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SUMMARY 

Abandoned metal mines and the large quantity of tailings deposited around these mines, 

which are rich in heavy metals, represent a significant threat to terrestrial, aquatic and 

atmospheric environments. The heavy metal content of mine tailings is a serious contamination 

issue worldwide. These elements can be transferred through the food chain and accumulate in 

the human body, causing considerable harm due to their carcinogenicity, mutagenicity and 

teratogenicity. Thus, it is extremely important to remove heavy metals from polluted media 

(tailings, soils and water) and/ or to inactivate them within these media in order to conserve 

human health and permit continued use and development of urban and rural land. Therefore, 

the remediation of multi heavy metal-contaminated sites was investigated using different 

approaches and under various conditions to reduce the phytoavailability of cadmium (Cd), zinc 

(Zn), lead (Pb) and copper (Cu) in mine tailings collected from Parys and Britannia copper 

mines, and Pandora lead mine located in North Wales, UK. 

A sequential extraction protocol was applied to examine the distribution of studied 

heavy metals among different geochemical fractions and to evaluate the effectiveness of the 

remediation strategies in reducing target metal availability. The metal fractionation results 

obtained showed that the chemical dynamics of target metals were similar in Parys and 

Britannia copper mines with the majority of studied metals associated with the residual 

fraction. However, the exchangeable fraction retained high proportions of investigated metals 

in Pandora tailings. Organic and inorganic amendments individually and in combination with 

the phytoremediation technique were examined in terms of their ability to reduce the mobility 

and phytoavailability of target metals to plant and soil biota.  

Application of 2% of several organic and inorganic amendments (zero valent iron (Fe0), 

zeolite, green waste biochar and green waste compost) to Pandora and Parys tailings was 

investigated during a 1-year pot experiment under uncontrolled conditions in Henfaes research 

station. The application of 2% of amendments modified several physiochemical properties of 

treated tailings particularly highly acidic tailings with various effects on the bioavailability of 

target metals. The added amendments reduced the metal availability at the beginning of study, 

but with time the mobility of investigated metals fluctuated and was higher than in the control 

treatments on several occasions. We concluded that 2% of amendments was not sufficient to 

reduce the mobility of several metals. 

A greenhouse trial using different mixtures of tailings and uncontaminated soil (US) 

was conducted using ryegrass as a bio-indicator of phytoremediation technology. The results 
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showed that applying US enhanced plant biomass production and ryegrass roots accumulated 

higher levels of heavy metals than shoots with lower levels of heavy metals toxicity indicated 

e.g., shortness of plant shoots and roots and chlorosis. Ryegrass roots accumulated higher levels 

of target metals with low translocation of heavy metals to the vegetative parts, with the 

exception of Zn. Thus, ryegrass may be an effective plant to use for the phytostabilisation of 

heavy metals in both sites, and a hyperaccumulator plant appropriate for the treatment of Pb in 

Pandora mine tailings. The metal content in grass tissue depends on the phytoavailable fraction 

of the metal. Plants grown in Pandora tailings accumulated higher concentrations of heavy 

metals in their roots than grass planted in Parys tailings, reflecting the higher occurrence of 

studied metals in the exchangeable fraction in Pandora tailings compared with Parys tailings.   

The co-amending mine tailings experiment was conducted to examine the effect of 

applying phytoremediation (ryegrass) in combination with two types of amendment (Fe0 and 

green waste compost, added separately to target tailings). Results indicated that the applied 

amendments increased the pH of severally acidic tailings (Parys tailings) more effectively and 

compost was more effective than Fe0 particularly at a higher dosage to promote ryegrass 

biomass productivity. Fe0 did not show significant enhancement of grass biomass production 

even at a higher dosage. The amendments had various effects on of target metal 

phytoavailability, metal uptake and translocation within plant tissues. Compost reduced the 

translocation of Cu, Zn, Pb and Cd within grass tissues in treated Parys mine tailings. For 

Pandora tailings both amendments increased Cu translocation within grass tissues, but Zn 

immigration from roots to shoots decreased. Also, the uptake of Zn and Cd by grass roots 

increased, but Pb uptake was reduced by the addition of amendments to Pandora tailings.   

Pb isotopic studies suggested that geogenic routes seemed to be the main source of Pb 

fingerprinting in Parys tailings, but in Pandora mine tailing the ore processing of Pb appeared 

to be the major route of Pb pollution. In addition, the applications of compost and Fe0 did not 

result in a significant alteration in the Pb isotopic content of ryegrass tissues.  

Overall, application of green waste compost supported the establishment of ryegrass 

cover on mine sites, thus reducing the erosion of mine tailings by wind and rain. This approach 

also promoted the growth of deep grass roots, which increased the ability of ryegrass to take 

up heavy metals for storage in the roots or translocate them to aboveground parts prior to 

harvesting and safe disposal. The application of ryegrass and compost can be used to amend 

soils exposed to heavy metal contamination by any source including mine tailings. Further 

studies are necessary in controlled and uncontrolled conditions to examine the feasibility of 
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using several native plant species supported by organic matter application for phytoremediation 

of mine tailings. 
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1 GENERAL INTRODUCTION 

 

1.1 Background  

The pollution of the environment is one of the greatest risks to humankind. Since the 

industrial revolution began, the level of pollution has increased rapidly due to the rising 

consumption of coal, oil, natural gas and various human activities. The mismanagement of 

municipal, industrial and agronomic wastes, radioactive material and remains of chemical 

compounds as well as the waste of mines contribute to increasing levels of environmental 

pollution.  

Generally, pollution can be defined as the addition of new substances to the natural 

environment leading to change several properties of ecosystem, consequently changing the 

functions of ecosystem and natural biodiversity (Jr et al., 2009). During  recent decades, there 

has been increased global concern of the effects of environmental pollution (Pepper et al., 

1996). Because pollution affects the atmosphere, all aspects of terrestrial and marine 

ecosystems and human health (Mani and Kumar, 2014), the World Health Organization 

(WHO) recorded that, about 25% of diseases which affect human beings are a result of chronic 

exposure to a polluted environment (Mahmoud and Abdel-Mohsein, 2015). One particular 

concern from a human and environmental perspective is pollution due to heavy metals.  

