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Abstract
Urban soils are recipients of various pollutants, including metals, which can be accumulated over large timescales. The origins of urban soils are mixed and frequently unknown. As a result a strong spatial heterogeneity of metals tends to exist in soils of urban areas, making the hazard assessment of metal pollution a challenging task.
In order to better understand the spatial variation of metals in urban soils, samples were collected from four urban parks: a roadside sports ground, a traditional bonfire site, a historical landfilling site and a city park in both Galway and Dublin City. Soil geochemical variables were determined using different chemical techniques (e.g. Portable X-ray fluorescence and, Inductively Coupled Plasma–Emission Spectroscopy). The results were analyzed using conventional statistics, geostatistics and a geographic information system (GIS). Like most European countries, there are many public sports grounds and parks in Ireland; however few previous studies concerning metal contamination have been carried out in these public amenities.
Strong variations in soil geochemistry were observed at all four parks. Furthermore, some elements showed multi-modal features, indicating the existence of mixed populations which proved difficult to separate. Based on the spatial distribution maps, it was found that areas with elevated concentrations of metals were close to potential pollution sources, e.g. relatively high levels of pollution were found along the roadside in both Newcastle sports ground and the Phoenix Park. Elevated concentrations of Zn, Cu and Pb in the soil were closely associated with the emissions related to bonfires which take place annually at Halloween. The hazard assessment maps clearly showed that a significant portion of South Park sports ground contained total metal concentrations greatly higher than levels known to cause environmental problems. However, the implementation of hazard assessment of metal contamination in soils requires the determination of both total (TCs) and bioavailable concentrations (BCs). Therefore, the potential BCs of metals were determined in soils of South Park using Ethylene-diamine-tetra-acetic acid (EDTA) extractants followed by ICP-OES analysis. The hazard assessment maps still indicated that a considerable portion of the study area contained elevated BCs, indicating metal contamination. Overall, in comparison with South Park, the other sites in this study are not severely contaminated. Based on the hazard assessment maps for Rahoon bonfire site, it is recommended that local communities should be advised to refrain from the burning of tyres and other hazardous metal-containing wastes in bonfires, which result in the contamination of the surrounding soil.
The study provides the total and bioavailable metal concentrations in urban soils in Ireland, which not only indicated their current contaminative status, but also can be used for comparative purposes in future pollution assessment studies. These results are particularly useful for policy development and management practices in public spaces and sports grounds in urban areas.
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[bookmark: _Toc302461193][bookmark: _Toc302553854][bookmark: _Toc308438766]1.1 Introduction
[bookmark: bbib18][bookmark: bbib2]As an important component of the environment, soil is the foundation for human existence (Alloway, 1995). Urban soil is receiving increasing interest since it is the ‘recipient’ of large quantities of pollutants that can be accumulated over long timescales (Wang et al., 2005; Li and Huang, 2007). Soils can be contaminated by a wide range of potential pollutants, through either local (point source) contamination or diffuse contaminations (Markus and McBratney, 2001). Metals in urban soils have been shown to be very useful tracers of environmental pollution (Manta et al., 2002; Li and Huang, 2007).
[bookmark: bbib3][bookmark: bbib20][bookmark: bbib6]Certain metals, e.g. Pb, Zn, Cu, Co, have become a major concern due to their potential toxicity and persistence (Alloway, 1995; Nyarko et al., 2006 and Ajmone-Marsan et al., 2008). Numerous studies have shown that elevated concentrations of some metals, e.g. Pb, Cd, Hg, etc., in soils, not only influence the quality of the surrounding atmosphere and water bodies, but also pose a potential hazard to biota, including humans (Cheng, 2003; Kasassi et al., 2008). Metal contaminants in the soil pose a threat to public health via direct human consumption, windblown dust and the hand-to-mouth pathway (Ajmone-Marsan et al., 2008; Carr et al., 2008; Morton-Bermea et al., 2009).
Many people often consider metal pollution as a problem primarily associated with municipal and industrial centers (Costa and Jesus-Rydin, 2001). Ireland is traditionally an agriculture nation, with little widespread industrial pollution, with the exception of localized areas with a history of mining activity, e.g. Silvermines, Co. Tipperary (Zhang, 2006; Zhang et al., 2008a) and the larger urban areas. However, recent research (Zhang, 2006; Carr et al., 2008; Zhang et al., 2008a) have shown that soil contamination does exist in Ireland, with some locations even requiring remediation. Examples are as follows: 1) during the end of 1999 and early 2000, several calves died in Silvermines area of County Tipperary due to lead contamination in soils (Department of Agriculture, Food and Rural Development, 2000; McGrath et al., 2004); 2) research by Zhang (2006) on the urban soils of Galway City revealed clear pollution patterns of metals in the city centre, old residential areas and along major traffic routes. More importantly, Zhang (2006) and Carr et al. (2008) discovered elevated concentrations of metals in a sports ground (South Park) in Galway City.
The origins of urban soils are mixed and frequently unknown. As a result there is strong spatial heterogeneity in both horizontal and vertical directions of urban soil pollution. Theoretically the variation of pollutants in urban soils can be attributed to factors occurring at various spatial scales, making the hazard assessment of the pollution a challenging task. The characterization of the spatial variability of soil attributes and metals is essential to achieve a better understanding of the complex relations between soil properties, environmental factors and land use.
[bookmark: _Toc275458544][bookmark: _Toc293310933]As urban areas are densely populated, the quality of urban soils is essential to the health of their inhabitants. The remediation of contaminated urban soils is a critical environmental issue and understanding the status of metal pollution is the first step in the remediation process. Therefore, it is important to study the extent and severity of urban soil contamination, quantifying the spatial variation and identifying the possible pollution sources using GIS and other methodologies.
[bookmark: _Toc302461194][bookmark: _Toc302553855][bookmark: _Toc308438767][bookmark: _Toc293310934]1.2 Metal pollutants in soils
[bookmark: _Toc302461195][bookmark: _Toc302553856][bookmark: _Toc308438768]1.2.1 Urban soils
Urban soil is an essential part of the urban ecosystem, which affects the general quality of life directly or indirectly (De Hollander and Staatsen, 2003; Van Kamp et al., 2003). In urban areas, it acquires additional functions with respect to natural or agricultural soils, such as esthetical and recreational functions in parks and gardens, buffering and filtering of contaminants, biodiversity pool, archive of cultural heritage, source of raw materials, substrate for housing and infrastructure (Tóth et al., 2008; Ajmone-Marsan and Biasioli, 2010). However, owing to the increasing anthropogenic activities, the urban soils often undergo rapid use changes and function modification. Nowadays, as European Commission (2006a) mentioned, soils are facing several major threats, viz., erosion, salinization, compaction, sealing, and contamination. The soil contamination has become a significant issue in many urban areas over the past few decades. The cause of soil contamination in urban areas is mainly related to traffic, fuel combustion, heating, industry and waste disposal (Ajmone-Marsan and Biasioli, 2010). Some metals at very high level may have adverse effects on human beings or other living organisms. 
[bookmark: _Toc302461196][bookmark: _Toc302553857][bookmark: _Toc308438769]1.2.2 Terminology of metals
[bookmark: bbib22][bookmark: bbib32]Increasingly, research has focused on metals in urban soils (Kelly et al., 1996, Chen et al., 1997 and Mielke and Reagan, 1998). The terminology of metals are defined chemically as “elements which conduct electricity, have a metallic luster, are malleable and ductile, form cations and have basic oxides” (Atkins and Jones, 1997). The terminology “metals” is easily confused with “heavy metals”. Over the past several decades, the terminology “heavy metals” has been used increasingly in various publications and in legislation related to chemical hazards and the safe use of chemical (Duffus, 2002). Heavy metal is often used as a group name for metals and semimetals (metalloids) with the connotations of pollution and toxicity (Duffus, 2002). The definition of “heavy metal” is always inconsistent; it has been given a wide range of meanings by different authors. Some authors classifies “heavy metal” as those metals with elemental densities above specific value, e.g. 7 g cm-3 (Bjerrum, 1936), 5 g cm-3 (Brewer and Scott, 1983) etc. As Duffus said (2002), it is impossible to come up with a consensus, thus he suggests any idea of defining “heavy metal” on the basis of density must be abandoned as yielding nothing but confusion. Some definitions are based upon the atomic weight, e.g. Bennet (1986) and Lewis (1993) opt for atomic weights greater than that of sodium (i.e., greater than 23), while Rand et al. (1995) prefer metals of atomic weights greater than 40, thus starting with scandium. Other definitions are based on atomic number (Burrell, 1974; Walker, 1988; Lyman, 1995) or other chemical properties (Birchon, 1965; Merriman, 1965; Hampel and Hawley, 1976) or without a clear basis other than toxicity (Scott and Smith, 1981; Hodgson et al., 1988). Thus, the terminology “heavy metals” is both meaningless and misleading, and should be avoided using. The International Union of Pure and Applied Chemistry “IUPAC” in Switzerland insists that the terminology “metal” is used, not heavy metal (Duffus, 2002), and the author also subdivided the metals into different chemical classes. In this study the term “metals” was employed rather than heavy metals. 
[bookmark: _Toc302461197][bookmark: _Toc302553858][bookmark: _Toc308438770]1.2.3 Geochemistry of Cu, Pb and Zn
The main emphasis of this research focused on three metals, e.g. Cu, Pb and Zn. However, it should be mentioned other elements were also examined. It is important to point out that some metals are not always toxic, e.g. Cu and Zn. These are essential in the makeup of soil and “are inherent components of soils” (Baker and Senft, 1995; Liao and Xie, 2007). In fact, at low concentrations, they enrich the fertility of the soil and enhance the sustainability of plants and microorganisms, which live in the soil, and the biota (including humans) which depend on the plants (Schulte, 2004). However, at elevated levels, they are potentially “dangerous because of their persistence and toxicity” (Adriano, 2001, Micó et al., 2008). On the other hand, some metals, such as cadmium, lead, mercury, are non-essential elements for plants, animals and humans. They are potentially hazardous to organisms (Plant et al., 2000; Abrahams, 2002).
[bookmark: _Toc302407107][bookmark: _Toc302461198]Utilization history of Cu, Pb and Zn
Copper has been used by humans for thousands of years, taking advantage of its metallic properties malleable, ductile, a good conductor of both heat and electricity and its resistance to corrosion (Alloway, 1995; Roebuck, 2000). Brass, which is an alloy of copper and zinc, has been used since at least the 10th century BC (Rehren and Martinon-Torres, 2008). Impure zinc was not produced on a large scale until the 13th century in India, while the metal was unknown in Europe until the end of the 16th century (Industrial Metal Castings, 2011). Lead has been commonly used for thousands of years because it is widespread, easy to extract (Imperial Chemical Industries, 2007) and is highly malleable and ductile and easy to smelt (Heskel, 1983; Omotosho et al., 2011).
[bookmark: _Toc302407108][bookmark: _Toc302461199]Metal contents in rocks and soils
Copper ranks 25th behind Zn (24th), in abundance in the Earth’s crust, with average values ranging from 24 to 55 mg kg-1 (Alloway, 1995). The abundance of Cu in parent rock material and different soil types have been extensively reported, e.g. Baker and Chesnin (1975), Aubert and Pinta (1977), Thornton (1979), McBride (1981), Shorrocks and Alloway (1987). Based on these studies, the typical Cu contents of major rock types are summarized in Table 1.1.
From the values reported, the abundance of Cu in basaltic rocks is greater than that for granitic rocks and it is low in limestone. We are more interested in the latter two rock types as the underlying bedrock at our sampling locations is either granite or limestone. The abundance of Cu in igneous rocks is partly controlled by the process occurring during crystallization.
The average total Zn content of the lithosphere is estimated to be approximately 80 mg kg-1 (Alloway, 1995). The mean Zn content of basaltic rocks, e.g. granites, may vary from 40 to 100 mg kg-1 (Lindsay, 1991). In sedimentary rocks, the highest Zn contents are found in shale and clay sediment (80 – 120 mg kg-1), while limestone, sandstone and dolomite generally have lower concentrations, ranging from 10 to 30 mg kg-1 (Kabata-pendias and Pendias, 1992; Zhang, 2006).
[bookmark: _Toc308439073]Table 1.1 Typical copper contents of major rock types (mg kg-1)
	
	Range
	Average

	Basic igneous (basalts)
	30 – 160
	90

	Acid igneous (granites)
	4 – 30
	15

	Ultramafic (pyroxenites)
	10 – 40
	15

	Shale and clay
	30 – 150
	50

	Black shales
	20 – 200
	70

	Volcanic rocks
	5 – 20
	-

	Argillaceous sediments
	40 – 60
	-

	Limestones
	5 – 20
	-

	Sandstones
	5 – 20
	-

	Lithosphere
	-
	70

	Earth’s crust
	24 – 55
	-

	Soil
	2 – 100
	20 – 30


Data sources: Baker and Chesnin (1975), Aubert and Pinta (1977), Thornton (1979), McBride (1981), Shorrocks and Alloway (1987)
There is general agreement that the abundance of Pb in the average crustal rock is approximately 16 mg kg-1 (Davies, 1995). Nriagu (1992) calculated the mean Pb content of gabbros as 1.9 mg kg-1, andesite as 8.3 mg kg-1 and granite as 22.7 mg kg-1: these data illustrate the tendency for Pb concentrations to rise with increasing silica contents, i.e., from ultra basic to acid igneous rocks (Alloway, 1995). Sandstones contain an average Pb content of approximately 10 mg kg-1, while limestones contain little Pb, e.g. Zhang (2006) reported 3 and 10 mg kg-1 Pb in two limestone rock samples in Galway city.
[bookmark: _GoBack]Numerous investigations have been carried out on Cu and Zn in soils, e.g. Aubert and Pinta (1977) published a 17 page table which included details of Cu abundance in various soil types developed on different parent rock types. From the values reported, the average Cu in soil is 20 – 30 mg kg-1. The abundance of Cu in soil is less than that of Zn unless the soil has been contaminated with an industrial source of Cu (Baker and Senft, 1995). The common range for total zinc concentration in soils is 10 – 300 mg kg-1 with an average of 50 mg kg-1 (Lindsay, 1972; Kiekens, 1995; Liu et al., 2005).
In recent decades, many investigations have been carried out on Pb in environmental materials, including soils. Estimates of Pb in uncontaminated soils vary but concentrations are usually < 20 mg kg-1 while much higher concentrations have been reported in many areas as a consequence of anthropogenic emissions, often over many years (Alloway, 1995; Clemente et al., 2008; Chapman et al., 2010).
The total Cu and Zn contents of uncontaminated soil are largely dependent on the composition of the parent materials (Graham, 1953; Sillanpaa, 1972; Kabata-Pendias, 1992; Yesilonis et al., 2008). From previous studies, it is evident that background concentrations of Cu, Zn and Pb were low in granite and limestone developed soils. Jordan et al. (2007) demonstrated very low concentrations of Cu (21.8 and 16.9 mg kg-1), Zn (50.6 and 50.7 mg kg-1) and Pb (18.8 and 16.7 mg kg-1) in Northern Ireland surface soils developed on these two parent materials. Therefore, it is expected that granite and limestone have naturally low concentrations of these three metals.
National soil investigations have been carried out in many countries including Ireland. Fay and Zhang (2007) reported the spatial distribution of 45 chemical parameters based on 1310 Irish soil samples. Figure 1.1, 1.2 and 1.3 show the spatial distribution maps of Cu, Zn and Pb, respectively (Fay and Zhang, 2007).



[bookmark: _Toc308439006]Figure 1. 1 Spatial distribution of copper in surface soils of Ireland (Fay and Zhang, 2007)



[bookmark: _Toc308439007]Figure 1. 2 Spatial distribution of zinc in surface soils of Ireland (Fay and Zhang, 2007)

[bookmark: _Toc308439008]Figure 1. 3 Spatial distribution of lead in surface soils of Ireland (Fay and Zhang, 2007)

