479 

Pb 4 18.255 17.398 8.699 2.099 3 0.063 0.127 18.255 -9.429 45.939 17.398 1.049 -0.259 2.269 

U 4 14.218 24.395 12.198 1.166 3 0.164 0.328 14.218 -24.601 53.036 24.395 0.583 -0.530 1.622 

Zn 4 41.400 17.506 8.753 4.730 3 0.009 0.018 41.400 13.545 69.255 17.506 2.365 0.313 4.386 

The values highlighted in bold were significantly different. 

 