Heavy metals pollution is a serious global environmental issue and is a result of 

extensive use of metal rich resources and metal concentrating processes by humankind, which 

led to increasing contamination levels of heavy metals in surrounding ecosystems. According 

to Alvarez et al. (2014) the main problem with this issue is that the accumulation of these 

elements still continues due to the rapid growth of industrial processes and their resistance to 

degradation. Figure 1.1 shows the global production and consumption of zinc (Zn), lead (Pb) 

and copper (Cu). It is estimated that there are over 10 million polluted sites globally, more than 

50% of which are thought to be contaminated with heavy metal(loid)s. Most of these sites occur 

in developed countries. For example, the United States Environmental Protection Agency 

(USEPA) report that in the US around 600,000 ha of land is classified as polluted with heavy 

metal(loid)s and over than 8.30% of these contaminated sites required urgent remediation. In 

Europe approximately 250,000 sites have been classed as contaminated with heavy metals and 

during the last 30 years over than 32% of these sites have been treated. Heavy metal pollution 

has negatively affected food production with approximately 10,000 ha of agriculture land in 

Germany having been banned for use in crop farming due to its heavy metal content exceeding 
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permissible levels (Khalid et al., 2017). In the UK, the metal mining industry is a major cause 

of heavy metal(loid)s pollution. Here, mining activities have taken place over a long period of 

time and contributed 75% and 50% of global copper (Cu) and lead (Pb) production, 

respectively in the mid of 19th century (Kossoff et al., 2016). Consequently, the metal 

extraction process has left a large amount of mine waste on the land surrounding the mining 

operations resulting in high levels of heavy metal pollution, affecting an estimated 4000 ha of 

land and several water bodies in the UK. Extreme weather events such as the severe flooding, 

which affected the UK in the autumn of 2000 have also exacerbated the problem of heavy metal 

pollution. For instance, flooding of the River Swale in Yorkshire in 2000 led to increased levels 

of Cd, Zn and Pb in the overbank and channel-edge sediments, posing a high risk to the 

ecosystem and human health (Dennis et al., 2003). Dust and aerosol particles are also expected 

to be highly contaminated with heavy metals as a result of mining and smelting activities and 

can be transported significant distances through atmospheric deposition, with implications for 

human health, especially in children whose hand-mouth behaviour increases the likelihood of 

ingestion (Dean et al., 2017). Contaminated mine waters represent another hazard, especially 

where mismanagement has led to the contamination of drinking water sources. It has been 

estimated that metal mining in England and Wales has contaminated 7.3% and 3.9% of 

groundwater and surface water bodies, respectively (Gandy et al., 2007). Globally, concern 

about the harmful effects of heavy metal contamination on environmental and human health 

have increased after widespread poisoning by heavy metals was reported following two 

contamination disasters. In the first case, arsenic trioxides used in wallpaper glue were 

converted to trimethylarsine [(CH3)3As], a toxic, volatile compound resulting in many cases of 

poisoning. Another heavy metal poisoning case was recorded in Niigata and Bay cities in Japan 

in the late 1950s, when the Minamata disease effected hundreds of people. The poisoning was 

attributed to the accumulation of mercury in the body due to the consummation of fish 

containing high levels of methyl mercuric (CH3 Hg+) (Bolan and Duraisamy, 2003). The main 

fanatical implication associated directly and indirectly with the contamination of the 

environment with heavy metals may include; (1) reduced crop production, (2) jobs losses and 

unemployment, (3) foods contain levels of heavy metals are nutrient deficient which may lead 

to abnormal develop and grow of people exposure to heavy metal pollution and (4) increasing 

the poverty due to lees crop production and citizen health effects specially in developing 

countries (Khan et al., 2015a). 
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(1992) and Johnson (2003) the mine tailings covered nearly 200 ha of the land around Parys 

copper mine. In addition, it has been estimated that, the mining operations in Parys and Mona 

mines in Anglesey extracted approximately 130,000 tonnes of copper by using 3000 million 

kg of rock (Jenkins et al., 2000). These wastes are rich in copper, zinc, lead and cadmium and 

their ores e.g., sphalerite (ZnS), galena (PbS) and chalcopyrite (CuFeS2), which can be harmful 

to the ecosystem as figure 1.3 shows. Due to the closure of the mines without a management 

plan for the mine waste, the areas around Parys, Britannia and Pandora mines have suffered 

from significant soil degradation and are poorly vegetated with the exception of some metal 

tolerant plants. Several environmental issues associated with the presence of mine tailings, for 

example, the generation of acid mine drainage containing high levels of heavy metals due to 

metal ore oxidation has led to the pollution of Afon Goch on Parys Mountain, and potentially 

downstream water bodies (Vijaya, 2015). Also, the small particles of tailings dust, which can 

be carried by wind pose a threat to the surrounding population either directly through inhalation 

and ingestion or indirectly through contact with skin and outer clothing (Okorie et al., 2012). 

In this regard, the dominant winds on Parys Mountain come from southwest, therefore the areas 

located to the northeast of the mine site including areas of grassland and Amlwch town have 

been affected by heavy metal contaminated dust (Wilson and Pyatt, 2007). Extreme weather 

events such as flooding may lead to the pollution of the surrounding environment. For example, 

in 1964 the Snowdonia National Park was affected by a severe storm which resulted in the 

collapse of the tailings dam and the transfer of 13000 tonnes of mine spoils up to 1000 m along 

the river, polluting 11 ha of agriculture soil with Pb and Zn and causing cattle death (Davies et 

al., 2015). Recently, in the summer of 2012, the flooding of several ancient mining sites in 

central and west Wales lead to the pollution of the sediments of several river catchments with 

Pb levels recording up to 80 times higher than the permissible Pb threshold and resulting in the 

poisoning and death of livestock in this area (Haresign et al., 2014). 

Therefore, studying the remediation of the contaminated soil in these sites should be 

should be a priority if the threat posed to the environment and human health by metal(loid) 

pollution is to be minimised. Several technologies have been applied worldwide to treat 

contaminated terrestrial and aquatic environments based on the use of chemical and natural 

amendments with the aim of reducing heavy metal mobility, consequently minimising their 

potential risk to the ecosystem (Fu and Wang, 2011).        