This report (Fay and Zhang, 2007) stated that copper and zinc concentrations in soils are greatly affected by soil parent material. The authors mentioned that soil parent materials derived from sandstones and quartzites contain naturally low Cu concentrations. The Cu concentrations are generally lower for soil derived from acid igneous rocks, such as granites and rhyolites as opposed to basic rocks, e.g. gabbros and basalts. The Cu contents in soils derived from shales varied significantly, for example, sandy shales are much lower in Cu than argillaceous (clayey) shales. It was also found that copper contents of limestone depend on the degree of purity of the rock: the purer the limestone the lower the Cu content (Fay and Zhang, 2007). In terms of Zn, the authors pointed out, in igneous rocks, zinc generally substitutes for both ferrous Fe and Mg, and therefore it has higher concentrations in the more basic rocks. Typical results are as follows: basalts 100 mg kg-1, diorites and andesites (intermediate basicity) 70 mg kg-1, and granites (acidic) 50 mg kg-1. In terms of sedimentary rocks Zn is more abundant in shales than in sandstones, 90 and 20 mg kg-1, respectively (Fay and Zhang, 2007).
The median values for Cu, Zn and Pb reported in this investigation for mineral soils were similar to those reported in the geochemical study of Northern Ireland (Jordan et al., 2002), England and Wales (McGrath and Loveland, 1992). The spatial distribution maps showed Cu, Zn and Pb concentrations in Irish agricultural soils are considerably lower than those in urban areas, which agrees with the finding of McGrath (1995). Elevated levels of Pb, Cu and Zn in Irish soils are attributed to one or a combination factors, such as urbanization, historical mining activities and volcanic activities (Fay and Zhang, 2007).
[bookmark: _Toc302407109][bookmark: _Toc302461200]1.2.3.3 The origins of metals in urban soils
The origins of metals in urban soils are both natural and anthropogenic. Regarding natural sources, soil-forming parental material and process have a tremendous impact on metal concentrations (Schulin et al., 2007). The influences of human activities such as vehicular emissions, waste incineration, landfilling, metalliferous industries, construction wastes, and airborne dusts on urban soil geochemistry are immense (Facchinelli et al., 2001). The present study focuses on traffic emissions, waste incineration and landfilling.
Traffic emissions
Emissions from traffic (including vehicle exhaust particles, tyre-wear particles, weathered street surface particles, brake-wear particles) are one of the primary sources of certain metals in urban soils (Ho et al., 2003; Lough et al., 2004; Lin et al., 2005). These emissions have been continuously adding metals to soils, which can remain present for many years (Williamson, 1973). Most of these emissions are released adjacent to roadside soils and therefore metal contamination has been shown to reach significantly higher concentrations in urbanized soils than in rural areas (Parker et al., 1978; Kelly et al., 1996; Chen et al., 1997; Thuy et al., 2000). Soil metal concentrations decrease with distance from nearby roadways (Sithole et al., 1993; Pagotto et al., 2001). The abundance of Pb in urban soils has probably received most attention. The combustion of petrol (gasoline) containing Pb additives has been the largest source of this metal in the environment (Duzgoren-Aydin, 2007). Leaded petrol was first used in 1923 in the USA (Hurst, 2002) and the contribution of Pb in this form to the environment reached more than 375,000 t yr-1 in the 1970s and 1980s worldwide (Alloway, 1995). Emissions of Pb were growing considerably until the 1970s, when a series of regulations on gasoline lead content were adopted (von Storch et al., 2003) and Pb-free petrol was first introduced in Japan in 1972 (Nriagu, 1990) and in USA in 1975 (Alloway, 1995). The leaded petrol was phase-out in 2000 in China (Chinese SEPA, 2000). In Europe this was introduced between 1986 and 1989 and within the EU, the maximum Pb content of all petrol was fixed as 0.15 g/l (Hagner, 2000). Since 2000, leaded petrol has been banned within the EU - Directive 98/70/EC and its amendment Directive 2003/17/EC (Kummer et al., 2009). Although this prevents further discharges of Pb into the environment via vehicle emissions, Pb concentrations in some soils remain elevated today (Zhang, 2006). Meanwhile, the concentrations of other metals such as Cu and Zn which mainly arise from the wear-and-tear of tyres and brakes are expected to continue to increase in urban soils (Legret and Pagotto, 1999).
With the rapid economic growth during the last few decades, increased number of automobiles and many new roadways have put great pressure on the environment and are now considered to be one of the largest sources of metals to the environment in Ireland (EPA, 2004; Zhang, 2006). Most of the urban parks and recreational areas in Irish cities are located close to major roadways, where they are exposed to traffic emission. Few studies have been carried out on metal pollution in these areas, meanwhile the pathways between pollutants and receptors are generally very short, and few of them have shelters or barriers against the adjacent traffic pollution. Therefore, it is thought that these roadside parks and sports grounds may be contaminated to some extent, and it is therefore important to study the contamination level of these recreational resources.
Waste incineration
Owing to the potential adverse effects of toxic emissions, waste incinerator is an important cause for concern for the public. Theses wastes contain manufactured and natural material, including paper, plastics, textiles, food wastes, and other organic and inorganic materials (Hasselriis and Licata, 1996; Yuan et al., 2005). Almost all of these components contain some quantities of metals which are categorized as toxic at certain concentrations (e.g. lead, cadmium, chromium, mercury, and nickel). Therefore, it is important to ascertain the quantities, concentrations and bioavailability of metals emitted from waste incineration processes. 
Total waste quantities have increased steadily corresponding to the economic growth across the European Union (EEA, 2003; EEA, 2005; Desmond, 2006). The pressures generated by increased waste generation, such as, illegal dumping, fly tipping, backyard burning and bonfires, have had a number of undesirable impacts on environment (Desmond, 2006). 
In this study, we selected a green space in Galway city to study the metal contamination associated with bonfires. The English terminology bonfire stems from the 15th century “bone-fire", originally of fires in which the bones of slaughtered animals were burned (Finlay and Fekri, 2009). The word 'bonfire' itself is a direct translation of the Gaelic tine cnámh or Bone Fire, because villagers were said to have cast the bones of the slaughtered cattle upon the flames (Hutton, 1996; Crom, 2009). In Ireland, a bonfire is a large outdoor fire used to mark or commemorate a public celebration, e.g. the Halloween festivities (Potts, 2002). Wood, bones and straw were the materials traditionally used in bonfires (Gailey and Adams, 1977), however, nowadays various hazardous items, including tyres, plastics and household wastes are dumped in these fires (Dyke et al., 1997; Anderson and Fisher, 2002). The burning of such harmful waste not only creates an unpleasant smell but also produces a range of poisonous compounds such as carbon monoxide (if the waste is damp and smoldering) (EEA, 2011), dioxins (Dyke et al., 1997; Anderson and Fisher, 2002; EEA, 2011), particles (EEA, 2011), toxic metals (Abanades et al., 2002) and certain organic pollutants (Hartenstein and Horvay, 1996; Niessen, 2002).
The knowledge and understanding of bonfires related pollution assessment of urban soils has predominantly focused on a group of organic compounds known as “dioxins” which are considered central to environmental health and quality, e.g. Polychlorinated Dibenzo-p-Dioxins and –Furans (PCD/Fs) (Anderson and Fisher, 2002), and Polybrominated Diphenyl Ethers (PBDEs) (Su et al., 2009). However, other potential pollutants, such as metals, which are released into the environment from bonfires, have received relatively little attention. Some metals at elevated levels in soils present a toxicological risk to human health. From the standpoint of the environmental and health effects resulting from the burning of these wastes, it is necessary to understand the status of the soil quality in these sites where the bonfires were lit.
Landfill
Numerous old landfills and dumpsites exist throughout the developing and developed world posessing a potential threat to human health. These landfills may be centuries- or decades-old. A large number of wastes from a variety of sources: industrial, domestic and agricultural, had found their way unto soil (Okoronkwo et al., 2006). The waste disposal can be qualified as problematical. It has been found that wastes, which were often deposited to the near-surface soil horizon, generally contain high amounts of non-degradable waste, particularly plastic bags, hazardous industrial waste, and cattle waste (Panhwar, 2000). These wastes interact with the soil system and thereby change the physical and chemical properties (Piccolo and Mbagwu, 1997). For example, many studies have found soil added with some wastes may increase the content of organic matter (Bernal et al., 1998; Anikwe, 2000; Okoronkwo et al., 2006). The soil organic matter may result in the high degree of aggregation and aggregate stability (Mbagwu and Piccolo, 1990) and low bulk density and high total porosity and hydraulic conductivity in heavy clay soils, but the magnitude of increase depends on the rate of application (Mbagwu, 1989; Anikwe, 2000). Some studies also mentioned, the municipal wastes may increase the level of nitrogen, pH, cation exchange capacity, percentage base saturation in soil (Anikwe and Nwobodo, 2002; Chukwuma et al., 2010; Shemdoe, 2010). However excessive waste in soil may increase metal concentration in the soil and underground water. 
Metals in landfill sites have been extensively studied and monitored (Ward et al., 2005; Ponthieu et al., 2007). Compared to the total amount of metals disposed into landfills the content of metals in leachate is relatively low (Jensen et al., 1999). The major portion of the metal is retained in the landfill (Jensen et al., 1999). As a consequence, it must be expected that elevated concentrations of metals in landfills will continue for a long time.
Nowadays, following basic treatment or even without treatment, some landfill sites have been used for other purposes, e.g. cultivated land or recreational facilities. Some of them are frequently visited by local communities, especially children. The potentially contaminated soils in these landfill sites may pose a threat to visitors’ health (Smith et al., 1996; Nyle and Ray, 1999; Okoronkwo et al., 2006). Therefore, it is important to obtain a better understanding of the status of the soil quality in these sites. 
Atmospheric deposition
As atmospheric deposition is another potential pollution source in our study, a brief introduction to atmospheric deposition is provided here. The industrial uses and other anthropogenic activities, e.g. combustion sources, the manufacture or processing of metal-containing materials, or mine tailing, may release metals in significant quantities to the atmosphere (Renberg et al., 1994; Pacyna and Pacyna, 2001; Pacyna et al., 2010). Copper, Zn and their compounds are present in the earth's crust and natural discharges to air, such as windblown dust, volcanic eruptions, may be significant. The total quantity of Cu, for example, that has been emitted to the atmosphere since 3800 BC is estimated at 3.2× 106 ton (Nriagu, 1979). In atmosphere, taking 906 hazardous waste sites in USA as an example, the mean copper concentration ranges between 5 to 200 ng m-3 (U.S. Department of Health and Human Services, 2004). Soil is an important sink and reservoir for metals from the atmosphere. Atmospheric inputs of metals to soils from both wet and dry deposition vary considerably according to the proximity of emission sources containing metals and the type and quantities of wind-blown dust (Alloway, 1995; Pinochet et al., 1999). In the UK, the total annual deposition of Cu, for instance, from dust was found to vary between 100 g/ha and 480 g/ha (Baker and Senft, 1995). 
[bookmark: _Toc302407110][bookmark: _Toc302461201]1.2.3.4 The hazards of metal pollution in urban soils
It is widely recognized that urban soils are the ‘recipients’ of large amount of metals from a variety of sources (Tiller, 1992; Manta et al., 2002). The areas which are exposed to significant pollution levels are environmentally spoiled and are potentially hazardous to human health. If vulnerable people, including children and elderly people, are exposed to an environment with high metal contamination, their health may be more affected (Li et al., 2001; Tüzen, 2003; Lee et al., 2006). 
As aforementioned Pb does not have any known biological function and is now known to be poisonous to plant life and detrimental to human health (Alloway, 1995). The extent of the effects that Pb has on the human population, especially the young, is now being realized. It is widely accepted that sufficient quantities of Pb in the system can lead to a range of health issues. Some of the issues that arise from elevated levels of Pb in a human system include behavioral problems, learning disabilities and impaired cognitive functioning with death occurring if levels are high enough (Fuge, 2005). Lead is also regarded as a silent killer (Mielke et al., 1999), but what is most worrying is the fact that children are most vulnerable as they may experience irreversible effects from much smaller amounts than that of adults (Collins et al., 1982; Pass and Pass, 2009).
Copper is an essential nutrient for humans, animals and plants (Aubert and Pinta, 1977; Alloway, 1995). It is especially important for plant, as it plays an important role in oxidation, photosynthesis, and protein and carbohydrate metabolism (Hänsch and Mendel, 2009). Also, copper concentrations may affect nitrogen fixation, valence changes, and cell wall metabolism (Kabata-Pendias and Pendias, 1992). The main route of copper uptake by plant is from soil rather than atmospheric deposition, because Cu is unlikely to be transported across leaf cuticles (U.S. EPA, 2005a). Therefore, the level of copper in soil is important for the plant growing on it. The deficiency of copper in soil may result in a series of problems for plants, e.g. early aging or lowered levels of chlorophyll, which leads to yield reductions (Majeti and Kazimierz, 2002). However, the soils with elevated copper concentrations may pose a threat to plants, animals and humans. For mammals, the copper poisoning can lead to oxidative stress in erythrocytes and to accelerated loss of intracellular glutathione (U.S. EPA, 2005a). In addition, copper ions can cause mitochondrial swelling and inhibit oxygen consumption, which leads to cell degeneration (U.S. EPA, 2005a). For humans, the Cu toxicities may cause Wilsons disease (Ala et al., 2007; Medici et al., 2007). It was also found that in excess of 3 mg Cu/L of drinking water, nausea and other adverse effects on the gastrointestinal tract could be caused (Pizarro et al., 1999).
It is well-known that zinc is also an essential element for humans, animals and plants and the recommended intake for adults is 15 mg day-1 (Alloway, 1995). The most concerns relating to zinc are about its deficiency, which affects about two billion people in the developing world and is associated with many diseases (Prasad, 2003). In children it causes reduced growth, delayed sexual maturation, infection susceptibility, and diarrhea, contributing to the death of about 800,000 children worldwide per year (Hambidge and Krebs, 2007). However, consumption of excess zinc can cause ataxia, lethargy and copper deficiency (Eder and Kirchgessner, 1995). In addition, there are many concerns about the excessive concentration of Zn in soils as crops tend to absorb high level of Zn, thereby introducing them into the food chain, and causing an adverse effect on animals and humans when they enter the diet (Alkorta et al., 2004; U.S. EPA, 2005b).
According to Ahamed and Siddiqui (2007), children are more vulnerable to metal exposure than adults because of the following reasons: a) young children are more at risk of ingesting some environmental metals through normal mouthing (hand to mouth habits) behaviors; b) absorption from the gastrointestinal tract is higher in children than adults; and c) the developing nervous system is thought to be far more vulnerable to the toxic effect of some metals than the mature brain. An assumption was made by U.S. EPA that most children ingest relatively small quantities of soil (e.g., <100 mg day-1), while the upper 95th percentile are estimated to ingest 200 mg day-1 on average (Calabrese et al., 1997). Highly contaminated soil may pose a danger to human health, especially for children.

[bookmark: _Toc302407111][bookmark: _Toc302461202]Chemical behavior of Cu, Zn and Pb in soil
In soils, copper may exist as soluble compounds, such as nitrates, sulfates, and chlorides, and insoluble compounds, including oxides, hydroxides, carbonates, and sulfides (Bodek et al., 1988; Minkina et al., 2009). The soluble copper compounds may demonstrate low mobility in soils when they are strongly absorbed to particles of organic matter, clay, soil, or sand (Clemente et al., 2008), while the insoluble copper compounds are effectively immobile (Bodek et al., 1988; Pérez-Novo et al., 2009). Alloway (1995) classified the total Cu in soils into six “pools” according to their physico-chemical behavior, e.g. soluble ions, inorganic and organic complexes in soil solution, exchangeable copper, stable organic complexes in humus, copper adsorbed by hydrous oxides of manganese, iron, and aluminum, copper adsorbed on the clay-humus colloidal complex and the crystal lattice-bound copper in soil minerals. The author also mentioned the labile metal is possible to be measured by using chelating agent like EDTA or DTPA. However, it should be mentioned that chemical activity of Cu is not always well correlated with either the amounts in the various pools or the amounts removed by various extractants (Alloway, 1995; Labanowski et al., 2008).
For zinc, three forms are usually observed in soils: 1) free ions (Zn2+) and organo-zinc complexes in soil solution; 2) adsorbed and exchangeable zinc in the colloidal fraction of the soil and 3) secondary minerals and insoluble complexes in the solid phase of the soil (Kiekens, 1995; Alloway, 2009). However, only those fractions which are soluble or may be solubilised are bioavailable (Alloway, 1995; Velasco-Reynold et al., 2008). The bioavailability of Zn in soil is determined by the following factors: total zinc content, pH, organic matter, microbial activity, moisture, and interactions with other macro and micronutrients (Kiekens, 1990; Kiekens, 1995; Micó et al., 2008; Zeng et al., 2011). Numerous studies have demonstrated that the dissolved phase of Zn in the soil solution is very low (Kabata-Pendias and Pendias, 1992; Kiekens, 1995; Alloway, 2009), compared to the average total Zn content in soils (Kiekens, 1995; Alloway, 2009). In addition, it has been widely acknowledged that the solubility of Zn will increase with decreasing soil pH and Zn is strongly adsorbed to soils at pH 5 or greater (Evans, 1989; Blume and Brummer, 1991; Christensen, 1996; Adriano, 2001; De la Fuente et al., 2008; Monsant et al., 2008).
Many investigations on Pb in soil have been carried out over the past few decades, and a relatively good understanding of its environmental chemistry and ecological and health impacts has been obtained. Bioavailable Pb concentrations are much lower than total concentration in areas where contamination of the soil has occurred (Alloway, 1995; Tarvainen and Kallio, 2002; Noble et al., 2010; Zia et al., 2011). Lead in soil is relatively immobile and can persist for long periods of time whether added to the soil as halides, hydroxides, oxides, carbonates, or sulfates (TOXNET, 2003; Fayiga et al., 2011). The following factors may limit its mobility: 1) when released to soil, lead is normally converted from soluble lead compounds to relatively insoluble sulfate or phosphate derivatives; 2) Pb may form complexes with organic matter and clay minerals; 3) the efficient fixation of lead in soils limits the transfer of lead to aquatic systems (U.S. EPA, 2005c). However, the leaching of lead can be relatively rapid from some soils, especially at highly contaminated sites or landfills (Kayser et al., 1982). Like Cu and Zn, lead is mostly available from acidic soils which contain little material capable of binding lead (NRCC, 1978; Kaplana and Yaman, 2009; Zia et al., 2011). And increasing the pH values will decrease its bioavailability. The uptake of lead by plants also depends on factors including cation exchange capacity, soil composition (e.g., organic matter content, calcium content), metal concentrations, precipitation and temperature (DeMayo et al., 1982; Epelde et al., 2008; Ingelmo et al., 2011).
[bookmark: _Toc302553859][bookmark: _Toc308438771]1.2.4 The legislations for metal pollution
Metal contamination of the soil had and continues to attract attention from governmental and regulatory bodies, which are anxious to prevent further environmental deterioration and to examine possible methods of remediation (Li et al., 2004).
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Sustainable management of soil as a natural resource, together with air and water, is among the challenges and priorities mentioned in the Fifth Environmental Action Programme (5EAP). Soil contamination, local or diffuse, is also recognized by European Soil Thematic Strategy (EC, 2006a) as a vital soil threat.
In September 2006, the European Commission (EC) adopted a Soil Thematic Strategy (EC, 2006a) and a proposal for a Soil Framework Directive (EC, 2006b). The objective of the Soil Thematic Strategy is to halt and reverse the process of degradation, ensure that European Union soils stay healthy for future generations and remain capable of supporting the ecosystems on which the economic activities and humans depend on (EC, 2006a). Under this strategy, the Member States are required to identify risk areas for erosion, organic matter decline, compaction, salinization, contamination and landslides on the basis of common criteria set out in the directive. They will set risk reduction targets for those risks and establish programs of measures in order reach these targets (EC, 2006a; EC, 2007). Regarding soil contamination, EU Member States need to identify the relevant sites within their national territory, and establish a national remediation strategy on the basis of an EU-wide definition and a common list of potential pollution activities. These states are also required to remediate severely contaminated soils (EC, 2006a; EC, 2007). The European Soil Thematic Strategy should also guide and frame Ireland’s approach to developing its own soil protection strategy.
In terms of the proposal for a Soil Framework Directive (EC, 2006b), it was published in September 2006 and is currently being considered by the Council of Ministers and the European Parliament (SPICe, 2011). It is notable that there is no specific Community legislation on soil protection. Therefore, this proposal has the objective to fill this gap and to establish a common strategy for the protection and sustainable use of soil based on the principles of integration of soil concerns into other policies, preservation of soil functions within the context of sustainable use, prevention of threats to soil and mitigation of their effects, as well as restoration of degraded soils to a level of functionality consistent at least with the current and approved future use (EC, 2006b).
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In recent years, national policies or soil remediation guidelines for the management of contaminated lands have been introduced and adopted by a number of countries, e.g. most of the EU countries (Italy, Slovenia, Germany, United Kingdom, Netherland, France, Norway, Sweden, Switzerland) (Poggio et al., 2006), United States of America (U.S. EPA, 2001), Canada (Canadian Council of Ministers of the Environment (CCME), 1999), Australia (Australian Environment Protection Authority (AEPA), 2000), New Zealand (New Zealand Ministry for Environment (New Zealand MfE), 2003), China (NSPRC, 1995), etc. Furthermore, all the nations in the Alpine space adopted legislation on soil contamination (Poggio et al., 2006). Examples are detailed as follows: Slovenia (1996), decree on limit, alarm and critical values of hazardous substances in the soil in 1996; Switzerland (1998), Contaminated Sites Ordinance; Germany (1999), Federal Soil Protection and Contaminated Sites Ordinance; Italy (1999), Regulations with norms and methods for remediation and recovery of polluted sites (DM 471/99); France (2001), the approach to contaminated-land management. Table 1.2 shows the maximum permissible concentrations of metals in soils for several selected countries and regions.
Among these soil guidelines, the Netherland guideline is one of the most frequently used one to evaluate the potential public health risk of soil contamination. The Netherlands target values reflect concentrations to be achieved to fully recover the functional properties of the soil for humans, plants, and animals (Swartjes, 1999; VROM, 2000). If any pollutant concentration in soil is below its respective Dutch Target Value, the soil is considered clean. The soil remediation intervention values indicate the functional properties of the soil for humans, plants and animals is seriously impaired or threatened. They are representative of the level of contamination above which a serious case of soil contamination is deemed to exist (VROM, 2000). If the metal value is above the Dutch Intervention Value, the soil is considered detrimental on humans, plants and animals. It should be mentioned these guideline values were for a standard Dutch soil (10% organic matter and 25% clay, expressed in mg kg-1 dry matter). However, there are many examples of the utilization of Dutch guideline to evaluate the soil quality. For example, Hong Kong has been using the Dutch List to protect local soil since 1994 due to no locally-derived contaminated land standard (Man et al., 2010). Another example is that Carr et al. (2008) used this guideline to produce the hazard assessment maps for metals from the surface soils of a sports ground in Galway, Ireland. Milenkovic et al. (2005), Yesilonis et al. (2008), Christoforidis and Stamatis (2009), Luo et al. (2011), etc., also evaluated the soil/sediment quality according to the Dutch guidelines. The popularity of the Dutch guideline values for soil remediation is probably due to the long-established (first introduced in the early 1980's), tried and tested scheme, where the target and intervention values are based on extensive studies of both the human and eco-toxicological effects of soil contaminants (Milenkovic et al., 2005).
[bookmark: _Toc308439074]Table 1. 2 Maximum permissible concentrations of metals in soils (mg kg-1)
	