 

 

 



7 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this context, a few studies have attempted to treat these sites using chemical and 

organic amendments to reduce the bioavailability of Cu, Pb, Fe and Zn in copper mine tailings 

in the area around Mynydd, Parys copper mine. For example Khan and Jones (2008) and Khan 

and Jones (2009) studied the ability of green waste compost, lime and diammonium phosphate 

to reduce the available forms of Cu, Fe, Pb and Zn in the mine tailings collected from Parys 

copper mine. Tandy et al. (2009) incorporated green waste compost, paper sludge and tertiary 

amended biosolids to polluted soil collected from Zn and Cu mine at Parys Mountain. In 

addition, Farrell and Jones (2010) used five types of compost to treat polluted soil collected 

from Parys Mountain. None of these studies compared green waste sourced amendments (e.g. 

compost and biochar) with conventional remediation methods (e.g. zeolite and zero valent iron. 

Here we aim to address this by exploring the ability of using organic and inorganic amendments 

and phytoremediation to treat the target mine sites. Accordingly, green waste biochar, green 

waste compost, zeolite and zero valent iron were utilised individually to stabilise Cu, Pb, Zn 

and Cd in mine tailings collected from Pandora lead mine and Parys copper mine. We used 

ryegrass (Lollium perenne) to study its capability in cleaning up target metals from the tailings 

of these mines. In addition, separate applications of compost and zero valent iron separately in 

combination with ryegrass to clean up these sites was examined. The identification of different 

Pb isotopes in plant tissue enabled us to identify the sources of Pb taken up by plants and 

therefore identify the sources that should be of most concern on these sites. 
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1.4 Research aim 

The general aim of this study was to investigate the ability of biochar, compost, zeolite, 

and zero valent iron (Fe0) to reduce the bio-available forms of lead (Pb), copper (Cu), zinc (Zn) 

and cadmium (Cd) in mine wastes collected from Parys copper mine and Pandora lead mine 

Wales, UK. Also, the ability of using ryegrass to clean up mine sites was examined. The 

research is intended to evaluate the concentration of Cu, Zn, Cd and Pb in order to estimate the 

pollution levels, how these elements are distributed among the geochemical fractions of 

tailings, and suggest the most suitable remediation technology. 

1.5 Research objectives 

To achieve the main aim of this study the following objectives were set  

1. Investigate the distribution of Pb, Cu, Zn and Cd among different geochemical 

phases of mine tailing soil using specific sequential extraction protocol.  

2. Examine the efficiency of organic and inorganic amendments to reduce the 

bioavailability of Pb, Cu, Zn and Cd in mine wastes and evaluating the changes in 

the levels of target metals in different tailings phases after three-remediation periods 

by sequential extraction. 

3. Determine the capability of using ryegrass in mine tailings remediation and 

evaluating the Pb isotope ratios to identify the geochemical routes of Pb 

contamination in plants tissues and mine tailings. 

4. Evaluate the effect of green waste compost and zero valent Iron (Fe0) amendments 

on the uptake of target metals and Pb isotopes by ryegrass planted in amended mine 

tailings.  

1.6 Research hypotheses  

1. Zn, Cu, Pb and Cd distribution and their chemical speciation are similar in all studied 

tailings. 

2. The applications of a single 2% dosage of organic and inorganic amendments into 

acidic tailings will: 

a. reduce the bioavailability of target heavy metals and  

b. the level of reduction will depend on the type of amendment. 

3. Increasing the added proportion of uncontaminated soil to mine tailings will  

a. reduce the phytoavailable fraction of target heavy metals, 

b. reduce uptake of studied metals by ryegrass, and  

c. enhance the ryegrass biomass productivity. 
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4. The phytoavailable fraction, uptake and translocation of studied metals within 

ryegrass tissues will decrease with increasing the application rate of amendment and 

will depend on the type of amendment.   

5. Pb distribution in mine tailings and plant tissues reflects that of parent material.  

1.7 Thesis outline 

Chapter 1: General introduction 

This chapter introduces the thesis, its lay out and direction. It describes general aspects 

of heavy metal pollution and the main sources of this phenomenon and the study aim and 

objectives.   

Chapter 2: Literature Review   

This chapter gives the academic background to the study. It discusses the general 

properties of studied heavy metals and the main factors affecting heavy metal behaviour in soil. 

The importance of this chapter is to review the literature that has used some technologies 

utilised in this work and their effectiveness at reducing the availability of heavy metals to flora 

and soil biota. The chapter summarises current understanding and identifies areas where 

research should be focussed for further work. 

Chapter 3: Site Descriptions  

This chapter provides a brief background to the study sites (Parys copper mine, Pandora 

lead mine Britannia copper mine), their locations and industrial history. 

Chapter 4: Assessment the distribution of Pb, Cu, Zn and Cd in different geochemical forms in 

mine tailings. 

In this chapter, we studied the geochemical forms of investigated metals in three mine 

tailings by using modified European Community Bureau of Reference sequential extraction 

protocol (BCR) to follow the distribution of target metals in different tailings phases. This 

chapter also, evaluates the total levels of explored metals in these locations.  

Chapter 5: Assessment the ability of green waste biochar, green waste compost, zeolite and 

zero valent iron for stabilization of Pb, Cu, Zn and Cd in mine tailings. 

Here we study the effect of adding amendments on the availability of metals in 

contaminated mine tailings over time. We added a single dose of amendment to mine wastes 

in a pot trial and subjected the tailings to ambient UK climate conditions for one year. We 

evaluate the effect of addition of single dose of used amendments separately to the tailing 
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samples by monitoring several parameters that have influence on heavy metal mobility after 0, 

4 ,8 and 12 months from the beginning of experiment. 

Chapter 6: Using lead isotopes to identify geochemical routes of lead contamination in mine 

tailings remediated with ryegrass and uncontaminated soil. 

Here we use ryegrass combined with mine tailings and uncontaminated soil to examine 

the performance of this grass in cleaning up mine sites, and evaluate the Pb isotopes ratios to 

trace the route of Pb contamination in mine tailings and plant tissues.  

Chapter 7: Feasibility of using zero valent iron and green waste compost combined with 

ryegrass in the phytoremediation of mine tailings.  

In this chapter, two amendments with two different dosages was added to tailings 

collected from two locations with the aim of studying the effect of these materials on the 

availability and uptake of target metals by used plant, and the influence of these amendments 

on the translocation of studied metals and Pb isotopes from treated mine spoils to ryegrass 

tissues. 