	Cu
	Pb
	Zn
	References

	Australia
	100
	150
	200
	Australian EPA, 2000

	Canada
	63
	140
	200
	CCME, 1999

	China
	Grade I
	35
	35
	100
	NSPRC, 1995

	
	Grade II
	100
	300
	250
	

	
	Grade III
	400
	500
	500
	

	Netherlands
	Target
	36
	85
	140
	VROM, 2000

	
	Intervention
	190
	530
	720
	

	New Zealand
	140
	300
	300
	New Zealand MfE, 2003

	USA
	750
	150
	1400
	U.S. EPA, 2001

	Europe
	50 – 140
	50 – 300
	50 – 300
	European Commission, 1986

	UK
	80 (ph 5-5.5)
	450
	200 (ph 5-7)
	DEFRA and Environment Agency, 2002

	
	100 (ph 5.5-6)
	
	300 (pH >7)
	

	
	135 (ph 6-7)
	
	
	

	
	200(ph >7)
	
	
	


(Notes: Australia and New Zealand – Guidelines for controlling metal concentrations in soils for route of biosolids; Canada – Guidelines for controlling metal concentrations in soils for residential/ parkland; China – According to Soil Environmental Quality Standards in China, Grade I is the threshold of natural background value, Grade II is the threshold of human health and Grade III is the threshold value for plant growth; USA – maximum concentrations for soils treated with biosolids (sewage sludge); Europe – for countries of the European Union for soils receiving sewage sludge (assumes soil pH 6 – 7), lower value is guideline value, upper value is the mandatory limit; UK – Pb: Contaminated Land Exposure Assessment guidance values (to be used as part of a risk assessment for contaminated sites); Cu and Zn — for all types of soil.)
Environmental hazard assessment of contaminated land does not follow standard protocol and is usually based on different methods, borrowed from various scientific disciplines and adopting various models (Ferguson et al., 1998). A simplified approach to haszard assessment may be based on comparing the measured level of contamination with established guidelines or screening values. However, there is still a lack of category for protecting soils in Ireland. Hence, soil quality guideline from other countries, such as the Netherlands, with protection of ecological receptors is rational to make a hazard assessment for the metal levels obtained from this study.
However, it should be mentioned, in recent years, Ireland has adopted a number of important policies in relation to waste management as Ireland currently faces a major challenge regarding its managements of waste. The increase in waste arising in Ireland during the decade 1990 – 2000, no doubt influenced by the economic growth during that period, is of particular concern (Coakley et al., 2003). And the problems relating to solid waste in particular are well documented and have been quantified in several studies. The specific policy documents in relation to solid waste management are (Coakley et al., 2003):
A National Policy Statement entitled Waste Management – Changing Our Ways (DoEHLG, 1998).
A Supplementary Policy Statement Preventing and Recycling Waste – Delivering Change, dedicated to the higher priority waste management practices of Prevention, Re-Use and Recycling (DoEHLG, 2002).
A National Hazardous Waste Management Plan, designed to prevent and manage hazardous waste, adopted in July 2001 (EPA, 2001).
Other important steps have also been taken to prevent the growth of waste. In the National Hazardous Waste Management Plan (EPA, 2008), a total of 29 recommendations were made. Among these recommendations, legacy issues such as contaminated soil and old landfill site management were included.
Additionally, EPA (2008) published the fourth state of the environment report for evaluation of the state of the environment across a number of themes including soil and others in 2008. The Irish EPA has estimated the number of commercial sites where there is a potential for soil and/or groundwater contamination to be somewhere between 1,980 and 2,300 (Brogan et al., 1999, Brogan et al., 2002). The impact on soil function will depend on the substances present and the degree of contamination. Progress is being made in relation to the legacy of contaminated sites in Ireland, although it will take many years before all legacy issues are dealt with. 
[bookmark: _Toc302407117][bookmark: _Toc302461205]1.2.4.3 Sewage Sludge Directive
Here, a brief introduction of Sewage Sludge Directive is also included. The provisions of the Sewage Sludge Directive (86/278/EEC) (EC, 1986), which is transposed into national legislation by the Waste Management (Use of Sewage Sludge in Agriculture) Regulations 1998-2001, set threshold values for the concentration of some metals in soils receiving sewage sludge. The maximum Irish soil threshold concentrations are as follows: Cd (1 mg kg-1 soil), Cu (50 mg kg-1 soil), Hg (1 mg kg-1 soil), Ni (30 mg kg-1 soil), Pb (50 mg kg-1 soil) and Zn (150 mg kg-1 soil) (Fay et al., 2007a). In the report of National Soil Database, Fay et al. (2007a) made a comparison between whole Irish soils with this Directive. It was evident from their study that thresholds in some soils are exceeded for one or more of these elements. In the case of Hg, Cu, Pb and Zn elevated levels were attributed to a varying combination of natural levels and anthropogenic effects including mining, industrial, land use and urban activities. This Directive has provided valuable insight for Irish policy maker and managers involved in managing the soils receiving sewage sludge. In this study, this Directive will not be applied as our sampling sites didn’t receive sewage sludge.
[bookmark: _Toc302407118][bookmark: _Toc302461206][bookmark: _Toc302553860][bookmark: _Toc308438772]1.2.5 Hazard, exposure and risk assessment
Some metals at elevated levels may damage the environment and produce their harmful effects on the organisms living in it. Hence, it is important to protect the scarce natural resources in the environment and to use them wisely. To prepare a hazard analysis and risk assessment is an important step in the protection process. These two processes (hazard assessment and risk assessment) together with exposure assessment are often confused.
Hazard identification (problem identification) is the process to identify the environmental agent of concern, its adverse effect, target populations and conditions of exposure (Smith, 1992). While, the hazard is defined as a factor that may adversely affect health; it is basically a source of danger (Smith, 1992). A hazard is to qualitatively express the potential of an environmental agent to harm the health of certain individuals if the exposure level is high enough (Iscan, 2004).
Exposure assessment can be easily understood as the quantification of the amount of exposure to the hazard for an individual or a group (Smith, 1992; Rice and MacDonell, 2010).
Risk assessment of chemical is defined by the U.S. National Academy of Sciences (1983) as a four-step process includes hazard identification, risk estimation, exposure assessment and risk characterization. This is a process to identify and quantify the risk resulted from a chemical, taking into account possible harmful effects on individual people or environment of using the chemical in the amount and manner proposed and all the possible routes of exposure (Smith, 1992). A major objective of risk assessment is to provide a reliable basis for making decisions on risk management options (Fan et al., 1995).
Our study will mainly focus on the first stage – hazard assessment. During this process, the following issues need to be understood.
Potential/actual contaminant of concern
There is a need for identification of the contaminant of concern exceeding the benchmark. Benchmarks typically are numerical values used to guide risk assessor for various intended uses (Iscan, 2004). The above guidelines, e.g. Dutch target and interventional values, could be regarded as benchmarks. However, it should be emphasized that these benchmarks should not be applied to the situations for which they are not intended because the limitations and uncertainties surrounding benchmarks is key aspect of their effective use (Clark et al., 1999a).
Sources of contaminant; current and historic use
The information about the contaminant of concern, such as where, when and in what quantities of the contaminant has been/is being used should be provided (Iscan, 2004). GIS in conjunction with geostatistical analysis, can be used to help to identify the sources of the contaminant. The Dutch target and interventional values were used as generic criteria to identify the need for further site assessment or remediation.
In summary, the relationships between hazard, exposure and risk assessment can be easily understood as follows: If a site is confirmed to be polluted by some metals at elevated levels, this means that it is a "hazardous" site. Something hazardous may not be "risky" if there is no pathway for them to damage our health or the ecosystem. A risk assessment is needed to evaluate the pathways for the pollutants to reach humans or living organism (exposure) and how much damage the pollutants can cause to our human health and the surrounding environment.
[bookmark: _Toc275458548][bookmark: _Toc293310938][bookmark: _Toc302461207][bookmark: _Toc302553861][bookmark: _Toc308438773]1.3 The determination of metal concentrations in soils
[bookmark: _Toc275458549][bookmark: _Toc293310939]In order to understand the status of metal pollution, different soil testing methods can be used to determine metal concentrations with different purposes. Prior to soil testing, soil samples should be carefully collected from the field, as this is essential for the accurate analysis of soil in the site of interest (Barth and Mason, 1984; Grimm and Behrens, 2010).
[bookmark: _Toc302461208][bookmark: _Toc302553862][bookmark: _Toc308438774]1.3.1 Soil sampling
1.3.1.1 The choice of sampling pattern
A sample must reflect the overall or average soil conditions of a field or point (Stephen, 1997). Sampling design involves the selection of the most efficient method for selecting the samples that will be used to estimate the properties of the population. Although many types of sampling design exist (Gilbert, 1987; Mulla and McBratney, 2000; Pennock and Appleby, 2003), two main types, random and systematic are commonly used in soil and earth science (Carter and Gregorich, 2008). Random sampling pattern is a frequently used method in classical statistics. It distributes the sampling locations randomly across the site so that ‘any portion of the population has an equal chance of being chosen’ (Horwitz, 1990). Figure 1.4 shows one possible example of a random sampling pattern.

[bookmark: _Toc308439009]Figure 1. 4 Random sampling pattern
Statistically, the random sampling pattern is regarded as the soundest approach, which provides, on average, a representative (unbiased) sample, if executed correctly (Thompson and Ramsey, 1995). From a pure statistical viewpoint, it might be true. However, the main obstacle associated with utilizing a random sampling pattern for the investigation of contaminated land is that it produces some sample locations that are too close to each other (Taylor and Ramsey, 2006). It tends to give redundant information and the approach is therefore wasteful of resources (U.S. EPA, 1989), while other subareas of the site remain poorly characterized. Another problem of the random sampling is that on-site construction of the pattern is difficult and time-consuming, especially if the site is heavily vegetated or the surface is particularly uneven (Taylor and Ramsey, 2006).
The method of stratified random sampling divides the sampling population into several non-overlapping strata and within each stratum a simple random sampling is employed (Zhang, 2007). The number of sample locations may be increased within a particular sub-area of a site if there is historical evidence of a contamination event occurring there or there are visible indications of contamination on the site, such as areas of soil discoloration or a lack of vegetation (Taylor and Ramsey, 2006). These subsets of the strata are then pooled to form a random sample. Figure 1.5 is an example of the stratified random sampling pattern.

[bookmark: _Toc308439010]Figure 1. 5 Stratified sampling uses a variation of sampling densities within separate strata (Zhang, 2007)
Stratified sampling offers several advantages over simple random sampling.
The sample size can be adjusted depending on the variations or the cost of different strata (Zhang, 2007).
A stratified sample can provide greater precision than a simple random sample of the same size (Tarling, 2008).
A stratified sample often requires a smaller sample, which saves money (Lohr, 2009).
A stratified sample can guard against an "unrepresentative" sample (e.g., an all-male sample from a mixed-gender population). It ensures that sufficient sample points could be obtained to support a separate analysis of any subgroup (Lingham, 2008).
The main disadvantage of a stratified sample is that it is only as effective as the prior information upon which it is based (Taylor and Ramsey, 2006). 
Both random sampling and stratified sampling will easily satisfy statisticians yet are limited in practice as discussed previously. Alternatively, a regular grid sampling, which is suggested by the British Standards Institution (2001), can be used if there is a lack of reliable information contained within the sampling pattern design (Taylor and Ramsey, 2006). Systematic grid sampling is often used in soil pollution studies where the primary interest is to map distribution or monitor sites with respect to environmental gradients or suspected sources of pollution (Southwood and Henderson, 2000; Bakus, 2007). One of the systematic grid sampling method is to subdivide the study area by using square or triangular grids and then collect samples from the nodes (the intersections of the grid line) or a fixed location (e.g., center) of each grid (Zhang, 2007). This sampling pattern as shown in Figure 1.6 can be regarded as an aligned sampling pattern.

[bookmark: _Toc308439011]Figure 1. 6 A regular grid sampling pattern (L = sampling spacing)

The reasons given by the British Standards Institution (2001) for selecting a regular grid are that:
The reliability of interpolation declines sharply as distance between locations increases;
Sampling locations are much easier to locate in the field;
The detection of areas of contamination is simplified;
The design of further investigation is easier.
The International Standards Organization (2002) also comments that data from different stages of investigation, using a regular grid, can be readily correlated. Statisticians may object that the samples are not drawn at random; empirical evidence shows that systematic sampling is often more precise than random sampling (Davies, 1998). Another advantage of grid sampling is its more uniform distribution over the space, which helps to delineate the extent of contamination and define contaminant concentration gradients (Zhang, 2007). This has been proved to be efficient for a full characterization of soil contamination, because grid sampling insures that all areas are represented in the sample and provides confidence that a site has been fully characterized (Zhang, 2007). In addition, most soil samples have been traditionally collected using a systematic sample, making comparisons to background more straightforward (U.S. EPA, 2002). Therefore, the regular grid sampling pattern was applied in our studies.
[bookmark: _Toc302407124][bookmark: _Toc302461209]1.3.1.2 Sampling spacing
When designing the sampling pattern, care should also be given to the spacing between locations in a regular grid (“L” in Figure 1.6). The number and size of sample are important in relation to the accuracy and precision of the estimates obtained from sampling data. In carrying out a sampling program, an environmentalist wants to obtain the maximum amount of information for the minimum amount of effort. The spacing between locations in a regular gird varies between 50 m to 100 m for exploratory investigations and 20 m to 25 m for main investigations (Taylor and Ramsey, 2006). If heterogeneous contamination is suspected, for example at a former landfill site, then 10 m spacing might be required (British Standards Institution, 2001). To detect the spatial patterns or to find out the hot spots, the grid spacing should be small enough. Otherwise, it is likely to overestimate or underestimate the population when using the grid sampling (Zhang, 2007). This also occurs when the grid spacing L coincides with the spatial pattern of the variable of interest.
It is possible to calculate the grid spacing (L) based on the total number of samples to be collected (n) and the area to be sampled (A). The following equation is obtained (Zhang, 2007):
								(1.1)