Chapter 8. Overall discussion, conclusion and further work. 

This chapter represents an overall discussion of the findings of the experimental 

chapters, refers to the main conclusion and highlights the areas of up-coming work.  

Appendices part contains additional results presented in tables and figures of all trials that are 

not included in the thesis chapters.  
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2 LITERATURE REVIEW 

 

2.1 Introduction  

Soil and groundwater are recognised as the primary sources of heavy metals, which can 

be distributed in different mediums and affect both human and animal health (Nagajyoti et al., 

2010). Concern about the contamination of heavy metals on the environment has increased 

during the last decades. This has resulted from many factors, such as a greater understanding 

of how heavy metals accumulate in living tissues, their toxicity at elevated concentrations and 

the inability of soil biota to degrade or tolerate these elevated concentrations (Liu et al., 2014). 

The enrichment of the environment with heavy metals has unfavourable effects on living 

creatures associated with their ability to transfer these metals through the food chain from 

aquatic and terrestrial mediums to animals then humans (Agnieszka et al., 2014). Figure 2.1 

shows the possible processes may lead to accumulate heavy metals on ecosystem and cause 

health issues to human bodies (Khan et al., 2015a). Heavy metals, which are added to the soil 

from any source, can (Smith, 2009): 

1. Reduce the growth of flora. 

2. Enter the food chain through plant uptake. 

3. Be utilised by children via compost, when used in the house garden.  

4. Influence soil biota activities. 

5. Bio-accumulate in plant tissues thus reducing metabolism and enzyme function. 

6. Produce reactive oxygen species that may inhibit several biological functions and 

damage proteins, lipid, DNA and RNA (Mar Gil-Díaz et al., 2014). 
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2.2 Chemical Principles 

The term heavy metals, refers to several metalloids, such as Arsenic (As), transition 

metals e.g., Cadmium (Cd), Zinc (Zn) and Copper (Cu), lanthanides and actinides and lead (Pb) 

as a post-transition metal. Heavy metals can be defined as metals with a density five times 

higher than water and a high atomic mass ranging from 63.50 to 200.6 such as Cu, Zn, Pb and 

Cd. Few of these elements have a biological function, some are non-essential, while others are 

essential (Fu and Wang, 2011; Nagajyoti et al., 2010). For example, Pb and Cd are a hazard to 

flora and fauna at any levels. However, a certain amount of Zn and Cu is essential for certain 

biological processes Table 2.1 shows the guideline of safe limits of heavy metals in agriculture 

soils. Furthermore, non-essential heavy metals and metalloids and elevated levels of essential 

heavy metals are toxic and can cause serious health problems. The health effects of these 

elements depend on the metal concentration, its oxidation state and metal bioaccumulative 

ability (Ali et al., 2013). Table 2.2 illustrates the harmful effects of studied heavy metals on 

human health. 
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pH of natural soil will results in an increase in the bioavailability and mobility of Cr because 

of the oxidation of insoluble form of Cr (Cr3+) to a soluble form (Cr6+) at higher pH. Figure 2. 

3 shows the effect of soil pH on the mobile trend of heavy metal ions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.2 Organic matter (O.M.) 

 Namgay et al. (2010) reported that O.M has a significant influence on the behaviour of 

heavy metals in soil due to the occurrence of several functional groups, such as carbonyl, 

alcoholic and carboxyl groups that can chelate with metal cations and store them. These 

mechanisms can minimize the toxicity of heavy metals by reducing the availability of 

hazardous metals to plants. As stated by Zhang (2011), the movement and availability of heavy 

metals in the soil can be altered by forming stable organic compounds between humic acid and 

target metals reducing their translocation to plant and soil biota.  

Several organic compounds are able to form highly stabilized complexes with Cu and 

Pb; this process is affected by factors such as the pH and Eh of the organic substances. Another 

mechanism, which can be used by O.M to reduce the phytotoxicity of metals in soil is co-

precipitation (Dave and Chopda, 2014). Grybos et al. (2007) concluded that, soluble organic 

matter is a major sink for heavy metals and can form stable complexes, which can act to 
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reasons, for example, the lower cost, the higher ability to reduce pollutants and environmentally 

benign substances (Zhang, 2011). 

2.5.1.1 Composting 

Composting is a method of stabilising organic agricultural and municipal wastes that, 

with good management, does not harm the environment (Zhang et al., 2014). According to 

Roberts et al. (2007), composting can be defined simply as an efficient process of reducing the 

amount of waste and it enables the use of the processed product. Using compost to treat polluted 

soils is a major and common method (Medina et al., 2015). Many studies have indicated that 

compost can be used as an amendment in the in-situ treatment of soil polluted with heavy 

metals. These studies suggest that compost is able to immobilize the bioavailable heavy metals 

by several methods such as precipitation, complexation, adsorption of target metals, and 

increasing the pH of soil (Paradelo et al., 2011).  

Additionally, organic amendments can stimulate the natural process to alter the 

movement of heavy metals in the soil. These amendments can either raise or reduce the 

mobility and bioavailability of heavy metals (Karami et al., 2011). However, not all composts 

reduce the mobility of metals in soils. For instance, compost made from some types of sewage 

sludge can release Zn and Cd into highly contaminated soil. Meanwhile, the compost made 

from garden green waste decreased the mobility of these metals (Van Herwijnen et al., 2007). 

Gorgievski et al. (2013) used wheat straw to treat soil polluted with Zn2+, Cu2+ and Ni2+. They 

used the Langmuir isotherm equation to study the adsorption mechanisms of target heavy 

metals by wheat straw. They concluded that the wheat straw, as an organic amendment, has a 

potential to be used as an adsorbent to mitigate the movement of Zn2+, Cu2+ and Ni2+ in a weak 

acidic solution.  

 Farrell et al. (2010) also reported on adding composted of organic waste to polluted 

acid soil. In this study, the pH of soil was increased; the growth rate of plants was accelerated, 

and the concentration of plant available contaminations was reduced. However, an important 

issue may be overlooked, where the further decomposition of the organic amendment results 

in re-release of the pollutants. This effect has been reported by Paradelo et al. (2011) where 

mobilized heavy metals, which were associated with compost, especially Cu, were re-released 

into the soil medium during the mineralization process of organic matter used to treat polluted 

soils. To avoid this possibility, highly stable compost should be used. The use of organic matter 

(e.g. animal waste and composted bio-solid) to treat polluted soil can decrease the uptake of 

heavy metals by plants and soil biota. Furthermore, they can modify the pH value of soil due 





 

27 
 

groups, which are located on the surface of the biochar such as the carboxyl group (COOH) 

and the hydroxyl group (OH). These groups are able to attract the free ions of heavy metals by 

using various chemical mechanisms. As figure 2.5 shows, the possible mechanisms can be used 

by sludge biochar as an adsorbent to inactivate lead ions in polluted environments; Zhang et 

al. (2013) identified these mechanisms to include: 

1. Substitution that might occur between Pb2+ and Na+, K+, Mg2+ and Ca2+, which are 

located on the surface of biochar. Pb2+ can make an inner complex with humic material 

and the oxides of elements in the biochar. 

2. Surface precipitation by making a complex compound between Pb2+ and functional 

organic groups on the surface of the biochar. 

3. The adsorption of Pb2+ physically by biochar and the precipitation of Pb2+ on the 

surface of biochar are likely to immobilize the availability of Pb2+ at contaminated 

sites.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          

 

 

 

Figure 2. 1 Potential mechanisms of adsorption of Pb2+ on the surface of biochar (Redrawn from Zhang et al., 
2013) 
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2015). The plants are used to mitigate the availability of toxic elements have some features that 

are (Mendez and Maier, 2008; Adesodun et al., 2010; Shabani and Sayadi, 2012): 

1- A high resistance to the harmful effects of heavy metals.  

2- The management of cultivation and harvesting is easy.  

3- They can respond to changes in weather and environmental conditions. 

4- A high productivity of both vegetative part and roots. 

5- A high density and wide distribution of the root system. 

6- The effective ability to translocate the stored heavy metals from roots to above ground 

parts. 

7- They are not favourable for grazing animals therefor minimising the pollution of the 

food chain. 

Phytoremediation technology is based on using several mechanisms that are 

phytoextraction, phytoimmobilization, phytovolatilisation, and phytodegradation (Fernández 

et al., 2017). Figure 2.6 gives an overview of some phytoremediation strategies. The main 

advantages of phytoremediation that it is a cost effective and eco-friendly approach (Cristaldi 

et al., 2017). For instance, the cost of treating 1 ton of polluted soil using plants ranges from 

25 to 100 $ in US in contrast nearly 6-8 billion US $ have been spent annually in the 

remediation of contaminated lands using Chemical and physical strategies in the USA (Luo et 

al., 2016). Phytoremediation technology is based on using two main methods phytoextraction 

and phytoimmobilization (Fernández et al., 2017). 

1. Phytostabilisation  

Phytostabilisation is the technology used by plants to reduce the transfer of heavy metals 

to the food web and mitigate their migration to ground water. Several mechanisms are used by 

the plant to minimise the translocation of toxic metals within plant tissues, such as 

complexation of elements with organic compounds of root tissues, adsorption on the root 

surface, a reduction in their oxidation state to a lower valance state and precipitation in the root 

zone. Root accumulation and rhizosphere inactivation of heavy metals are the main 

mechanisms of phytostabilisation contributing to protect the surrounding environments from 

heavy metal leaching to surrounding aquatic bodies (Sun et al., 2016b). Also, the plants that 

use phytostabilisation strategies should have a high resistance to the translocation of toxic 

metals from the roots to the above ground parts of the plant to avoid food chain contamination 

(Mendez and Maier, 2008). This strategy is suitable for multi-heavy metal polluted areas under 

different effects of various environmental factors (e.g., pH, EC and soil texture) in the tailing 
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Table 2. 4 Several hyperaccumulators plant species used for phytoremediation of heavy metal polluted sites 
(adopted from Mahar, 2016). 

Plant species  Metal Accumulated metals (µg g-1) References 

Aeolanthus biformifolius Cu 13700 Chaney et al. (2010)  

Azolla pinnata Cd 740 Rai (2008)  

Betula occidentalis Pb 1000 Koptsik (2014)  

Brassica juncea Pb 10300 Koptsik (2014) 

Brassica nigra Pb 9400 Koptsik (2014) 

Deschampsia cespitosa  Cd 236 Kucharski et al. (2005)  

 Zn 3614 Kucharski et al. (2005) 

Eleocharis acicularis Cu 20200 Sakakibara et al. (2011) 

Zn 11200 Sakakibara et al. (2011)  

Cd 239 Sakakibara et al. (2011) 

Medicago sativa Pb 43300 Koptsik (2014) 

Thlaspi calaminare Zn 10,000 Sheoran et al. (2009)  

 

 

2.5.1.3.1 Plant uptake and transport of heavy metals 

Several mechanisms are involved in the adsorption of heavy meals from contaminated 

soils by plants and their translocation within flower tissues. The uptake of heavy metals by 

plant roots depends on the concentration of metal, metal geochemical form and the presence of 

other metals or plant nutrients that can compete with each other to occupy the adsorption 

(uptake) surface of plant roots (Larsson et al., 1991). 

1. Root uptake  

Plants have a natural tendency to uptake heavy metals. The transport of these metals may be 

obstructed by the cytosol which can act as barrier between the outside of the plant cell wall and 

vacuole, reducing the diffusion of metals across the cell wall. Phytoavailable forms of heavy 

metals can enter the root through extracellular (apoplectic) or intracellular (symplastic) routes. 

The intracellular route refers to the movement of a metals through the root cortex via 

plasmodesmata by travelling from one cell to next one. The extracellular route refers to the 

movement of metals via cell walls by travelling across the root cortex without crossing any 

membrane. Metal ions can reach the endodermis, which is the beginning of the internal space 

by travelling along this waterway. The metal ions can enter the xylem via the Casparian strip 

and the endodermis. The Casparian strip may limit the entry of metal ions into the xylem 
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(Figure 2.7). After the metal ions have been taken up by roots, they may be stored in the roots 

or translocated within the plant tissue via xylem sap (Promnim, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Metal translocation within plant tissue 

The translocation of heavy metal ions within plant tissues can occur by diffusion via xylem and 

phloem. The rate of this process can be affected by the composition of the saps of the xylem 

and phloem, metal properties and the movement of other nutrients within the plant tissues. 