As we known, the size of the sample and the configuration can affect the reliability of experimental variogram. Evidently the larger the sample from which the variogram is computed, the more precise the estimate is (Webster and Oliver, 1992). For isotropic variation, samples of 100 or more should be acceptable and for anisotropic variation, at least 250 samples were recommended by Webster and Oliver (1992). 
1.3.1.3 Composite sampling
Composite sampling is the standard practice for geochemical surveying work (Kelleher, 1999). Composite sampling is similar to making replicate measurements of analytical data and averaging the data points (Wragg, 2005). This method has been extensively employed as it is regarded as a useful technique to improve the precision of soil sampling. The compositing scheme gives good information about the average of the discrete samples (Correll, 2001). An early example is that of Piper (1942) who recommended that field plots should be represented by a composite of grab samples taken from several positions in the plot. In order to remove micro-variability, James and Wells (1990) advocated the use of 10 – 20 composite cores to represent a small area. Another example, Williams et al. (1989) considered composites of 10 or 20 auger samples over the entire site with samples from a post-hole digger. They concluded that a composite of 10 auger samples was the most cost-effect for determining the mean level of contamination. Ramsey et al. (1995) found the improvement in sampling precision using the composite sampling at each grid point was statistically significant but judged not to be worthwhile. Their study was based on comparing composites of five samples within a meter with discrete samples. However, the disadvantages of composite sampling is that ‘hotspots’ may be missed or the contaminant concentration may be reduced as not all samples to be composited have the same/similar contaminant concentration (Swartjes, 2011).
1.3.1.4 Sampling depth
[bookmark: bbib17][bookmark: _Toc275458550][bookmark: _Toc293310940]Numerous studies have documented the soil surface layer in the immediate vicinity of the pollution sources, e.g. roadway, bonfire, etc., as the main receptor of emissions especially metal pollutants (Pagotto et al., 2001). In addition, pollutant concentrations decreased rapidly with distance from the pollution sources and also with depth. In the present work surface soils were studied because metal contamination of soils in urban areas primarily occurs at the soil surface (De Miguel et al., 1998). Therefore the 0–10 cm depth of surface soil was the most obvious fingerprint of environmental contamination. The sampling depth must remain consistent because many soils are stratified and variation with depth will introduce errors into the analytical results.
[bookmark: _Toc302461210][bookmark: _Toc302553863][bookmark: _Toc308438775]1.3.2 Four-strong acid digestion
Over the past 30 years, numerous analytical instruments and techniques have been developed to determine the concentrations of metals in the ecosystem, e.g. atmosphere, water, soils and sediments (Sandroni et al., 2003; Güven and Akinci, 2011). Highly sensitive spectroscopic techniques such as flame or electro-thermal atomic absorption spectroscopy (FAAS, ETAAS) and inductively coupled plasma-optical emission spectrometry (ICP-OES) and inductively coupled plasma – mass spectrometry (ICP-MS) are the most widely used methods to determine metals in environmental samples (Sastre et al., 2002).
Before using above mentioned techniques to determine the metal concentrations in solid samples, such as soils, sludge and sediments, the solid form needs to be initially transformed to the liquid phase. This process is named digestion, which is required for the spectroscopic analysis. The principle is the releasing of metals from the solid matrix to the acid solution during the extraction process (Güven and Akinci, 2011). Conventional acid leaching procedures and microwave assisted acid digestion systems are used to prepare the samples for further spectroscopic analysis (Hseu et al., 2002; Güven and Akinci, 2011). Several parameters are critical in digestion procedures, such as digestion temperature, applied programme, time and the chemical power of the reactive used (Güven and Akinci, 2011). For the extraction processes, commonly used methods involve heating samples with mixtures of HNO3, HClO4, and H2SO4. However, HCl, HF, and H2O2 are also used, depending on the material and on the element under consideration (Somer and Ünal, 2006). The mixture of HF-HCl-HNO3-HClO4 can provide effective dissolution of silicates and near-total concentrations for rock forming elements and many others (Zhang, 2006). Such digestion has been widely used in environmental geochemistry studies (Baker and Amacher, 1982; Lottermoser, 1998; Smith et al., 2009). For example, Fay et al. (2007a) used this four-acid digestion to determine the element concentrations in soil samples in the National Soil Database (NSDB) project of Ireland. In addition, this popularly used mixture digestion is regarded as ‘near total’ digestion by many authors (Erel et al., 1997; Lottermoser et al., 1998; Komárek et al., 2006). During the process of sample digestion by these methods, some elements, such as Cr and As, may be partly lost through volatilization (Randa and Spencer, 1980; Somer and Ünal, 2006), even when a digestion bomb was used.
[bookmark: _Toc302461211][bookmark: _Toc302553864][bookmark: _Toc308438776]1.3.3 Using P-XRF to determine the total concentrations of metals
[bookmark: _Toc275458551][bookmark: _Toc293310941]Using a portable X-Ray fluorescence (P-XRF) analyser can provide on-site information, which is important to assist making of “real-time” decisions regarding exposure assessment, risk assessment and risk management (U.S. EPA, 1998a; Kalnicky and Singhvi, 2001). The in-situ P-XRF analysis can be a cost-effective method to increase sampling densities due to the simplicity of the sample preparation method (Bernick et al., 1995), which improves the reliability of decisions based on spatial models delineating the extent of contamination (Cole et al., 1991). Furthermore, P-XRF analyzers are non-destructive, multi-elemental techniques which in many scenarios have sufficient sensitivity for the determination of many elements (Clark et al., 1999b). P-XRF has gained widespread acceptance as a viable analytical approach for field application in environmental sciences (Bernick et al., 1995; Clark et al., 1999b; VanCott et al., 1999; Kalnicky and Singhvi, 2001)
Based on the literature, a brief introduction to the P-XRF, including the mechanism of P-XRF, sample preparation, detection limits, is made. The aspects regarding to QA/QC and data interpretation procedures are discussed in Chapter 2.
1.3.3.1 The mechanism of P-XRF
When excited by X-rays, atoms can fluoresce at specific energies (Gog et al., 1996). Therefore, it is possible to qualitatively and quantitatively analyze the element concentrations in a sample by detecting the specific fluorescent photons (Kalnicky and Singhvi, 2001). A portable XRF mainly contains three basic components: an x-ray source, an x-ray detector, and electronics for signal processing, calculations and results display (Martin and Sackett, 2005). The XRF detector directs a beam of X-rays at a sample, which are then absorbed by the atoms of the various elements and re-emitted in energy patterns unique to each element’s atomic structures (i.e. characteristic X-rays) (Martin and Sackett, 2005). The energy of each X-ray strike and the total number of X-rays in discrete energy bands can be measured by detector (Martin and Doucette, 2007). The electronics and software of detector can process this information to yield concentration data for various elements in soils or other samples (Martin and Sackett, 2005). Various excitation sources are available to irradiate a sample (Bertin, 1975; Jenkins et al., 1981). The most commonly used sources include sealed radioisotope sources, e.g. Fe-55, Co-57, Cd-57, Cd-109 and Am-241 (U.S. EPA, 1998; Skyray Instrument Inc, 2011) and X-ray tubes can irradiate the sample with X-rays. The latter is generally regarded as isotope-free. These sources may have to be replaced after a few years when their intensity decreases to a level insufficient to provide adequate sensitivity for the elements of interest (Kalnicky and Singhvi, 2001).
1.3.3.2 Sample preparation
To determine the elemental abundances in soils by P-XRF, two methods of sample preparation are frequently employed: in situ and discrete sampling (U.S. EPA, 1991; Shefsky, 1996). In situ measurement refers to that taking the P-XRF instrument to the sample location and placing the probe directly on the soil surface to measure metal concentrations. It provides much more flexibility when using a P-XRF unit by allowing rapid collection of data for a large number of sample points, eliminating physical sampling and chain of custody considerations, and yielding real-time data that can be used for rapid decisions in the field (Bernick et al., 1995). Comparing with the site measurement, the discrete sampling (physically removing a sample) requires more preparation time, and therefore limits the number of measurements that can be performed in the time allocated for site activities (Kalnicky and Singhvi, 2001). However, this effort can improve the analytical accuracy and precision as it may reduce the loss of the bias caused by the factors, such as sample moisture, physical matrix effects, etc (U.S. EPA, 1998a-f). During the ex-situ measurement process, other factors also need to be considered, e.g. representative samples, sample placement and probe geometry, depth of X-ray penetration and effects of sample containers. Thus, those factors will be discussed individually. The collection of representative samples has been described earlier and will not be covered here. 
Sample moisture
The variation of water content in soils is one of the main interference factors for in situ P-XRF analysis. The influence of moisture in soils on P-XRF analysis has been extensively documented (Bernick et al., 1995; Argyraki et al., 1997; Kalnicky and Singhvi, 2001). The EPA Method 6200 (U.S. EPA, 2007) mentioned that moisture content may be a major source of error when analyzing samples of surface soil that are saturated with water. However when the moisture content is between 5 and 20 percent, the overall error from moisture may be minimal. Water in soils can be classified as two types: pore water and water of crystallization (Ge et al., 2005). The former exists in fractures and pores of soils, while the latter exists as part of the structure of mineral crystals (Palumbo et al., 2001). Usually, the influence of the latter type can be ignored on P-XRF analysis, as the content of water of crystallization in natural samples can be considered to be constant (Ge et al., 2005). Hence, attentions should be given to the pore water in samples whose content varies with the porosity, structure, density and composition of the soil, and also with the local humidity (Jury and Horton, 2004; Ge et al., 2005). Water in soils absorbs the characteristic X-rays of the analytes and produces stronger scattering of the primary radiation, which leads to a reduction in the characteristic X-ray intensities and an increase in the scattered X-ray intensities (Ge et al., 2005; U.S. EPA, 2007), therefore affects the bias of the analysis. However, this error might be minimized by drying the soil samples at room temperature or in a convection or toaster oven. Air drying the soil samples at room temperature is a typical choice. Microwave drying is not recommended because studies have shown that microwave drying can increase variability between P-XRF data and confirmatory analysis and because metal fragments in the sample can cause arcing to occur in a microwave (U.S. EPA, 1998a).
Physical matrix effects
As mentioned in U.S. EPA 6200 (U.S. EPA, 2007), the variation of physical character of the soil samples may also impair the results when using P-XRF analysis. The following parameters, such as particle size, uniformity, heterogeneity, and surface condition, may contribute to this variation. For example, the elements’ concentrations measured by the P-XRF will vary depending on how fine particles are distributed within the sample container. If the sample is not mixed well, the measured metal concentrations by P-XRF pointing at the bottom of the container where the fine particles gather together might be higher than at the top of the container where the coarser-grained particles stay (U.S. EPA, 2007). This variation is possibly to be reduced by grinding and sieving soil samples to a uniform particle size thus reducing the sample-to-sample particle size variability.
Homogeneity is always a concern when dealing with soil samples as studies have shown heterogeneity of the sample generally has the largest impact on comparability with confirmatory samples (Argyraki et al., 1997; U.S. EPA, 2007). Before using P-XRF to make analysis, efforts, such as thoroughly mixing and homogenization of soil samples, should be made.
It should be mentioned, when P-XRF is used for soil screening, where the matrix may not be well characterized, the main interests are the determination of highly contaminated areas and the establishment of remediation boundaries, so that high measurement accuracy is not required (Eppler et al., 1996).
Sample placement
Sample placement is another potential source of error because the X-ray signal decreases as the distance from the excitation sources increases (Kalnicky and Singhvi, 2001). Maintaining the same source to sample distance for all measurements may minimize this error (U.S. EPA, 1998a; Kalnicky and Singhvi, 2001). When performing the measurement using P-XRF, the probe surface should be parallel to the sample surface, which must be flat. The proper way is to place a flat compacted soil surface against the probe’s sample presentation plane, achieving maximum surface contact between the sample and probe.
The effect of sample containers
When using the P-XRF for soil screening, the effect of sample containers should be taken into consideration. When analyzing soil in sample container, it needs to assure that the sample is effectively infinitely thick. The composition and thickness of sample containers may affect absorption of light element X-ray lines (line spectrum), which in turns affects results from P-XRF based results (Kalnicky and Singhvi, 1992). It should be mentioned that all containers should have uniform thickness (thin layer) and composition, and the thickness should be same.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]1.3.3.4 Instrument detection limit
[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK7]In analytical chemistry, the detection limits (DLs) is the lowest concentration of a chemical that can be detected by an instrument without correction for the effects of a sample matrix or method-specific parameters (MacDougall and Crummett, 1980). Several methods can be used to calculate the DLs for P-XRF analysis. A widely accepted equation used for calculation of DLs is DL = 3×S.D. (Thomsen et al., 2003). Here, S.D. is the standard deviations for the replicates, and the Student’s t-factor is approximately equal to three. 
Kalnicky and Singhvi (2001) stated that the P-XRF DLs are dependent on analysis time; longer times provide lower DLs. The U.S. EPA Environmental Technology Verification (ETV) program evaluated seven portable XRF analyzers and found the precision-based detection limits ranged from 30 to 165 mg kg-1 in soil, and the relative standard deviations (RS.D.) at 5 to 10 times the detection limit were less than 10% (U.S. EPA, 1998b). Innovative X-ray Technological Team (2003) analyzed two of the most common elements, lead and arsenic, in soil samples. It was found that both elements are excellent candidates for portable XRF analysis due to the high accuracy achievable, and the low detection limits. Interference-free DLs for Pb and As are 13 and 7 ppm (2-minute test time) respectively. In most cases, the field XRF cannot provide the low detection limits attained by conventional laboratory method, however it can often provide detection limits well below regulatory levels. For instance, it is very easy for a portable XRF to provide detection limits for lead-in-soil of less than 100 mg kg-1, which is well below typical regulatory levels of 300 to 1500 mg kg-1 (Shefsky, 1995; Swift, 1995; Shefsky, 1997).
[bookmark: _Toc302461212][bookmark: _Toc302553865][bookmark: _Toc308438777]1.3.4 Bioavailability of metals
[bookmark: _Toc275458552][bookmark: _Toc293310942][bookmark: _Toc302461213]The distribution and abundance of total metal concentrations are useful indicators of the extent of soil contamination (Tokalioglu et al., 2000), but as the hazards from metals depends on their bioavailability (Prokop et al., 2003; van Gestel, 2008), total concentrations fail to provide sufficient information regarding their potential environmental impacts (Hobbelen et al., 2004; Bhattacharyya et al., 2008), and are not a very useful tool to determine potential hazards from contaminated soil and sediments (Rieuwerts et al., 1998). The incorporation of site-specific bioavailability into the hazard assessment process may help to reduce the uncertainty in determining contaminant hazard and to better understand the sources and nature of the pollution.
The bioavailable fraction is defined as the proportion of the total quantity of an element present in a specific compartment of the environment, that within a given time span, is either available or can become available for uptake and accumulation by organisms either directly from the surrounding environment or by ingestion (e.g. dust) (Peijnenburg and Jager, 2003; Peijnenburg et al., 2007). In Practice, the evaluation of potential bioavailability of elements in soil samples is primarily based on the use of leaching or extraction techniques. Both single and sequential extraction procedures are frequently employed approaches (Quevauviller et al., 1994; Maiz et al., 2000; Silveira et al., 2006, Anju et al., 2010). Single step extraction procedure mainly uses a number of different reagents to extract all or part of the element from soil to identify the “bioavailable” fraction (Rauret, 1998; Tokalioglu et al., 2004; Zemberyová et al., 2007; Alvarenga et al., 2008). This method is relatively easy to measure the labile or bioavailable forms of elements which are essential for establishing appropriate environmental policies (Quevauviller, 1998; U.S. National Research Council, 2003). Considerable single extractants are available to facilitate the measurement of potential bioavailable contents of metals in soil, e.g. Ethylene-diamine-tetra-acetic acid (EDTA), NH4OAc, NaNO3, CaCl2, KNO3, NH4NO3 etc. Among them, EDTA seems to be one of the most frequently used extractants. EDTA is a chelating agent, which has a strong ability to extract the readily available cations of elements in soils (Zemberyová et al., 2007). This agent combines with free metal ions in solution forming soluble complexes (Zemberyová et al., 2007) and it is assumed to have the ability to extract both trace metals bound or associated with carbonate phases as well as those associated with organic matter (Ure, 1991; Quevauviller et al., 1998). Some researchers regarded EDTA as the best chelating agents, because it offers the most favorable combination of stability constants for the complexion of the studied elements (Han et al., 2007). Therefore, EDTA has been extensively used as an extractant for determination of potentially bioavailable metals (Manouchehri et al., 2006; Jamali et al., 2009). Furthermore, it has been recommended by the “Measurement and Testing Program” of the European Community (EC) for determining the extractable or mobile fraction of metals from soils and sediments (Ure et al., 1993; Cajuste and Laird, 2000). In addition, some studies have found the EDTA-extractable metals concentration correlates closely with the concentration of metals available for uptake by vegetation (e.g. grass) (Aslibekian and Moles, 2003). Thus, in our study, the EDTA was employed to evaluate potentially bioavailable metal concentration in soil, which could be recommended as indicative values for metal contaminations.
It should be mentioned that not all the metals present in soil are biologically available. Their bioavailability is influenced by many factors, particularly pH, organic matter, temperature, redox potential, cation exchange capacity of the solid phase, competition with other metal ions, ligation by anions and composition and quality of the soil solution (Aslibekian and Moles, 2003; Silveira et al., 2003; Srinivasa Gowd et al., 2010). The rate of metal transformation from soil to vegetation also depends on vegetation type and metal type (Alloway, 1995). Metals may become bioavailable through direct soil or dust digestion by organisms. For instance, the amount of soil which may be consumed by cattle may reach up to 10% by weight of total grazing intake (Thornton and Abrahams, 1983). Metal re-mobilization under conditions similar to those in an animal stomach may reach 60–70% of the total metal concentration in soil. As a result human or animal health may be damaged.
[bookmark: _Toc302553866][bookmark: _Toc308438778]1.4 Spatial statistics and GIS
The characterization of the spatial variability of soil attributes is essential to achieve a better understanding of the complex relations between soil properties, environmental factors and land use (Goovaerts, 1999). The problems associated with the characterization of metals in the majority of sites are often due to multiple sources of pollution which can act on different scales (Rodríguez et al., 2008). These have caused extremely strong spatial heterogeneity in both horizontal and vertical directions of urban soil pollution. Theoretically variation of pollutants in urban soils can be attributed to factors at various spatial scales, making hazard assessment of the pollution a challenging task. Meanwhile, there is a lack of a consistent framework for urban geochemical studies, e.g. sampling design and sampling depth, due to the lack of studies on the variation of pollutants in urban soils. In addition, studying the spatial variation of metal pollution can help decision-makers in identifying locations where remediation efforts should be focused (Lin, 2002; Dao et al., 2010). To describe these spatial patterns, mapping based on GIS and geostatistical methods are useful approaches. 
As mentioned before, Ireland has been regarded as a relatively pristine environment with little industrial pollution. However, it was found, that with the economic boom (“Celtic Tiger”) in recent years, traffic pollution has become the primary air pollution source in Ireland (EPA, 2004). Meanwhile, historical and hidden pollution sources also need to be identified. Using GIS and geostatistical techniques may offer the possibility to identify these sources.
Over the last 30 years, geostatistics has been successfully applied in soil science (McGrath et al., 2004). It is based on the theory of a regionalized variable (Matheron, 1963), which is distributed in space (with spatial coordinate) and shows spatial auto-correlation such that samples close together in space are more alike than those that are further apart (Shi et al., 2007; Haining, 2009).
GIS is widely used to represent the spatial distribution of metals in soils (Lee et al., 2006; Zhang, 2006; Davis et al., 2009). Once the data is collected, it can then be mapped to show how certain metals differ spatially with the aid of GIS. Comparing to other software tools, GIS has the advantage of a wealth of inbuilt functionality and the possibility of using user-defined functions to analyze and display data (Carr and Zhang, 2007). Therefore, in our studies spatial statistical analysis together with GIS will be applied to study the spatial variations of metal in urban soils. 
[bookmark: _Toc275458553][bookmark: _Toc293310943]When carrying out spatial analysis, many questions may be encountered, such as probability distribution, the existence of global and spatial outliers, the identification of pollution sources, and spatial structure of metals, the choice of proper interpolation as well as hazard assessment. These problems will be discussed in detail in Chapter 2.
[bookmark: _Toc302461214][bookmark: _Toc302553867][bookmark: _Toc308438779]1.5 Uncertainty of measurements
[bookmark: _Toc302461215][bookmark: OLE_LINK4]When evaluating and interpreting data from a contaminated land site, the uncertainty of measurements can have profound effects on the realistic assessment of the extent of the contamination. It demonstrates how well the results represent the value of the quantity being measured.
[bookmark: _Toc302553868][bookmark: _Toc308438780]1.5.1 Definition of uncertainty
Uncertainty of measurement is defined by the International Standards Organization (1993) as ‘the parameter, associated with the result of a measurement that characterizes the dispersion of the values that could reasonably be attributed to a measured quantity’. It can also be easily understood as the uncertainty that may exist about the result of any measurement (Bell, 2001).
Error and uncertainty are commonly used interchangeably. However, it is important to distinguish between them. Following the International Guidelines for calculating and expressing uncertainty in measurements (JCGM 100, 2008), error is defined as the difference between an individual result and the true value of the measurement. However, the true value can never be known, thus the error is also remains unknown. To express the result of a measurement with clear meaning, it is incorrect to use the measured value alone. For example, it is not correct to say, that ‘the Pb concentration in one soil sample is 200 mg kg-1 with an unknown error’. It is much more helpful to include and provide an indication, which can demonstrate how precise and biased the result actually is. Thus, the result of a measurement contains two essential components, e.g. a measurement value = best estimate of value  uncertainty (JCGM 100, 2008). As shown in the above equation, the first component is a numerical value, which gives the best estimate possible of the quantity measured. And the second component is the degree of uncertainty, which is associated with this estimated value. This parameter can characterize the range of values within which the measured values can be said to exist within a specified level of confidence (NDT Resource Centre, 2011). For example, the Pb concentration of a soil sample is measured as 200 +/- 15 mg kg-1. This result indicates the Pb concentration in a soil sample is closest to 200 mg kg-1, but it could be between 185 or 215 mg kg-1. The uncertainty is a quantitative indication of the quality of the result (European Co-operation for Accreditation (EA), 2003). It can answer the question, "how well does the result represent the value of the quantity being measured?"
[bookmark: _Toc302407104][bookmark: _Toc302553869][bookmark: _Toc308438781]1.5.2 The sources of uncertainty
Uncertainties are unavoidable in any measurement. In practice the uncertainty on the results stem from many possible sources. In a simplified approach, the total uncertainty could be defined as the sum of uncertainties incurred during sampling, sample preparation, chemical and statistical analysis (Theocharopoulos et al., 2001).