Xylem movement of metal ions is fundamentally driven by mass upward flow of water created 

by the transportation stream. But, the loading of sucrose into the phloem from mature, actively 

photosynthesising leaves and the discharging of sucrose into the sink tissues produces positive 
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hydrostatic pressure which can stimulate metal transport via the phloem (figure 2.8) (Welch 

and Shuman, 1995; Promnim, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

2.5.1.4 Microbial remediation  

 Microorganisms are not able to degrade heavy metals but they can reduce metal 

mobility and translocation in the soil solution by changing the physiochemical properties of 

polluted soils. Several mechanisms are involved in the immobilization of heavy metals by 

microorganisms including precipitation, extracellular complexation, intracellular accumulation 

and oxidation-reduction reactions. These processes are effective in reducing soil solution heavy 

metal concentrations in soils with low levels of contamination (Yao et al., 2012). Yang et al. 

(2016a) concluded that native bacteria (Bacillus firmus) isolated from mine tailings soil were 

able to increase the pH of the target tailings, promoting the precipitation and inactivation of 

Cu, Pb and Cd thus decreasing the levels of target metals in the exchangeable fraction and 

increasing the concentration of these metals in the carbonate fraction. However, several 
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2.5.3.2.1 Iron and iron oxides as soil amendments  

Iron and its oxides have been used for in-situ remediation approaches to remediate soil 

polluted with heavy metals. According to Komárek et al. (2013) the use of 1-2 wt. % of Fe0 as 

a soil amendment has a significant effect on the stabilization of metals in soil. The researchers 

estimated the effect of a Fe compound to mitigate the mobility of As in polluted soil. The 

results showed that Fe3+ has the greatest effect on mitigation, followed by Fe2SO4, then Fe2+; 

the smallest was Fe0.  

 As mentioned by Tang and Lo (2013), the oxidation process causes a few changes in the 

pH of the soil and creates new sites on the surface of iron oxides to adsorb the cations and 

anions from the soil solution. Coating the surface area of Fe0 and Fe oxides with several organic 

compounds such as starch and humic acid, which contains active function groups like 

carboxylic group, can give a particular function and characteristics to these materials. However, 

the rate of reaction was mitigated, because of humic acid covering the surface of Fe and its 

oxide, but the efficiency of removing metals was improved due to adding more reactive sites 

(Komárek et al., 2013).  

 Another study conducted by Mar Gil-Díaz et al. (2014) to estimate the effects of the 

addition of Fe0 on two different types of soil (calcareous and acidic ) polluted with Zn and Pb. 

This showed a considerable reduction of available Pb and Zn in both types of soil, although the 

chemical and physical properties of soils were varied. Tang and Lo (2013) suggested that there 

were three probable mechanisms, which iron and it is oxides might follow to reduce the 

mobility and availability of ions of heavy metals (Men+) and organic compounds containing 

chlorine (RCl) as pollutants in the soil. For instance, Men+ could be immobilized by the 

adsorption of another less mobile oxidation state form (Me(n-x)+). Otherwise, the adsorbents can 

adsorb this ion on the subsurface of the adsorbent. The third possible process is co-precipitation 

of Men+ with iron oxides to form (Me-Fe-OOH) a complex. Figure 2.10 shows these possible 

mechanisms to reduce the mobility of heavy metals by Iron and Iron oxides. 
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 Esfahani et al. (2015) indicated that the presence of some anions such as nitrate, 

chlorine and phosphate in ground water might lead to decrease the efficiency of Fe0 in the 

remediation process. To date, most research, which used Fe0 to treat polluted soil and water 

has been conducted on a laboratory scale. The use of Fe0 in the field has raised many concerns 

about the toxicity perspective of Fe0, when an excess amount of it was used (Trujillo-Reyes et 

al., 2014). As reported by Tang and Lo (2013), the toxicity of Fe0 in the soil biota is lower than 

that in the laboratory, and it is too early to give important information about the toxicity of Fe0 

in the natural soils. 

2.5.4 Polluted soil replacement 

Soil replacement refers to removal the polluted soil from the site and its replacement 

with uncontaminated soil. Alternatively, the contaminated soil may be mixed with deeper 

layers by digging, thereby diluting the pollutants. Contaminated soils may also be covered with 

a layer of uncontaminated soil, which may isolate the contaminated soil and therefore reduce 

the transfer of heavy metals to the surrounding environment. However, these approaches are 

expensive and the replacement of contaminated soil may lead to secondary pollution. These 

methods are also only suitable for small areas (Yao et al., 2012).  
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2.6 The chemical mechanisms of metal immobilisation    
2.6.1 Adsorption 

Adsorption can be defined as a phenomenon of transformation of several molecules and 

/or ions from the liquid phase to the surface of a solid adsorbent that being added to the medium 

or being found naturally (Yadla et al., 2012). Metals are observed to adsorb onto amendments 

or soil by 2 key mechanisms cation exchange and chemisorption. Moreover, electronic 

attraction may be used by clay and organic matter to bind the cations of metals. The heavy 

metal forms might be changed over the time to other forms, as the soil condition changes and 

causes a conversion in the species of element to a more or less available fraction (Wießner et 

al., 2005; Sheoran and Sheoran, 2006). The adsorption process can act on the surface of metal 

oxides due to the existence of many actively charged sites there; this may lead to a chemical 

reaction, and the adsorption of organic and inorganic compounds taking place (Malamis and 
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and their contents of heavy metals are released into the solution. The reagents used here 

should not have the ability to attack OM and the sulphide fraction.  

4-  OM and sulphides fraction, OM and sulphides are a good sink for some heavy metals. 

The degradation of these materials by oxidising reagents such as H2O2 or NaOCl leads 

to a release of the metals fixed with OM and sulphide.   

5- Residual fraction, the element associated with soil primer and the second material in 

their crystalline lattice can be extracted with concentrated acids that have the ability to 

dissolve these compounds and release the metals that are retained in their structure 

(Singh et al., 2011).     