1.5.2.1 Sampling uncertainty
The uncertainties can be introduced during any analysis and sample handling process (Gustavsson et al., 2006). The sources of uncertainty from analyses are well studied, but less focus has been placed on sample handling. Compared to the analysis process, the sampling process can introduce larger uncertainty (Gustavsson et al., 2006). Recent evidence indicated that uncertainty generated by the sampling phase can be greater than 50% of the concentration value (Taylor and Ramsey, 2006). Table 1.3 lists some sources of uncertainty in sampling and sample preparation (Grøn et al., 2007).
[bookmark: _Toc308439075]Table 1. 3 Potential sources of uncertainty in sampling and sample preparation (Grøn et al., 2007)
	Sampling
	Sample preparation

	Heterogeneity (e.g. distribution; density variation; Size variation)
Sampling strategy (e.g. random, stratified random, proportional, sample size, number of samples)
Sampling equipment (e.g. operator, contamination)
Particle size and shape
Transport and preservation (e.g. temperature, humidity, type of container)
	Homogenization and/or sub-sampling effects  
Drying
Milling
Dissolution
Extraction
Contamination
Dilution errors




Among the above mentioned sources, the heterogeneity of samples is possibly the most important cause of measurement uncertainty and sample duplicates can be used to minimize this uncertainty (Taylor et al., 2005).
1.5.2.2 Analytical uncertainty
It has become evident that using more precise analytical methods will obtain more reliable data (i.e. lower uncertainty), upon which to make subsequent decisions. However, recent evidence indicated that the precision of ‘very different’ analytical methods contributed no more than 5% of the total measurement variation due to the limiting effect of contaminant heterogeneity within the topsoil (Crumbling et al., 2003; Taylor and Ramsey, 2006). 
The analytical uncertainty during environmental analysis is caused by many factors, such as the analyst’s skill, method bias, instrument variation, environmental effects, sample preparation, loss or contamination, calibration standards (CITAC, 2002). 
[bookmark: _Toc302407105][bookmark: _Toc302553870][bookmark: _Toc308438782]1.5.3 Quantify the sampling uncertainty and analytical uncertainty
Various methods are available for estimation of the measurement uncertainty introduced by sampling and sample preparation techniques. These methods vary in complexity, practicality and cost (Ramsey and Argyraki, 1997). Among these methods, the implementation of the ‘duplicate method’ at some sampling locations is probably the simplest and least expensive method (Taylor and Ramsey, 2006). This method is also referred to as “top down”, which essentially estimates the uncertainty by gathering replicate samples, either by one person sampling with the sample protocol, or with several samplers applying one or several protocols (Ramsey and Argyraki, 1997). Details of the uncertainty analyses are beyond the scope of this study, but will be considered in the future.
[bookmark: _Toc302461218][bookmark: _Toc302553871][bookmark: _Toc308438783]1.6 Aims and objectives of study
This study aims to characterize variation in urban soil pollution in order to aid the development of a hazard assessment framework for metal pollution in urban soils. 
The objectives of this study are:
To investigate the current state of environmental quality of soils regarding to the metal pollution in four urban parks, such as Newcastle roadside sports ground, Rahoon bonfire site, South Park sports ground and Phoenix Park.
To identify possible geochemical pollutants, their spatial patterns and possible pollution sources using conventional statistics, geostatistics and GIS techniques.
To describe and understand the spatial variability of soil metals and to produce estimated pollution maps as well as hazard assessment maps using different soil hazard indices.
To investigate the performance of the P-XRF, e.g. precision and bias, on determination of metal concentrations (total concentrations) in soil samples. 
To determine the potential bioavailable metal concentrations (EDTA-extracted) of soils in South Park sports ground. Furthermore, whether the bioavailable concentrations (BCs) of metals display similar spatial patterns with their corresponding total concentrations (TCs) will be examined.
To check whether an exponential model is applicable for metal concentrations in soil decay with distance from road in Phoenix Park.
Finally, it is hoped that this study could provide scientific evidences for decision-making regarding urban park management.



[bookmark: _Toc302469685][bookmark: _Toc293310944][bookmark: _Toc275458554][bookmark: _Toc308438784]Chapter 2 Research Design and methodology
[bookmark: _Toc275458555][bookmark: _Toc293310945][bookmark: _Toc302469686][bookmark: _Toc308438785]2.1 Study area description
Four typical sites were chosen to study the spatial variation of metals in urban soils from Galway and Dublin, Ireland (Figure 2.1). One is a roadside sports ground (Newcastle, Galway), a bonfire site (Rahoon, Galway), an old land-fill site now a sports ground (South Park, Galway). An additional site is a recreational park, Phoenix Park, in Dublin city.

[bookmark: _Toc308439018]Figure 2. 1 Location of the sampling sites (on the background image from Microsoft Virtual Earth)
[bookmark: _Toc302469687][bookmark: _Toc308438786]2.1.1 Newcastle sports ground, Galway
[bookmark: _Toc276091814]There are a large number of urban parks and recreational areas in Irish cities, and most of them are located close to major roads, where they are subject to many potential pollution sources, especially traffic emission. Few studies have been carried out on metal pollution in these areas. Therefore, the hypothesis is that these roadside parks and sports grounds may be contaminated to some extent. 
In this case, the sports ground is located along a T-junction of a national road (N59) and a local road (Siobhan McKenna Rd). The traffic on both roads is quite busy. The distance between the sports ground and road is very short, and there aren't any shelters against the traffic pollution on the southern side. Therefore, it is speculated the study area might be contaminated. Furthermore, the sports ground is surrounded by residential areas which contain two schools, thus it is one of the most frequently visited sports ground by local residents, especially children. As previously mentioned, the potentially contaminated soils may pose a threat to the health of those who use this amenity, especially to children. Thus, it is important to quantify metal levels in this sports ground. Meanwhile, the location of this site is another consideration, as it is very close to the University which facilitates soil sample processing and sample transportation.
[bookmark: _Toc302469688][bookmark: _Toc308438787]2.1.2 Rahoon bonfire site, Galway
The second sampling site is a green space, located in a residential area west of the city centre, Galway, Ireland. A large bonfire is ignited in this area on an annual basis on each Halloween Eve. Prior to the Halloween Eve, 2008 and 2009, the author made preliminary investigations. During these investigations, it was found that several big bonfires were built in this site. The shortest distance from the bonfire to the closest residential house is within 20m. In addition to woods and straw, large amounts of household wastes were burned in the bonfire, including cables (like telephone wires), batteries and tyres. On the second morning after the Halloween, 2008 and 2009, we revisited this site. Many wastes were observed on the site, such as mattress, washing machines, electro-thermal furnace. The list of burned materials is detailed in Section 3.2.6. The burning of such materials not only creates an unpleasant smell but also probably produce a range of poisonous compounds such as toxic metals and other pollutants. Moreover this site is an enclosed area except for the entrance located in the southeast, indicating majority of the bonfire emissions may stay in this area and then possibly pose threats to the local residents. Furthermore, a functional approach to risk assessment of contaminated sites takes into account potential soil reuse, with target concentrations set for garden soil < playground soil < green field soil < industrial areas (Aslibekian and Moles, 2003). This sampling site can be regarded as ‘garden soil’ as the only green space of this residential zone. This site is frequently visited by local children and pets, thus the potential pollution and children’s exposure to metals in this site is of concern. Based on the investigation, the bonfire is probably the primary source of metal pollution in this site. The traffic is probably another contributor to the metal pollution as the study area is surrounded on three sides by local roads.
[bookmark: _Toc276091815][bookmark: _Toc302469689][bookmark: _Toc308438788]2.1.3 South Park sports ground, Galway
[bookmark: _Toc276091816]South Park sports ground, located in the Claddagh, close to Galway City centre was chosen as the third sampling site. South Park is approximately 12.2 hectares in size and is used primarily for sporting activities, walkways and it has a children’s playground. It is adjacent to Galway Bay, and the River Corrib is located north of the site. Traditionally the area was referred to as ‘The Swamp’ by the local residents (Galway City Tribune, 2009) and this term is still often used today in place of its more formal name. In the past, the Claddagh was a small fishing village on the outskirts of Galway city (Galway Civic Trust, 2003). It is regarded as being one of the oldest former fishing villages in Ireland with fish being the main export. However, by the late 1850s the Claddagh started to deteriorate. In 1927, it was classed as “an unhealthy area within the meaning of the Act; compulsory purchase order was served in 1929; and 1934 most of traditional style thatched housed had been demolished” (Spellissy, 1999). 
The area continued to be used as a dumping site for Galway City up until the 1960’s. Numerous wastes were deposited in the dumping site, including municipal, hospital and industrial waste (Carr and Zhang, 2007). Figure 2.2 and 2.3 shows evidence of waste materials from two deeper holes, which were dug during investigation on the site (Carr and Zhang, 2007). In Figure 2.2, the bottles are thought to be old medicine bottles, and in Figure 2.3 the bone is thought to be that of a horse. This indicates the extent to which this site was used many years ago as a dumping site. 

[bookmark: _Toc308439019]Figure 2. 2 Waste materials from a deeper hole in South Park (Carr and Zhang, 2007)

[bookmark: _Toc308439020]Figure 2. 3 Large hole dug in South Park (Carr and Zhang, 2007)
In 2006, Dr Zhang and his research group completed an extensive study of the soil at South Park and reported the findings to Irish EPA, which subsequently led to Galway City Council closing it off to the public. Eventually some of the park was reopened but the playing pitch, used by city schools and football clubs, remains closed currently (Bernie, 2011). Capping has been recommended by the city officials and endorsed by the Environmental Protection Agency, but is proving to be a major bone of contention among local residents and councilors, owing to the flooding fears (Galway Independent, 2007).
In 2006, a detailed study was carried out by Carr et al. (2008). A portable X-ray fluorescence (P-XRF) analyser was used to obtain rapid in-situ elemental analyses of topsoil in South Park. The results indicated that the surface soils are enriched with metals with maximum values as high as Pb 10297 mg kg-1, Zn 24716 mg kg-1, Cu 2224 mg kg-1 and As 744 mg kg-1, which all far exceeded the Dutch Intervention values. However, these previous studies in the sports ground focused on the total metal concentrations only. The incorporation of site-specific bioavailability into the hazard assessment process may help to reduce the uncertainty in determining contaminant risk and to better understand the sources and nature of the pollution. 
[bookmark: _Toc302469690][bookmark: _Toc308438789]2.1.4 Phoenix Park, Dublin
The Phoenix Park, the fourth sampling site in this study, with an area of 707 hectares, is one of the largest enclosed recreational parks within European capital cities. It provides a setting for a range of activities and amenities and acts as a location for a number of important public institutions and residences (OPW, 2009). A herd of Fallow deer has lived in the park since the 1660s. Many mammals and birds are living in the park, and a wide range of wildlife habitats can be found in the park. The Park is a complex place comprising many components that serve a variety of functions (OPW, 2009). It is used by large numbers of people. The park lies between the city centre and the major developments of the Blanchards town area. This has led to greater traffic through the park. Furthermore, increased development and traffic congestion throughout the surrounding areas has led to an increased pattern of north-south orbital vehicle traffic through the Park via the side gates. As a result, The Phoenix Park at present caters for an average 25,000 vehicles per day, the majority of which are merely passing through (OPW, 2009). The extent of through traffic also has a negative impact on the overall environmental quality of the park, including the roadside soils. Roadside soils are important reservoir for contaminants from vehicle sources, which could easily come in contact with pedestrians and wildlife, e.g. the Fallow deer, residing within the vicinity of the roads either by suspended dust or by direct contact. 
The sampling site we selected is located in the northwest of the Park. The site is rotated along the primary internal road, Chesterfield Ave, with large volumes of traffic. Based on the preliminary investigation, it was assumed that traffic emission is the only potential pollution source for the surface soil in the sampling site. There are no other known evident major pollution sources at this site. Therefore, this site is ideal to study the relationship between metals and distance from the road based on the highly densified samples.
[bookmark: _Toc275458556][bookmark: _Toc293310946][bookmark: _Toc302469691][bookmark: _Toc308438790]2.2 The bedrock and geology, soil map description of Galway
[bookmark: bbib29]Galway is an urban centre located along the west coast of Ireland with a population of approximately 80,000. It is a small but rapidly growing city, which is a large tourist attraction with little heavy industry and few pollution sources. The main sources of pollution in the city include traffic and burning of peat and coal for domestic heating (Zhang, 2006).
[bookmark: bbib7]The bedrock geology of Galway comprises metamorphic, igneous and sedimentary rocks which are covered by a relatively thin layer of recent (< 1 million years old) glacial sand and gravel depositsCoats and Wilson, 1971)., , The bedrock of the west Galway region is comprised of metamorphic and igneous rocks, while to the east of the city is carboniferous limestone, and in between the bedrock geology of the inner city is amphibolites and granite gneiss (Fay and Zhang, 2007). Granite gneiss has light grey color and is essentially banded granite (Carr and Zhang, 2007). Based on the simplified rock type map, the three sampling sites (Newcastle sports ground, Rahoon bonfire site and South Park sports ground) are underlain by granite (Figure 2.4 and 2.5). However, the Phoenix Park is situated on limestone bedrock (Figure 2.4 and 2.6). Limestone has naturally lower concentrations of metals (Zhang, 2006).

[bookmark: _Toc275873167][bookmark: _Toc308439021]Figure 2.4 Simplified bedrock geology map of Ireland (Fay and Zhang, 2007)
 (
Data source: OSI
)
[bookmark: _Toc308439022][bookmark: _Toc302469692]Figure 2. 5 Sampling sites in Galway based on simplified bedrock geology map
 (
Data source:
 OSI
)
[bookmark: _Toc308439023]Figure 2. 6 Sampling sites in Phoenix Park, Dublin, based on simplified bedrock geology map
[bookmark: _Toc308438791]2.3 Soil sampling and sample analysis
Soil sampling and sample analysis are critical steps for obtaining accurate results in the analysis of metals in urban soil studies. Based on our objectives and literature review, an analytical protocol was designed (Figure 2.7) for this study.

[bookmark: _Toc308439024]Figure 2. 7 A protocol for soil sampling and analysis used in this study
[bookmark: _Toc302469693][bookmark: _Toc308438792]2.3.1 Soil sampling
2.3.1.1 Composite sampling
In our study, the composite sampling method was also employed to minimize the influence of heterogeneity (i.e. within sampling location) of the contaminants. However, due to the utilization of different samplers in different sampling site, the numbers of increments were varied. The sampler used in the first sampling site, Newcastle sports ground, was manufactured by TEAGASC, Ireland, with the diameter of 1 cm (Figure 2.8). Because of its small diameter, small amount of soil sample could be collected each time. Therefore, 70 – 120 cores of samples were taken within 1 m2 (Figure 2.9). For other sampling sites, a different soil sampler was used. This sampler was bought from BMS product. The sampler is a robust shovel type sampler (Figure 2.10), which is slightly tapered to give a clean cut minimal disturbance. The blade is easily removed to allow examination of the profile. The plug can be replaced with minimal surface disturbance. It has the ability to take larger amounts of soils; therefore, five cores were designed within a meter at each location (Figure 2.11). This sampler is time saving and easily operated. It usually takes 30 – 45 seconds to take 5 increments at a location.

[bookmark: _Toc308439025]Figure 2. 8 Soil sampler used in Newcastle sports ground, Galway

[bookmark: _Toc308439026]Figure 2. 9 Soil cores within 1×1 m area in Newcastle sports ground

[bookmark: _Toc308439027]Figure 2. 10 Soil sampler used in Rahoon bonfire site, South Park sports ground and Phoenix Park


[bookmark: _Toc308439028]Figure 2. 11 Five soil cores within 1×1 m areas in Rahoon bonfire site, South Park sports ground and Phoenix Park
2.3.1.2 Soil sampling in Newcastle sports ground
The Newcastle sports ground was selected to investigate the metal pollution level in roadside soils induced by the traffic emission. The sampling site extended 200 m in the E-W direction and 190 m in the N-S direction with an area of about 30,000 m2.
An intensive investigation for soils of this sports ground was conducted during May and June, 2008. A total of 294 sampling locations were predetermined on the Irish National Grid. A grid system at an interval of 10 m (Figure 2.12) was employed. Locations were determined using OSI map assisted by a global positioning system (GPS). Centre points of each location were made visible using the sticks supplied.
At the sampling locations, 70 – 120 soil cores were randomly taken to a depth of 10 cm within 1 m2 on a grid measuring 10 m × 10 m. The mini-grid approach was chosen in order to minimize the variation at each site. The sampler used in this sports ground was manufactured by TEAGASC. Cores were combined and the resulting composite sample weighed approximately 1 kg.
The samples were placed in clear polythene bags, which were clearly labeled using a marker pen. All samples were returned to Geography Department, NUI Galway, on the same day. 

[bookmark: _Toc308439029]Figure 2. 12 Soil sampling locations in Newcastle Sports Ground, Galway (on the background image from Microsoft Virtual Earth)
[bookmark: _Toc276091819]2.3.1.2 Soil sampling at a traditional bonfire site, Rahoon, Galway
The green field located in Corrach Bui, Rahoon, Galway, was selected to study the potential metal pollution related to bonfires, which were lit almost each Halloween night. The sampling site extended 85 m in the E-W direction and 50 m in the N-S direction with an area of about 3,350 m2.
The soil sampling process on this site was conducted during October, 2008. A total of 218 sampling locations were predetermined at fixed locations. A grid system at an interval of 4 m (Figure 2.13) was employed. Centre points of each location were made visible using the sticks supplied. At each sampling location, 5 soil cores were taken to a depth of 10 cm within 1 m2. All soil cores were combined and the resulting composite sample weighed approximately 1 kg. The sampler used in this site was manufactured by BMS product, United Kingdom.
The samples were placed in clear polythene bags, which were clearly labeled using a felt pen. All samples were returned to Geography Department, NUI Galway, in the same day.

[bookmark: _Toc308439030]Figure 2. 13 Soil sampling locations in a traditional bonfire site, Rahoon, Galway (on the background image from Microsoft Virtual Earth)
2.3.1.3 Soil sampling in South Park, Galway
In order to study the spatial variation of metal bioavailability in surface soils, a total of 200 soil samples were collected on a grid system at intervals of 20 m in April, 2009 in South Park, Galway. The coordinates for the samples in this site are consistent with the previous sampling locations used by Carr et al. (2008) in June 2006. In order to ensure the accuracy of the sampling locations, a differential GPS was used to find the positions of all locations. On the border areas when sampling positions on the grid were close to paths or walls, an alternative sampling position nearby was selected (Figure 2.14).
The soil samples were taken from the surface (0 - 10 cm) using a stainless steel sampler. The sampler used in this site is the same as the one used in the Bonfire site. Each sample at a location was a composite sample, consisting of 5 soil cores (about 1 kg total weight), taken from 1×1 m areas at the centre and four corners. Any grass, debris or litters were removed, and all soils were placed in clean plastic bags and thoroughly mixed, and sent to Geography Department, NUI Galway.

[bookmark: _Toc308439031]Figure 2. 14 Soil sampling locations in South Park sports ground, Galway (on the background image from Microsoft Virtual Earth)

2.3.1.4 Soil sampling in Phoenix Park, Dublin
In order to study the relationship between metal distributions and distance from the road, detailed soil sampling was carried out along the main traffic route in Phoenix Park. A total of 225 sampling sites were predetermined. A grid system with an interval of 5 m was designed (Figure 2.15). In January 2010, the location of each sample was determined using measuring tapes on site, and a total of 225 soil samples were collected. At each sampling location, 5 soil cores were taken from 1×1 m areas from 0-10 cm surface soil, and mixed to obtain a composite sample. All samples were carefully labeled and sent to the laboratory within one week.

[bookmark: _Toc308439032]Figure 2. 15 Sketch map showing soil sampling locations in Phoenix Park, Dublin
[bookmark: _Toc302469694][bookmark: _Toc308438793]2.3.2 Archiving of samples
A total of 937 soils have been stored in 1-l clear polythene bags in the laboratory at NUI, Galway. The soils have been marked with an identification number on the outside of the bags. Several copies of the data have been produced and are stored in different computers at NUI Galway.
[bookmark: _Toc302469695][bookmark: _Toc308438794][bookmark: _Toc276091822]2.3.3 Laboratory analyses of metals in soil samples
2.3.3.1 Preparation of soil samples after arrival
Soil samples from Newcastle sports ground were sent to OMAC Laboratories, Loughrea, County Galway, for oven drying at 40 °C (Dao et al., 2010). The rest of soil samples were placed in labeled bags, crumbled gently and spread thinly on paper for air drying at room temperature in the laboratory. After the drying process, soil samples were sieved to remove stones and plant debris, and mixed thoroughly to obtain a representative sample. Soil samples were rolled manually with a steel roller and then sieved through a mechanically vibrating 2-mm stainless steel mesh.
For the soil samples from Newcastle sports ground and Rahoon bonfire site, 30 samples were randomly selected from each site. The following steps were conducted for these selected samples. Before carrying out the digestion procedures, the classical cone and quarter technique was applied to split the soil sample (Figure 2.16). 
Several techniques are available to split soil sample (or homogenization), namely, grinding and sieving, riffle splitting (open- and closed-bin), and cone and quartering. Some studies have been conducted to compare the effectiveness of these homogenization techniques, for instance, Mullins and Hutchison (1982), Schumacher et al. (1990). These authors did note, however, that the best and worst methods were only significantly different at the 10 percent level. And some studies, e.g. Müller (1967), Raab et al. (1990), have proved the classical cone and quarter technique is the most easily operated splitting method, and it is most successful in the field for sample processing of larger sample sizes. Therefore, this splitting method was also employed in our study. However, care should be given to the uncertainty of this method induced. Several sources of potential errors for this method have been recognized, such as unequal segregation of heavier materials, dusting, and inability to recollect all the soil from the underlying material, the ability of the sample to “cling” to the underlying material via static charges, and sample embedment (Van Johnson and Maxwell, 1981).  

[bookmark: _Toc308439033]Figure 2. 16 Cone and quarter technique to split soil sample (Schumacher et al., 1990) 
After splitting the soil samples, half of each sample was finely ground in an agate mortar and pestle and passed through a 0.1 mm nylon mesh. To avoid cross-contamination, all devices were thoroughly cleaned after each sample was processed. The remaining soil samples were retained.
[bookmark: _Toc276091823]The sampling sites were selected in consultation with the student’s supervisor Dr. Chaosheng Zhang. The design of sampling patterns, collection of samples and preparation of soil samples were carried out by Ligang Dao with the aid of Ms. Na Ta, and partly with aid of Ms Nessa Golden.
2.3.3.2 The determination of total concentrations of metals
Owing to the different objectives and the availability of equipment for each sampling sites, the methods used to determine the total concentrations varied. For Newcastle sports ground, the four-acid (HF-HCl-HNO3-HClO4) digestion was employed, followed by ICP-OES analyses for determination of the near-total concentrations of elements. For the other three sites, the total concentrations of metals were firstly evaluated by a portable XRF as the analyzer became available. In order to make a comparison with conventional laboratory methods, a total of 30 soil samples were randomly selected from the bonfire site and another 30 samples from South Park sports ground and analyzed using the four-acid digestion plus ICP-OES method. For the Phoenix Park, the P-XRF method was merely used to assess the total metal concentrations, as the P-XRF method was confirmed reliable at that stage.
The above mentioned P-XRF determination processes were carried out in Geography Department, NUI, Galway, by Ligang Dao with the aid of Na Ta. The four-acid digestion and the ICP-OES analyses were conducted locally at a commercial laboratory (OMAC Laboratories, Loughrea, County Galway). 
2.3.3.3 Four-strong acid digestion
The detailed procedure used in this study is as follows. The milled soil samples of 0.2 g were spooned and mixed with concentrated HNO3 (2.5 ml) and HClO4 (5 ml), and heated gently on a hot plate for 3 h at a temperature of 120 °C. The temperature was gradually increased to 300°C until the liquid phase was evaporated. After cooling, 2.5 ml of HCl, 10 ml of HF and hot distilled water (90 °C, 20 ml) were added, and the mixture was heated up to just below boiling point for 3–5 min. The mixture was then filtered (No. 6 filter paper) and the volume of the filtrate were adjusted to 35 ml with hot distilled water. Salts were dissolved in 20% aqua regia and made up to 10 ml for ICP-OES analysis. 
The concentrations of metals in the final solutions were determined using ICP-OES (Varian Vista 735) analysis of chemical elements: Al, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Na, Ni, P, Pb, S, Sc, Sr, Th, Ti, V, Y and Zn.
ICP-OES is a type of emission spectroscopy that uses the inductively coupled plasma to produce excited atoms and ions that emit electromagnetic radiation at wavelengths characteristic of a particular element (Mermet, 2005; Stefánsson et al., 2007). The intensity of this emission is indicative of the concentration of the element within the sample. 
This method was employed for all soil samples in the first sampling site (Newcastle sports ground). For bonfire site and South Park sports ground, a total of 30 soil samples were randomly selected from each site and this method was also used to determine the metal concentrations for comparative purposes with the P-XRF method.
2.3.3.4 Portable XRF analysis
[bookmark: bib2][bookmark: bib3]As aforementioned, portable XRF technology has gained widespread acceptance in the environmental community owing to its valuable features, such as providing ‘real-time’ information, cost-effective, highly sensitive detectors. In this study, we also used P-XRF to determine metal concentrations in three sampling sites.
The handheld XRF analyzer used in this study was manufactured by Innov-X Systems (model - ALPHA Series TM). The P-XRF used in this study is isotope-free and delivers instant, accurate readings. It features a miniature X-ray tube and high-resolution detector. Engineered around the HP iPAQ pocket PC, the Alpha Series is user-friendly, flexible, and upgradeable and has a bright color display for easy viewing in all lighting conditions and a rear-facing LCD display. This analyzer provides fast, reliable, non-destructive screening (Innov-X Systems, 2005). The detailed specification of the P-XRF used in this study is listed in Table 2.1
This handheld XRF analyser meets US EPA method 6200 for determination of metals in soils, NIOSH method 7702 for lead in air filters (Innov-X Systems, 2005). It can be pre-calibrated for filters, coatings, Chromated Copper Arsenate (CCA)-treated wood and many other sample types. Although P-XRF can analyze undisturbed soils directly, if possible, the authors recommend a preparation protocol to reduce the uncertainty caused by sample morphology. Soil sample preparation, such as air drying, gently disaggregation and sieving, were carried out before using P-XRF in this study. The pre-treated soil samples were carefully transferred into plastic bags. Each sample has an average weight of 100 g. 
[bookmark: _Toc308439077]Table 2.1 Specification of the P-XRF used to determine the metal concentrations
	Specifications

	Excitation Source
	X-ray tube, W anode, 10-40 kV, 10-50 µA

	Detector
	Si PiN diode detector, <230 eV FWHM at 5.95 keV Mn K-alpha line.

	Temperature range
	-10°C to +50°C

	Operation
	Trigger or Start/Stop icon

	Power
	Li-ion batteries, rechargeable (charger included). Powers analyzer and iPAQ simultaneously. AC Adapter optional.

	Battery Life
	8 hours (typical duty cycle) using built-in, optional multiple battery pack

	Standard Elements
	Pb, Cr, Hg, Cd, Sb, Ti, Mn, Fe, Ni, Cu, Zn, Sn, Ag, As, Se, Ba, Co, Zr, Rb. Common additions: W, Br, Tl

	Display Screen
	Color, high resolution touch screen. Variable brightness provides easy viewing in all ambient lighting conditions.

	Data Display
	Concentrations in ppm, spectra, peak intensities (count rate) or User-specified units, depending on software mode selected.

	Memory, Data Storage
	128 Mb standard memories. 20,000 test results with spectra, upgrade to >100,000 with optional 1 Gb flash card

	Processor
	Intel 400 MHz Strong-Arm processor or higher

	Operating System
	Microsoft Windows CE (portable system) 

	Weight
	1.19 kg with batteries


(Innovative XRF Technologies, 2011)
[bookmark: _Toc276091824]When the P-XRF is initially turned on, the system performs an internal standardization using a standardization plate, which takes about 2 minutes. In order to carry out an analysis, the instrument is pointed at the surface of the test sample and the trigger is pressed, which initiates the elemental determination. Results are typically available in 6 seconds. The user interface and results are displayed on an integrated Personal Digital Assistant (PDA). In order to get stable results, the analysis time was set to 2 minutes in this study. The internal standardization was repeated after every 30 readings and the measurement for each sample was repeated three times.

2.3.3.5 Determination of metal bioavailability
EDTA has been used extensively as an extractant for potentially bioavailable metals (Jamali et al., 2009), and has been recommended by numerous authors for determining the extractable or mobile fraction of metals in soils and sediments (Cajuste and Laird, 2000; Jamali et al., 2007).
[bookmark: 0.1_OLE_LINK8]The chemical analysis of metal bioavailability in South Park soil samples were detailed as follows: all samples were air dried and sieved to pass through a 2 mm pore size sieve. The extraction was performed in 250 ml pre-cleaned borosilicate glass. All laboratory glassware were cleaned with 4 mol/l HNO3, rinsed with distilled water, cleaned with 0.05 mol/l EDTA and rinsed again with distilled water (Quevauviller, 1998).
Extractants were prepared according to the following procedure: 0.05 mol/l EDTA was prepared in a fume cupboard as an ammonium salt solution by adding 146±0.05 g of EDTA free acid to 800±20 ml distilled water and by partially dissolving and stirring in 130±5 ml of saturated ammonia solution (prepared by bubbling ammonia gas into distilled water). The addition of ammonia was continued until all the EDTA had dissolved. The obtained solution was filtered. For EDTA extraction; 5 g soil with 25 ml of 0.05 M EDTA solution was mechanically shaken for 1 h. The digested solution (without evaporation) was used for the estimation of the bioavailable metal fraction using ICP-OES. Details of the process for determining metal bioavailability using EDTA extractants are available in Quevauviller (1998).

[bookmark: _Toc302469696][bookmark: _Toc308438795]2.3.4 Quality control	
2.3.4.1 Quality control procedures for ICP-OES
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]The performance and calibration of the ICP-OES (Varian Vista 735) was ascertained through the analysis of reagent blanks, in-house standards and duplicate measurements (10% of the total number). The ICP-OES analyses were conducted in OMAC Laboratories in Loughrea, Co. Galway.
Reagent blanks
A reagent blank refers to a means of correcting for endogenous substances in the reagents used with the substance whose concentration is to be determined (Dashman and Blocker, 2005). All reagents should have negligible blank values, and typically the values should be very small that they do not affect test accuracy. 
[bookmark: OLE_LINK41][bookmark: OLE_LINK42]To measure the reagent blank, deionized water was used in place of the soil sample and the test was run as usual, adding reagents. For each of the three sites, above mentioned steps were repeated five times. The results for measurement of the reagent blank using ICP-OES were shown in Table 2.2.
[bookmark: _Toc308439078]Table 2.2 Results for measurement of the reagent blank using ICP-OES (Pb as an example, mg kg-1)
	
	Blank1
	Blank2
	Blank3
	Blank4
	Blank5

	Newcastle
	<3
	<3
	<3
	<3
	<3

	Rahoon bonfire
	<3
	<3
	<3
	<3
	<3

	South Park
	1.15
	0.42
	<0.04
	<0.04
	<0.04


The majority of the blanks were below the detection limits, except for two blanks for South Park sports ground. The detection limit for South Park analyses was much lower as the EDTA-extractable part was analyzed, instead of the near-total concentrations. The results have demonstrated that all reagents have negligible blank values, and these values are so small that they do not affect test accuracy.
[bookmark: OLE_LINK39][bookmark: OLE_LINK40]In-house standards
In order to provide independent assessment of the quality of analysis, the in-house standard, “ICP-4”, was included in ICP-OSE analyses for the soil samples from Newcastle sports ground, Rahoon bonfire site as well as South Park sports ground. Table 2.3 gives the measured values for ICP-4 for Cu, Pb and Zn, and their corresponding relative standard deviation (RS.D.) as well. RS.D. (%) is the absolute values of the coefficient of variation (Reimann, 2008). It is widely used in analytical chemistry to express the precision and repeatability of an assay. It is obtained by the following equation (Reimann, 2008): 
RS.D. = 100×S.D. /							(2.1)
[bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK47]Where S.D. is the standard deviation;  is average.
[bookmark: _Toc308439079]Table 2.3 Results of in-house standard analysis (unit: mg kg-1)
	
	Cu
	Pb
	Zn

	Newcastle sports ground (four acids digestion)
	ICP-4
	1903
	2022
	6321

	
	
	1937
	2011
	6305

	
	
	1923
	2036
	6392

	
	Average
	1921
	2023
	6339

	
	RS.D.
	0.87
	0.61
	0.73

	
	Certified value
	1920
	2030
	6350

	Rahoon bonfire site and South Park sports ground (four acids digestion)
	ICP-4
	1894
	2016
	6370

	
	
	1941
	2035
	6315

	
	Average
	1918
	2026
	6343

	
	RS.D.
	1.23
	0.47
	0.43

	
	Certified value
	1920
	2030
	6350

	South Park (EDTA extraction)
	ICP-4
	34.8
	150
	206

	
	
	44.0
	151
	209

	
	
	28.5
	155
	205

	
	Average
	35.8
	152
	207

	
	RS.D.
	21.8
	1.74
	1.01



The measurement for determination of near total metal concentrations for Rahoon bonfire site and South Park sports ground were carried out at the same time; therefore, the results for in-house-standard analysis were combined. Most of the measured values for ICP- 4, except for the EDTA extraction used for Cu on South Park site, showed good precision and repeatability with low relative standard deviations (i.e. < 2%).
Duplicate measurement
The accuracy of the ICP-OES technique was confirmed by the analysis of duplicates. Additional measurement was made for every 10th sample. These samples were subjected to the same digestion/extraction procedure and analyzed by ICP-OES. Those two measurements were denoted as ‘Measure1’ and ‘Measure2’. The absolute percentage difference (APD) was calculated using the following equation (Mélin et al., 2007):
APD = 					(2.2)
The results for absolute percentage difference of duplicate measurement for Cu, Pb and Zn in Newcastle sports and South Park sports ground are presented in Table 2.4.
[bookmark: _Toc308439080]Table 2.4 Absolute percentage difference (APD) between duplicate measurements by sampling sites (unit: % for APD)
	
	Newcastle Sports ground
	South Park sports ground

	
	Cu
	Pb
	Zn
	Cu
	Pb
	Zn

	Number of Samples
	294
	294
	294
	200
	200
	200

	Number of duplicates
	29
	29
	29
	20
	20
	20

	Percent duplicate
	9.86%
	9.86%
	9.86%
	10.0%
	10.0%
	10.0%

	APD
	Minimum
	0.04
	0.12
	0.04
	0.06
	0.24
	0.42

	
	Mean
	4.28
	3.24
	4.34
	3.34
	3.63
	4.10

	
	Median
	4.08
	3.06
	3.96
	2.74
	3.31
	2.58

	
	Maximum
	10.5
	7.29
	16.2
	10.1
	10.5
	18.1


[bookmark: _Toc301875827]It can be seen from Table 2.4 that the performance of the ICP-OES on determination of metal concentrations is quite good with most of the APD values lower than 10%. Few duplicate measurements showed relatively high APD values, which were due to the very low concentrations of their measurements. Samples with relatively higher metal concentrations, however, provide very small APD values. Therefore, the quality control in ICP-OES in this study is good enough.