Evaluating the geochemical fractions of heavy metals may provide beneficial information 

about the chemical interaction and availability of hazardous elements in soils. The assessing of 

a bioavailable form of pollutants can indicate the environmental risk that affects plant growth 

and causes ground water pollution. To evaluate the geochemistry of heavy metals in soils and 

sediments several sequential extraction protocols have been developed and employed over the 

last 40 years (Rodríguez et al., 2009). These approaches are based on the use of several reagents 

have different abilities to dissolve the fractions of metal associated with different geochemical 

fractions and are developed by simulating the variation of environmental conditions (Gleyzes 

et al., 2002). According to Zimmerman and Weindorf (2010) the modified sequential extraction 

is similar to that described by Tessier et al. (1979), and Community Bureau Reference (BCR) 

is used to study the highly polluted soil by acid mine drainage in Spain. Rodríguez et al. (2009) 

carried out the sequential extraction protocol in 3 steps (acid soluble, reducible, oxidisable and 

residual fractions) to study the geochemistry of mine tailings collected from a historic Pb-Zn 

mine in Spain.    

2.7.2 Lead isotopes to identify the geochemical routes of lead pollution 

The interaction of Pb within the environments is attributed to two sources; first, 

anthropogenic activities such as mining and smelting Pb ores, ceramics, nuclear and battery 

industries, and leaded gasoline. Other sources of Pb pollution are geogenic sources, such as the 

weathering process of rocks containing Pb (Dean et al., 2017). The establishing of the emission 

sources of Pb suggested that atmospheric deposition and human activities are a significant 

cause of lead pollution. For instance, the lead input was 80.000 t year-1 during the period from 

the Roman era up to the 17th century, in contrast at the beginning of the 20th century; this 

amount had increased up to 106 t year-1. However, leaded petrol has become the main source 

of Pb pollution since the 1960s (Komárek et al., 2008). According to Bird (2011), the 



 

48 
 

identification of the geochemical routes and distinguishing between different sources of Pb 

pollution has been done by using Pb isotopes as one of the most effective tracers. Within the 

natural ecosystems, Pb has four isotopes that are; 204Pb, 206Pb, 207Pb and 208Pb with an 

abundance 1%, 24%, 23% and 52%, respectively. 206Pb, 207Pb and 208Pb are generated as a 

result of the decay of 238U, 235U and232Th, yet 204Pb is recognised as being stable and having a 

lengthy half-live time isotope (Brewer et al., 2016). As reported by many researchers, the 

radiogenic ratios of anthropogenic Pb isotopes are lower than those of geogenic Pb isotopes. 

The use of 206Pb/207Pb and 208Pb/207Pb ratios are more common in differentiating between lead 

pollution sources and identifying the fingerprint of Pb within the environment (Bird, 2011). 

For example, the 206Pb/207Pb ratios in natural soil, Pb ores and coal in the UK ranged from 1.17 

to 1.19 and in the leaded gasoline they were 1.06-1.09 (Bellis et al., 2004). 

2.8 Dealing with contaminated lands in the UK 

The issue of contamination of lands remained on the schedule of restoration and 

environmental agendas in most European countries. There are two distinct areas of policy 

relating to polluted lands  (Ferguson, 1999): 

1- The protection view refers to the effects and impacts of polluted lands on environmental 

quality and human health. 

2- The planning view refers to managing and treating contaminated sites (e.g., restoration 

of mine sites).      

The report published by Environment Agency (EA) in 2016 stated that the EA, the 

Scottish Environment Protection Agency (SEPA) and the Coal Authority (CA) are working 

together to deal with heavy metal contamination caused by metal mining activities and reduce 

the discharge of mine waters containing hazardous levels of heavy metals into surface waters 

and aquifers. To this end, the EA, SEPA and CA have established the biggest mine water 

treatment project in Britain, preventing approximately 670 tonnes of Fe and 150 tonnes of Zn 

from discharging into Restronguet Creek in Cornwall. In Wales, research has been carried out 

to identify the main pollution sites efforts have been made to decide on appropriate treatment 

technologies to amend these sites (Sc et al., 2008). The EA (2016) concluded that further work 

needed to be carried out to: (1) set up a national strategy aimed at cleaning up abandoned metal 

mines, (2) identify sustainable treatment approaches to amend metal mines, (3) monitor the 

quality of mine water, (4) find new techniques to recover energy and resources from 

remediation residues and mine water and (5) study the effect of earlier mine input on sediment 

and environmental health  (EA, 2016) .  
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literature above summarized the use of organic and inorganic amendments in the case of soil 

contaminated with heavy metals as effective approaches to immobilize the availability of heavy 

metals. Adding several materials to the polluted soils in the same place (in-situ) where the 

pollution has occurred is cost effective and has lower environmental impacts than treating these 

soils elsewhere (ex-situ). Several organic and inorganic amendments such as biochar, compost, 

zeolite, and Fe0 have the ability to reduce the mobility and bioavailability of heavy metals in 

the soil medium. The effectiveness of these applications to immobilize the metal in the soil 

depends upon the use of some mechanisms such as chemical reduction, surface precipitation, 

physical adsorption, co-precipitation and ion exchange. However, some amendments were not 

sufficient to reduce the bioavailability of heavy metals. This may be due to the lower proportion 

of amendments that were added to the polluted soils and/or treatment conditions. Alternatively, 

the use of several plants that can tolerate and survive in extreme conditions due to pollution 

with heavy metals may be better choices to stabilize these metals in the root zone or accumulate 

the target metals in harvestable parts of plants. The reinforcement of all introduced remediation 

technologies by government environmental policies is necessary to ensure effective mine 

tailings remediation. 
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Figure 3. 1 Abandoned metal mines in the UK (Represented by permission from British Geological 
Survey; Palumbo-Roe and Colman, 2010).          
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Figure 3. 2 The distribution of mining sites in Wales (Represented by permission from British Geological 
Survey Palumbo-Roe and Colman, 2010). 
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Figure 3. 3 Map showing the locations of the Parys copper mine, Pandora lead mine and Britannia copper mine.  
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3.3 Site description  

Three mine sites were selected based on their current known pollution issues to study in 

this research; we adopted a random sampling approach to select tailings from each of these 

sites. In each of the mine sites studied, there is a tendency for tailings particles to be large and 

the sediment appear rocky in texture. Within each mine site, areas where sufficient amounts of 

sediment of smaller particle sizes, < 2mm, were identified and random samples taken from 

each of these sites.  