2.3.4.2 Quality control procedures for P-XRF
Prior to using P-XRF to determine the metal concentrations in three sites, e.g. Rahoon bonfire site, South Park sports ground and Phoenix Park, the accuracy of the P-XRF technique was verified by the incorporation of soil certified reference materials (CRMs) in the analytical procedure. Three CRMs, Montana I (SRM2710, with highly elevated trace element concentrations), Montana II (SRM2711, with moderately elevated trace element) and San Joaquin (SRM2709, with baseline trace element concentrations), were bought from the National Institute of Standards & Technology, USA (NIST-SRMs) (Mackey et al., 2010). These materials have been used worldwide for quality assurance by a variety of laboratories involved in the determination of major, minor, and trace element content of soils and similar materials (Mackey et al., 2010).
[bookmark: _Toc308439081]Table 2.5 Element analysis of soil certified reference materials (averages ± standard deviation; n = 5 for the measured)
	Element
	Montana I
	Montana II
	San Joaquin

	
	Certified
	Measured
	Certified
	Measured
	Certified
	Measured

	Cu
	3420±50
	3281.8±60.4
	140±2
	122±6.7
	33.9±0.5
	30.5±0.6

	Pb
	5520±30
	5177.6±103.8
	1400±10
	1312.2±29.2
	17.3±0.1
	13.2±1.6

	Zn
	4180±150
	4142.2±71.7
	414±11
	363.0±11.4
	103±4
	84.8±1.9



Three CRMs obtained from the NIST-SRMs were directly measured using a P-XRF and the results were compared with the certified values. The measurements were repeated five times for each CRM. The averages and standard deviations were calculated and demonstrated in Table 2.5.
In Table 2.5, the standard deviations are quite small (comparing to their corresponding average values), indicating that the data points tend to be close to the mean. The trueness (i.e. lack of presence of bias) and the precision of the analytical method were also calculated based on the method proposed by Quevauviller (2006) and Maas et al. (2010). The bias (Δ) was calculated using the following equation:
Δ = x – μ									(2.3)
Where x is the mean of the P-XRF measured results of the certified materials for a given metal and μ is the certified value for this metal.
Then, the precision () of the results of our analyses on the reference materials was calculated by combining the two components of the precision (S.D.w, the within-laboratory standard deviation of the method and S.D.b, the between-laboratory standard deviation of the method) using the following equation (Peter et al., 2001):
								(2.4)
Where n is the number of replicate measurements made on the reference material.
Owing to the absence of inter-laboratory tests, therefore according to Walker and Lumley (1999), S.D.b was estimated as 2× S.D.w. Based on these documents, if Δ does not fall within limits of 2, the presence of bias is evidence.
The certified and measured concentrations for the reference materials, and analytical quality control parameters were presented in Table 2.6. The percent differences in metal concentrations between P-XRF measured and certified values were also included, which were calculated based on the following equation.
Percent difference = (P-XRF measured – Certified)/Certified × 100%		(2.5)

From the table, almost all soil metal concentrations were underestimated by P-XRF with all percent differences in negative values although there is no bias in measurement of Zn in Montana I. This is consistent with previous studies that have demonstrated that portable XRF analyzers have the potential to underestimate concentrations of some metals. For example, Shock et al., 2007 reported that the portable XRF appeared to have underestimated the amount of barium in the tundra soil samples. Similar observations were made by Shefsky (1997), Clark et al., (1999b), who found that P-XRF showed slightly negative bias versus reference laboratory method (AAS) on measurements of metals and the bias might be attributed to the size of sample particles. Radu and Daimond (2009) also suspected that the soil detection mode contributes to the bias especially for unusually high metal concentrations. 
[bookmark: _Toc303173568]
[bookmark: _Toc308439082]Table 2.6 Certified and measured metal concentrations (averages ± standard deviation; n = 5; in mg kg-1) in reference soil samples and parameters of analytical quality control
	Reference material
	Parameter
	Element

	
	
	Cu
	Pb
	Zn

	Montana I
	Certified
	3420±50
	5520±30
	4180±150

	
	Measured
	3281.8±60.4
	5177.6±103.8
	4142.2±71.7

	
	Percent difference
	-4.04%
	-6.20%
	-0.90%

	
	Δ
	-138.2
	-342.4
	-37.8

	
	-2σ/ +2σ 
	-123.8/123.8
	-212.7/212.7
	-146.9/146.9

	
	Bias
	Underestimation
	Underestimation
	None

	
	Recovery
	0.96
	0.94
	0.99

	Montana II
	Certified
	140±2
	1400±10
	414±11

	
	Measured
	122±6.7
	1312.2±29.2
	363.0±11.4

	
	Percent difference
	-12.9%
	-6.27%
	-12.3%

	
	Δ
	-18
	-87.8
	-51

	
	-2σ/ +2σ
	-13.7/13.7
	-59.8/59.8
	-23.4/23.4

	
	Bias
	Underestimation
	Underestimation
	Underestimation

	
	Recovery
	0.87
	0.94
	0.88

	San Joaquin
	Certified
	33.9±0.5
	17.3±0.1
	103±4

	
	Measured
	30.5±0.6
	13.2±1.6
	84.8±1.9

	
	Percent difference
	-10.0%
	-23.7%
	-17.7%

	
	Δ
	-3.4
	-4.1
	-18.2

	
	-2σ/ +2σ
	-1.2/1.2
	-3.3/3.9
	-3.9/3.9

	
	Bias
	Underestimation
	Underestimation
	Underestimation

	
	Recovery
	0.90
	0.76
	0.82


In the current case, the systematic error, caused by imperfect calibration and changes in the environments, is suspected as one contributing factor to the bias, and the sample particle is probably another contributor. The degree of underestimation by the P-XRF instrument (reverse of recovery in Table 2.6), however, did decrease as the concentrations of metals in soil samples increased. The recovery of each metal approached 1 at high concentrations of metals, indicating the suitability of P-XRF for determination of metal concentrations especially in highly contaminated soils.
[bookmark: _Toc275458570][bookmark: _Toc293310960][bookmark: _Toc302469697][bookmark: _Toc308438796]2.4 Data analysis
[bookmark: _Toc275458571][bookmark: _Toc293310961][bookmark: _Toc302469698][bookmark: _Toc308438797]2.4.1 Descriptive statistics
Descriptive statistics are normally used to describe the basic features of the data in a study (Poli, 2001). Simple summaries, such as average and percentages, of the samples can be provided by this method. Together with simple graphical analysis, e.g. histograms, box-plot, they form the basis of virtually quantitative analysis of data.
2.4.1.1 Basic descriptive parameters
[bookmark: hit8][bookmark: hit9][bookmark: hit10]Basic descriptive statistics give an analyst a limited, yet powerful tool, to analyze data. In this option, they have central tendency (shows the trend in the distribution) and dispersion (shows the extent of dispersion about the central tendency) (Healey, 2008). Arithmetic mean (average) and geometric mean (median) are the major types of estimates of central tendency. In reality, non-normally distributed data are often observed in geochemistry (Reimann and Filzmoser, 2000), the average, therefore, is no longer the best estimate of central tendency (Ruffo et al., 2005). In such cases, the geometric mean and median are recommended as its representative mean value, while the arithmetic mean (average) should be discarded for this variable (McGrath and Zhang, 2003). For the dispersion of the data set, standard deviation (S.D.) seems to be one of the most frequently employed methods. The standard deviation of a statistical population, a data set, or a probability distribution is the square root of its variance (Rubin, 2009). It shows how much variation there is from the "average". A low standard deviation indicates that the data points tend to be very close to the mean, whereas high standard deviation indicates that the data is spread out over a large range of values (McLeod et al., 1999). Meanwhile, the parameters including Minimum, 5%, 25%, 75%, 95%, Maximum were also calculated.
2.4.1.2 Histogram
For data analysis in soil geochemistry, the probability features or patterns of geochemical variables need to be evaluated. Often, it is difficult to see any pattern from a set of data, which is just a list of numbers. However, graphs and descriptive statistics are very useful for summarizing and displaying data in ways that may reveal patterns. Histograms are a commonly used graph. For a variable measure on one site, we firstly divide the measured range into classes of equal width and then count the number of individuals falling into each class. In order to make it easier to understand we produced two histograms, one has a standard normal distribution (transformed Zn in Bonfire site) and another shows non-normal distribution (Ca in Newcastle sampling site). If the data follows a normal distribution, a bell-shaped pattern will be observed (Figure 2.17.a), whereas a tail towards high values can be seen on Figure 2.17.b for Ca, implying that the data are positively skewed. 
Soil geochemistry is affected by various factors such as geology, climate, vegetation, elevation, natural mineralization and human activities (Jordan et al., 2007). Due to these factors, it is expected that mixed populations, indicating geochemical variables belonging to different processes or sources, exist in urban soils. A histogram can still serve as a diagnostic tool for issues such as multi-modality (Figure 2.17.b). Attention must be paid to the fact that most statistical tests are based on one population (the samples come from the same distribution) (Reimann et al., 2005), thus in the case of multi-modality it is necessary to consider separating the data into different populations.

[bookmark: _Toc275873176][bookmark: _Toc308439034]Figure 2. 17 Histogram for a) normal distribution of Zn (normal score transformed) in Bonfire site and b) non-normal distribution of Ca in Newcastle sports ground
2.4.1.3 Box-plot
As demonstrated, the box-plot (also known as box-and-whisker diagram) is another way to graphically display the data distribution through their five-number summaries: the smallest observation (sample minimum), lower quartile (Q1), median (Q2), upper quartile (Q3), and largest observation (sample maximum) (Figure 2.18). A box-plot may also indicate which observations, if any, might be considered outliers. Besides, it also shows the centre, scale, and skewness of a given data set. It is thus ideally suited to graphically compare different data (sub) sets.

[bookmark: _Toc275873177][bookmark: _Toc308439035]Figure 2. 18 Boxplot for Pb concentrations of bonfire site, Galway
The boxplot in Figure 2.18 can be interpreted as follows:
The line in the box indicates the median value of data. The upper and lower quartiles, often referred to as upper and lower ‘hinges’, define the central box itself, which contains the middle 50% of the data. The range of the two middle quartiles is known as the inter-quartile range.
Since the median line within the box is not equidistant from hinges in Figure 2.18, it is safe to say the data is skewed.
The ends of the vertical lines indicate the minimum and maximum data values. In our case, the points outside the ends of the whiskers, which extend to a maximum of 1.5 times the inter-quartile range, are outliers (Schwab et al., 2008), and they are marked by special symbols. And values beyond the upper hinge plus 3 times the hinge width are defined as ‘far outliers’ (Reimann et al., 2005), which are unusual values for the data set as a whole.
For geochemists, it is one of the main tasks in the statistical analysis to detect outliers and unusual data behaviors since these outliers indicate rare geochemical processes. In such cases, these outliers are not part of one and the same distribution. In environmental geochemistry, the recognition of contamination is of concern. Outliers are considered as observations which are distant from the rest of the data (Penny and Jolliffe, 2001). Global outliers have been informally defined as observations inconsistent with the rest of the data (Shekhar et al., 2003); their judgments are based on the comparison of values in question with all the other values. All above mentioned outliers can be regarded as global outliers. Besides these global outliers, environmental geochemists are actually more interested in detection of spatial outliers, and this will be discussed later.
[bookmark: _Toc275458572][bookmark: _Toc293310962][bookmark: _Toc302469699][bookmark: _Toc308438798]2.4.2 Normality test and data transformation
2.4.2.1 Normality test
In conventional statistical and geostatistical studies, it is important to know if the distribution of the variables under analysis follows the normal distribution, partially owing to the high skewness and outliers of the raw data which can endanger the spatial continuity of the variogram (Helesl, 1987), as well as influence the prediction accuracy. Therefore, it is necessary to check the normality distribution of data sets prior to such analyses. The Kolmogorov-Smirnov (K-S) method (Chakravarti et al., 1967) together with skewness and kurtosis values are ideal methods for this. This test was originally proposed in the 1930’s in a paper by Kolmogorov (1933) and Smirnov (1936). The K-S test is appropriate for testing data against a distribution, such as the normal, uniform or Poisson. The test statistic of K-S is based on the largest absolute difference between the observed and the theoretical cumulative distribution functions (Peacock, 1983). Since it is widely used and considered conserve, the K-S test is often chosen over others (Zhang et al., 2005). Skewness is a measure of symmetry, or more precisely, the lack of symmetry (Wu et al., 2005). A distribution, or data set, is symmetric if it looks the same to the left and right of the center point. Kurtosis is a measure of whether the data are peaked or flat relative to a normal distribution (Scholz et al., 2004). That is, data sets with high kurtosis tend to have a distinct peak near the mean, decline rather rapidly, and have heavy tails. Data sets with low kurtosis tend to have a flat top near the mean rather than a sharp peak. A uniform distribution would be the extreme case. The combination of K-S test and skewness and kurtosis are sufficient to check the normality of a data set.
2.4.2.2 Data transformation
In addition to the foregoing statements on the importance of the normality of a data set, it should be considered that one of the most common problems in soil testing and interpretation is the assumption of normality. If the soil test is non-normally distributed, the mean is no longer the best estimation of central tendency (Ruffo et al., 2005). In such case, basing remediation recommendations on mean values of a non-normal distributed soil test may underestimate or overestimate the “real” situation. Therefore, data transformation is necessary to normalize raw data sets if they do not follow a normal distribution in conventional and linear geostatistics, and the log-transformation, normal score transformation and other robust transformation are frequently used (McGrath et al., 2004). 
 Log-transformation
Data transformations are an important tool for the proper statistical analysis of geochemical data. There are an infinite number of transformations available, but it is better to employ a transformation that is commonly used. Compared to other transformations, log-transformation is the most popular method for data transformation in soil science (Reimann and Filzmoser, 2000; Hengl et al., 2004). This consists of taking the log of each observation. Either base- 10 logs or base-e logs, also known as natural logs can be used. It should be specified which log was used when writing up the results, as it will affect factors such as the slope and intercept in a regression. In this study, the base-e logs (Ln) were employed.
In the 1950s, Ahrens stated the lognormal law of geochemistry which was based on trace element concentrations in igneous minerals and rocks. However, numerous geoscientists are opposed to this law (Vistelius, 1960; Rantitsch, 2004; Zhang, 2006). For example, Reimann and Filzmoser (2000) demonstrated that almost all geochemical and environmental data show neither a normal nor a lognormal data distribution in “Geochemical Atlas of the Republic of Austria”. Furthermore, Zhang et al. (2005) found none of the 27 elements in a large geochemical database from the U.S. Geological Survey followed either normal or lognormal distributions. In addition, the log-transformation might ‘over-transform’ the variables, changing their skewness from positive to negative values (Zhang et al., 2008b). In such cases, a power transformation may be considered.
 Normal score transformation
Compared to log-transformation, normal score transformation was more effective in attaining data sets with normality. The raw data were initially ranked in ascending order and expected normal values (normal scores) were then calculated by taking the z-scores of cumulative probability, (i-0.375)/(n+0.25), where i is the rank in increasing order, and n is the number of samples (Blom, 1958). The Normal Score transformation can be implemented in a GIS package. After the Geostatistical Wizard makes predictions on the transformed scale, it automatically transforms them back to the original scale.
[bookmark: _Toc275458573][bookmark: _Toc293310963][bookmark: _Toc302469700][bookmark: _Toc308438799]2.4.3 Advanced spatial analyses
2.4.3.1 Spatial outliers and spatial cluster analyses
[bookmark: hit3]As mentioned above, most of the geochemical data sets could not pass the test for either normal or lognormal distribution. Part of the reasons relate to the presence of mixtures of subpopulations and outliers (Zhang et al., 2005). Outliers include global outliers and spatial outliers. As explained earlier, global outliers are informally defined as observations in a data set which appear to be inconsistent with the remainder of the data set (Barnett and Levis, 1994). In comparison with global outliers, spatial outliers are samples whose values are significantly different from the values of their surroundings (Shekhar, 2003) even though they may not be significantly different from the entire population. Natural mineralization, human activities or improper sample handling may lead to the occurrence of spatial outliers in environmental geochemistry (Zhang et al., 1999). The spatial outliers can provide clues to the mineralization and environmental pollution, which is useful in mineral exploration and environmental management (Zhang and Selinus, 1998). The sampling errors could be minimized by careful handling and appropriate sampling methods. For most urban soils studies and background value investigations, more attention should be paid to the spatial outliers as they can cause the variogram to exhibit erratic behavior (McGrath and Zhang, 2003). Meanwhile, the spatial clusters of metals should also be taken into consideration when carrying out spatial analyses, as spatial cluster analysis plays an important role in quantifying geographic variation patterns and construction of spatial models (Jacquez, 2008).
Many methods are available to detect the spatial clusters and spatial outliers of soil metals in a site, such as Getis’s G index (Getis and Ord, 1992), Geary’s C index (Geary, 1954), spatial scan statistics (Ishioka et al., 2007), Tango’s C index (Tango, 1984) and the local Moran’s I index (Anselin, 1995; Getis and Ord, 1996). From recent studies, it seems that the latter is the most popularly used method in spatial cluster analysis (Jacquez, 2008; Zhang et al., 2008b), partly owing to its ease of implementation. A good example is that Zhang et al. (2008b) used this method and GIS to identify the hotspots of Pb in urban soils of Galway, Ireland.
Local spatial autocorrelation statistics provide a measure, for each unit in the region, of the unit’s tendency to have an attribute value that is correlated with values in nearby areas, and this method is based on LISA (Local Indicators of Spatial Autocorrelation) statistics, which computes a measure of spatial association for each individual location (Getis and Ord, 1992). The local Moran’s I index (Anselin, 1995; Getis and Ord, 1996; Levine, 2004) can be expressed:

							(2.6)

where Zi is the value of the variable Z at location i, is the average value of Z, Zj is the value of the variable Z at all the other locations (where j≠i), σ2 is the variance of Z, Wij is a distance weight between locations i and j, which can be defined as the inverse of distance dij between the two locations.
At each sampling site, the local Moran’s I index can be calculated according to the above mentioned equation. Note that positive values for the local Moran may be associated with either high-high or low-low patterns. However, negative Ii values are related to high-low and low-high locations (Zhang et al., 2008b). Those high-high or low-low locations are typically referred to spatial clusters, while the high-low and low-high locations can be regarded as spatial outliers (Anselin, 1995). In soil pollution studies, we are more interested in high-high and high-low patterns, because the former clusters can be regarded as “regional hotspots” and the latter outliers can be regarded as isolated “individual hotspots” (Zhang et al., 2008b). Prior to geostatistical analysis, there spatial outliers, should be identified and considered, as they can cause the variogram to exhibit erratic behavior (Gringarten and Deutsch, 2001). In order to obtain a robust measurement of spatial structure, these outliers should be detected and possibly subsequently eliminated. If there is no evidence to show that these values are erroneous such as laboratory errors, they had better be put back to the data set for kriging analyses to acknowledge their existence.
The calculation of the Local Moran’s I can be performed in GeoDa software in its current version (v. 0.95i). Furthermore, the software is also able to provide a cluster map, which can visually present the above mentioned four types of spatial patterns as shown in Figure 2.19.