3.3.1 Parys copper mine 

Parys copper mine is situated near Amlwch town in the north of Anglesey Island in 

Wales, UK (53° 14' 45" N, 04° 11' 45" W) as figure 3.3 shows. This mine has been operating 

since the Roman era, and it was most in use and the main copper mine worldwide during the 

18th century. This mine closed in 1904 and operated again shortly in 1984 (Walton and Johnson, 

1992; Davies et al., 2015). Copper was extracted initially from the surface and later the 

underground mine opened. Sulphide minerals, e.g. pyrite, galena, sphalerite and chalcopyrite 

were the dominant ores at this mine. The smelting process took place primarily near the mine 

then at the nearby town of Amlwch, the copper was shipped to other sites in the UK via 

Amlwch harbour. Due to this process, a massive amount of mine tailings were placed in the 

surrounding environment as the mine waste covered nearly 200 ha around the Parys copper 

mine (Wilson and Pyatt, 2007). Figures 3.4 and 3.5 show part of the Parys area covered with 

mine tailings.  
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4 ASSESSING THE DISTRIBUTION OF LEAD (Pb), COPPER (Cu), ZINC (Zn) AND 

CADMIUM (Cd) IN DIFFERENT GEOCHEMICAL FORMS IN MINE TAILINGS  

 

4. 1 Introduction  

Heavy metal pollution is considered a global issue, representing a hazard for flora and 

fauna, accumulating in the food chain and ultimately posing a risk to human health (Singh et 

al., 2011). Many human activities, in particular, prospecting for and extracting metals from 

their raw materials, have contributed to an increase in the levels of heavy metals in the 

surrounding areas. The behaviour of heavy metals in these soils can be affected by several 

environmental conditions including pH, organic matter content and redox conditions. For 

instance, at low pH levels, heavy metals may be found as cations, e.g. Pb2+, Cu2+, Zn2+, which 

allows to them to be transferred through soil medium, in the water-soluble fraction, to plants 

and microorganisms, leading to degradation in the quality of the chemical, physical and 

biological properties of the soil (Arenas-Lago et al., 2014). Heavy metals can also accumulate 

in other geochemical forms in the soil, e.g., exchangeable, oxidisable, reducible and residual 

forms (Rodríguez et al., 2009; Zeng et al., 2011). The water-soluble and exchangeable fractions 

are the available forms, whilst the oxidisable and reducible forms might become available to 

plant and soil biota under specific conditions such as changing the redox condition and pH 

(Fernández-Ondoño et al., 2017). Details of the chemical fractions of heavy metals should 

therefore be included in heavy metal pollution studies since this may provide beneficial 

information about the behaviour and distribution of heavy metals in soils (Ahmadipourv et al., 

2014; Lago-Vila et al., 2014). Furthermore, such information could help to control pollution 

levels and protect the environment by facilitating the development of effective remediation 

techniques to treat polluted areas (Gabarrón et al., 2017).  

The concentrations of heavy metals associated with different fractions can be measured 

by a sequential extraction procedure, used for more than thirty years to detect the distribution 

of heavy metals in different soil and sediment phases. This technique was developed by 

examining the use of a variety of reagents and different laboratory conditions to extract the 

metals associated with different geochemical fractions in soils, mine tailings and sediments 

(Gleyzes et al., 2002; Zeng et al., 2011). In the literature, different versions of the protocol 

employ different reagents with different degrees of dissolving power to extract the metals 

accumulated in a specific geochemical fraction (Alvarez et al., 2014).  
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Where: Cm = The concentration of target metal, v = Volume of the volumetric flask, Df = 

dilution factor and wt. = Weigh of mine tailings sample. 

4.3.3.2.9 Metal fractions determination 

The metal fractions were determined by conducting a modified sequential extraction 

protocol following the procedure shown in Figure 4.1. The protocol was used in this study 

developed from (Dold, 2003; Zimmerman and Weindorf, 2010; Favas et al., 2011; Torres and 

Auleda, 2013). The water-soluble fraction is referred to as F1. The exchangeable metals that 

can dissolve in a slightly acidic medium is referred to as the exchangeable fraction (F2), also 

reducible fraction (F3) indicating the proportion of metals bound with Fe and Mn oxides, 

Oxidisable fraction (F4) refers to the percentage of metals associated with OM and sulphide in 

mine tailings. Last fraction is residual fraction (F5) that refers to the part of metals bound to 

the crystalline structure of tailings contents (Favas et al., 2011).    
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Figure 4. 1 Schematic representation of the sequential extraction protocol employed in this study. 

Air-dried tailings were sevied to
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plays an important role in the behaviour of heavy metals in these tailings. However, the fraction 

associated with crystalline material (F5) seems to be the main fraction influencing the heavy 

metal distribution in BCM and PCM. The high levels of heavy metals with oxidation 

conditions, combined with highly acidic conditions and heavy rain in BCM and PCM may have 

led to a change in the geochemical form of heavy metals being potently available and leaching 

from tailings into the surrounding environments (Min et al., 2013). Cation exchange capacity 

plays an important role in the distribution of heavy metals in different sites. CEC in the BCM 

and PCM tailings was approximately 3-fold lower than that in the PLM wastes. Accordingly, 

the exchangeable fraction in the PLM site retained significant levels of heavy metals, a result 

supported by Arenas-Lago et al. (2014) who reported that soils with low CEC contain lower 

levels of heavy metals associated with the exchangeable fraction. 

According to Gabarrón et al. (2017), in industrial sites when most of the Zn and Pb is 

present in the residual fraction, this indicates pollution resulting from geological source, 

whereas pollution caused by human activity is associated with metals with a high proportions 

of potentially mobile fractions. Therefore, the pollution in PLM seems to be related to mining 

operations resulting from the remains of extracted metals process, but at PCM and BCM sites 

may be linked to mineralization of metal ores as the dominated material seems to be as a row 

material before metal extraction procedure were operated. Similarly, Bird et al. (2005) reported 

that high proportions of heavy metal supplied to the sediments and Pb in soil (Dean et al., 2017) 

by non-indigenous sources tended to associate with most mobile geochemical fractions 

(exchangeable and water soluble fractions). However, the high percentage of metals in residual 

fraction of sediment and soils may reflects the mineralisation of metal ores and parent material.
























































































































































































































































































































































































































