[bookmark: _Toc308439036]Figure 2. 19 Detection of spatial outliers and spatial clusters for Zn in Rahoon bonfire site
When using GeoDa software to calculate the Local Moran’s I, several parameters and factors, such as distance band (distance weigh), permutations, significance level, normal distribution etc, should be given specific attentions. The weight can be determined based on the following rule: if samples are within a distance band, they should be given the same weight, while those outside the distance band are given the weight of 0 (Zhang et al., 2008b). However, it should be mentioned a specific criterion to determine the optimal distance band is still not available. Normally, it should not be shorter than the sampling interval, and not longer than half of the maximum distance between all the sample pairs (Zhang et al., 2008b). In this study, it was arbitrarily set as two times of the sampling distance. For example, the distance band is set as 8 m in Rahoon bonfire site.
The normality approximation of the local Moran’s I may fail when the raw data are too skewed (McGrath and Zhang, 2003). If the distribution of the raw data set is not too skewed, the local Moran’s I can be standardized so that its significance level can be tested based on the normal distribution (Levine, 2004). Therefore, data transformation should be initially carried out if the data don’t follow the normal distribution before calculating the Ii values. Additionally, in this study, all the Local Moran's I indices were tested using 9999 permutations, and the significance level was chosen at < 0.05.
2.4.3.2 Difference between Errors, Mistakes, Outliers
The errors, mitaks and outliers are easily confused, therefore the differences between them are given as follows:
In statistics, an ‘error’ is regarded as a difference between a computed, estimated or measured value and the accepted true, specified or theoretically correct value (Weik, 2000). A mistake is a fault, resulting from defective judgment, deficient knowledge, or carelessness (Urban Dictionary, 2011). Typographical mistakes are perhaps the most common cause of mistakes in a database (Hijmans, 1999). An outlier is defined by Grubbs (1969) as: “an outlying observation, or outlier, is one that appears to deviate markedly from other members of the sample in which it occurs.” 
Outliers could occur anywhere within a given data distribution, but they are often indicative either of measurement error or that the population has a heavy-tailed distribution (Miller and Miller, 2005). In the former case one wishes to discard them (after careful consideration) or use statistics that are robust to outliers, while in the latter case they indicate that the distribution has high skewness and that one should be very cautious in using tools or intuitions that assume a normal distribution. A frequent cause of outliers is a mixture of two distributions, which may be two distinct sub-populations, or may indicate 'correct trial' versus 'measurement error'.
Errors are the sources of inaccuracy inherent in the instruments, reagents and external conditions, and subject to statistical analysis (Petersen et al., 1996). The occurrence of mistakes is due to wrong reading of data, wrong indication of targets, incorrect copying of a value (Kirwan, 2008). 
In this study, mistakes are avoided by careful work during all the processes of sampling, sample treatment, laboratory analyses and data analyses. Potential errors are minimized and measured using quality control of blank samples, duplicate analyses, and reference materials. Ordinary outliers are identified using box-and-whisker plots, and spatial outliers are identified using statistical test of Local Moran’s I.
2.4.3.3 Spatial structure analyses
Geostatistical estimation and simulation techniques are useful for characterizing the spatial distribution of soil properties and for supporting decision-making process in the context of uncertainly (Webster and Oliver, 2007). Semivariogram is an effective tool for highlighting the spatial variability quantitatively (Burgos et al., 2006) and the semi-variance is an autocorrelation statistic defined as (Webster and Oliver, 2001):
			(2.7)
Where: is semi-variance for interval distance class or lag interval ;  is total number of sample couples of observations separated by a distance ;   is measured sample value at point i;  measured sample value at point i+h.
Semivariogram can be modeled by lots of software packages, such as Variowin, ArcGIS spatial analyst, etc. These software packages can provide the following functions from which to choose to model the empirical semivariogram: circular, spherical, exponential, Gaussian and linear. The selected model influences the prediction of the unknown values, particularly when the shape of the curve near the origin differs significantly. The steeper the curve is near the origin, the more influence the closest neighbors will have on the prediction (Gundogdu and Guney, 2007). As a result, the output surface will be less smooth. Each model is designed to fit different types of phenomenon more accurately. Here, we take the two most commonly used models, e.g. the spherical and the exponential model, as examples to study the semivariogram modeling.
The spherical model
This model shows a progressive decrease of spatial autocorrelation (equivalently, an increase of semivariance) until some distance, beyond which autocorrelation is zero. It has a linear behavior at small distances near the origin but flattens out at longer distances (Venkatesan and Srinivasan, 2010) (Figure 2.20.a).
The exponential model
This model is applied when spatial autocorrelation decreases exponentially with increasing distances (Figure 2.20.b). Here the autocorrelation disappears completely only at an infinite distance. The exponential model is also a commonly used model. The choice of which model to use is based on the spatial autocorrelation of the data and on prior knowledge of the phenomenon.
As previously stated, the semivariogram depicts the spatial autocorrelation of the measured sample points. Because of a basic principle of geography (things that are closer are more alike), measured points that are close will generally have a smaller difference than those farther apart (Martin Bland and Altman, 1986). Once each pair of locations is plotted, a model is fitted through them. Range, sill, and nugget are commonly used to describe these models. Typically, the semi-variance increases with increasing lag distances to approach or attain a maximum value or sill (C+C0) equivalent to the population variance (Cambardella et al., 1994; Lark and Ferguson, 2004). The Nugget/Sill ratio can be regarded as a rough criterion to classify the spatial dependence of soil properties. If the ratio is less than 25%, the variable has strong spatial dependence; between 25% and 75%, the variable has moderate spatial dependence; and greater than 75%, the variable has only weak spatial dependence (Cambardella et al., 1994). These parameters can be used as input parameters for the interpolation by kriging (Krige, 1951; Webster and Oliver, 2001).

[bookmark: _Toc275873179][bookmark: _Toc308439037]Figure 2.20 Semivariogram model with the parameters included, Cu in spherical model and Pb in exponential model (Bonfire site)
[bookmark: idxkri0082]When modeling the theoretical variogram, it needs to determine a suitable theoretical semivariogram based on the sample semivariogram. While there are various methods of fitting semivariogram models, such as least squares, maximum likelihood, and robust methods (Cressie, 1993), these techniques are not appropriate for data sets resulting in a small number of variogram points. Instead, a visual fit of the variogram points to a few standard models is often satisfactory. Even when there are sufficient variogram points, a visual check against a fitted theoretical model is appropriate (Hohn, 1988). Therefore, in this study a visual check was employed to select the appropriate variogram models, including nested models, using the software of VarioWin.
In order to properly model the theoretical variogram, firstly the directional features of a spatial correlation need to be investigated and variogram surface is an effective tool in identifying its geometric anisotropy (Zhang and Selinus, 1998). In our study, the directional features were checked using Variowin software.
2.4.3.4 Spatial interpolation
[bookmark: hit64]To estimate the values at locations where no measured values are available, the spatial interpolation is a frequently employed method or mathematical function, which assumes the attribute data are continuous over space. It allows for the estimation of the attribute at any location within the data boundary. Another assumption is that the attribution is spatially dependent, indicating that values closer together are more likely to be similar than values farther apart. These assumptions allow for the spatial interpolation methods to be formulated. There are two widely used techniques which produce smoothed surface maps: IDW and kriging.
Inverse Distance Weighting 
IDW is an interpolation method, which is based on the assumption that the nearby values contribute more to the interpolated values than distant observations (Price, 2004; Chang et al., 2009). In other words, for this method the influence of a known data point is inversely related to the distance from the unknown location that is being estimated. The following equation, Equation 2.8, is an example of the function used for IDW in this study (Shepard, 1968):
 									(2.8)
Where  is the estimated concentration at (,), is a neighbouring data value at (,), n is the total numbers of known points used in interpolation and  is the weight function assigned to each scattered point. The form of the weight function is:
							(2.9)
Where di is a given distance from (,) to (,); and p is a positive real number, called the power parameter. Here weight decrease as distance increases from the interpolated points. Greater values of p assign greater influence to values closest to the interpolated point. For 0 < p < 1 Z(x) has smooth peaks over the interpolated points xi, while as p > 1 the peaks become sharp (Shepard, 1968). It can be any real number greater than zero, but the most reasonable results will be obtained using values from 0.5 to 3, and the power of 2 is commonly used. However, in this case, the power of one was chosen to acquire some degree of smoothing effect (Zhang, 2006). Janssen et al. (2004) mentioned that “specifying a lower power will give more influence to the points that are further away”. When using IDW to interpolate, care should be given to another parameter, number of neighboring samples. An integer value specifying the number of nearest input sample points to be used to perform interpolation. The default is 12 points, and it is most commonly used. It is notable that increasing the number of sample points used and decreasing the power may create a smoother surface. To create a more locally influenced surface, do the opposite. The advantage of IDW is that it is intuitive and efficient. This interpolation works well with evenly distributed points, and which is a relatively easy and widely used method that it is not based on any assumption about the statistical distribution of the data (Zhang, 2006). However, IDW is sensitive to outliers. 
The power of 1 and the number of neighboring samples of 12 were arbitrarily set in this study based on the above discussion.
Kriging interpolation
For studying the spatial distributions of metals, the kriging interpolation method was also employed, as it is regarded as the best linear unbiased estimator (BLUE) (Isaaks and Srivastava, 1989). Kriging method uses a weighting, which assigns more influence to the nearest data points in the interpolation of values for unknown locations (Nalder and Wein, 1998). The general formula for kriging is formed as a weighted sum of the data:
									(2.10)
Where:is the estimated value;  is the measured value at the i th location;    a weight for the measured value at the i th location;   is the prediction location; N is the number of measured values. In kriging the weights are based not only on the distance between the measured points and the prediction location, but also on the overall spatial arrangement among the measured points (Teegavarapu, 2007). In other words, the spatial and statistical relationships determine the calculation of the surface using kriging. The above obtained parameters, e.g. range, sill, nugget etc., from semivariogram models could be used as the inputs to the interpolation process. Compared to IDW, kriging guarantees a minimum-variance unbiased prediction as well as an estimate of the prediction variance and is therefore the preferred method of interpolation, especially at field scales (Laslett et al., 1987). However, a disadvantage of kriging is that it requires substantially more computing and modeling time (Gething et al., 2007). Meanwhile, for the positively skewed data, the transformation, e.g. log-transformation or other robust transformations, should be carried out and the back-transformation also needs to be implemented.
Several kriging methods, e.g. ordinary, simple kriging, Co-kriging etc., were frequently used to implement the process of interpolation. In our study, the most commonly used ordinary kriging (OK) was employed. It assumes that the constant mean is unknown. This is a reasonable assumption unless there is some scientific reason to reject this assumption. Meanwhile, the above mentioned log-transformation and Normal Score transformation can be implemented in spatial interpolation in GIS package ArcGIS (ver.9.3).
2.4.3.5 Cross validation
The cross-validation can be used to evaluate the effectiveness of the geostatistical analysis and IDW. However, it is not designed to detect bias in sampling or analysis. The ANOVA can be used to estimate and separate the sampling and analytical components of measurement variance using the data produced by the duplicate method (detailed discussion in Chapter 5).
Cross validation is a technique for assessing the results of a statistical analysis (Michaelsen, 1987). It is mainly used in settings where the goal is prediction, and one wants to estimate how accurately a predictive model will perform in practice. The procedures for cross validation can be described as: one sample is eliminated from the data set, and the surrounding samples are used to produce an estimate of the value at this “unknown” location (Carroll and Pearson, 1998). Therefore, the predicted values were compared with the observed values.
[bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: _Toc275980321]For example, cross-validation is applied to evaluate the IDW method used for spatial interpolation in the Newcastle sports ground. The prediction error values were calculated as “predicted value – observed value” for all soil samples. Basic statistical analysis for the error, such as absolute error, was carried out and the results were displayed in Table 2.7. The mean error can be used for determining the degree of bias in the estimates, often referred to as the bias (Isaaks and Srivastava, 1989), but it should be used cautiously as an indicator of accuracy because negative and positive estimates counteract each other, and the resultant mean error tends to be lower than the actual error (Nalder and Wein, 1998).
The minimum and maximum errors are quite high, e.g. the errors are up to -158.5 and -304.3 mg kg-1 for Pb and Zn, indicating some small values were over-estimated and some high values were under-estimated by IDW interpolation method. However, the median and mean errors for all metals are close to ‘0’. And most percentage values for errors and absolute errors are relatively low. For example, 90% of absolute errors for Cu are lower than 15.4 mg kg-1, indicating IDW was successful in predicting the majority of metal concentrations. Another analysis on the validation results was the correlation coefficients between the measured and estimated metal values for IDW method. They were 0.667, 0.705 and 0.666 using Pearson’s method, and 0.754, 0.745 and 0.751 using the Spearman’s method for Cu, Pb and Zn, respectively. The relative high correlation coefficients together with the relatively low absolute error demonstrated that IDW did provide good and reasonable results.
[bookmark: _Toc308439083]Table 2.7 Performance of IDW in spatial interpolation for Cu, Pb and Zn in Newcastle sports ground (Error and Absolute Error units in mg kg-1)
	
	Cu
	Pb
	Zn

	
	Error
	Absolute Error
	Error
	Absolute Error
	Error
	Absolute Error

	Min.
	-64.7
	0.02
	-158.5
	0.02
	-304.3
	.05

	5%
	-18.6
	0.24
	-36.5
	0.49
	-57.2
	1.31

	10%
	-11.0
	0.47
	-23.5
	1.17
	-34.7
	2.10

	25%
	-1.71
	1.28
	-5.51
	2.98
	-7.96
	4.86

	50%
	1.01
	3.13
	1.98
	7.21
	4.26
	12.5

	75%
	3.88
	7.22
	9.47
	15.5
	13.9
	25.5

	85%
	6.51
	11.4
	13.8
	24.7
	21.8
	34.8

	90%
	8.70
	15.4
	18.1
	31.8
	27.5
	42.9

	95%
	12.3
	18.6
	27.7
	42.9
	35.3
	59.7

	Max.
	18.3
	64.7
	64.4
	158.5
	61.8
	304.3

	Mean
	-0.05
	5.65
	-0.37
	12.7
	-0.58
	18.8



Figure 2.21 illustrates the scatter plot between the measured and the predicted data for Cu, Pb and Zn in Newcastle sports ground. It might be expected that these points should be located around the 1:1 line (y = x, the black dashed line in the plot).

[bookmark: _Toc275873277][bookmark: _Toc308439038]Figure 2. 21 Scatter plots between the measured and the predicted data for metals: a) Cu, b) Pb and c) Zn
Good linear relationships between the measured and estimated data were found for all metals in Figure 2.21, with majority of these dots close to the 1:1 line. Because of concerns of duplication, not all cross validation results for the other three sites were presented. However, all other sites still present quite good results, indicating the effectiveness of the geostatistical and IDW analyses we used in this study. 
However, it should be mentioned that some dots are far from the 1:1 line. Most of such points could be outliers. Furthermore, the ranges for the predicted values of metals are smaller than their corresponding measured values, indicating the IDW method used in this study may underestimate the large values and overestimate the low values of metals.
[bookmark: _Toc275458574][bookmark: _Toc293310964][bookmark: _Toc302469701][bookmark: _Toc308438800]2.4.4 Hazard assessment
In order to evaluate the pollution levels, the hazard assessment should be implemented in each sampling site. Two different hazard assessment methods were employed:
2.4.4.1 Pollution index (PI)
Pollution index (PI) values at each sampling location were calculated based on a comparison with the Dutch target and intervention values (VROM, 2000) and also subjected to IDW at the first sampling site and kriging interpolation in bonfire site and South Park sports ground with the purpose of creating the hazard maps. On the basis of calculated PI values, the soils could be defined as: clean soil (Concentration < Target value); slightly contaminated soil (Concentration > Target value and < Intervention value) or seriously contaminated soil (Concentration > Intervention value). The specific target and intervention values used were listed in Table 2.8.
Pollution Index (PI) =  				(2.11)
[bookmark: _Toc275980314]

[bookmark: _Toc308439084]Table 2.8 Specific Dutch target and intervention values for metals in soil (units: mg kg -1) (VROM, 2000)
	
	Cu
	Pb
	Zn

	Target values
	36
	85
	140

	Interventional values
	190
	530
	720



2.4.4.2 Geoaccumulation index
Although, originally the use of the index of geoaccumulation was for bottom sediments (Müller, 1969), it has been successfully applied for the measurement of soil contamination (Loska et al., 2003). The  value enables the assessment of contamination by comparing the current and the background concentrations. In Phoenix Park, the  for selected soil metals was calculated using Eq. (2.12)
 								(2.12)
Where, is the measured concentration of the element in soil sample,  is the geochemical background value. The constant 1.5 allows us to analyze natural fluctuations in the content of a given substance in the environment and to detect very small anthropogenic influences. However there is still a lack of recognized guide values for this park, therefore, the median values of Irish soils (Zhang, 2006) of Cu, Pb and Zn were used as the background values to calculate the geoaccumulation index.
The geoaccumulation index has 7 grades or classes (Müller, 1981) (Table 2.9). The result shows the higher the  value, the higher the contaminated level. The elemental concentrations in class 6 may be a hundredfold greater than the geochemical background value (Teng et al., 2002). 
[bookmark: _Toc275980315]
[bookmark: _Toc308439085]Table 2.9 Six classes of the geoaccumulation index (Müller, 1981)
	Class
	Value
	Soil quality

	0
	 ≤ 0
	Practically uncontaminated

	1
	0 <  <1
	[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Uncontaminated to moderately contaminated

	2
	1 ≤  <2
	Moderately contaminated

	3
	2 ≤  <3
	Moderately to heavily contaminated

	4
	3 ≤  <4
	Heavily contaminated

	5
	4 ≤  <5
	Heavily to extremely contaminated

	6
	5 ≤ 
	Extremely contaminated



[bookmark: _Toc275458575][bookmark: _Toc293310965][bookmark: _Toc302469702][bookmark: _Toc308438801]2.4.5 Data treatment with computer software
All the results were stored in Microsoft Excel®, and basic statistical parameters were calculated using this software and SPSS (version 17). The tests for normality of data sets, correlation analyses and data transformation were performed using SPSS software. Spatial outliers were detected by GeoDa 0.9.5, and Semivariograms were modeled with the aid of VarioWin 2.2. All maps were produced and spatial interpolation was performed using ArcGIS (version 9.3) software.


[bookmark: _Toc293310966][bookmark: _Toc308438802]Chapter 3 Results and discussion
[bookmark: _Toc275458577][bookmark: _Toc293310967][bookmark: _Toc308438803]3.1 Roadside sports ground, Galway, Ireland
It is widely recognized that vehicular traffic is a significant source of metal pollution in urban soils (EEA, 1995; Oliva and Espinosa, 2007). Some metals are present in the anti-wear substances added to lubricants, brake pads and tyres, and are emitted to the environment by traffic (Caselles et al., 2002). These metals are usually dispersed in relatively higher concentrations in the vicinity of a road with a gradual decrease with increasing distance from the source and have a significant impact on the environment (Sezgin et al., 2004). In this case, the location of the Newcastle sports ground is adjacent to two roads in Galway, Ireland. 
There are many roadside sports ground in Ireland, however, few studies have been performed concerning metal pollution in these areas. The aim of this study was to investigate the spatial variation of urban geochemistry with a focus on metal contamination in soils of a typical roadside sports ground. The distance between the road and the sports ground is very short, and there aren’t any shelters against the traffic pollution on the southern side. Therefore, the authors speculated that the study area might be contaminated. The objectives included the investigation of the current status of metal pollution; identification of spatial patterns of pollution and possible pollution sources; and production of hazard maps. Finally, it was hoped that this study could provide scientific evidence for decision-making regarding roadside sports ground management.
[bookmark: _Toc275458578][bookmark: _Toc293310968][bookmark: _Toc308438804][bookmark: _Toc236797874][bookmark: _Toc236799470][bookmark: _Toc236803758][bookmark: _Toc238943457][bookmark: _Toc238943925][bookmark: _Toc238944664][bookmark: OLE_LINK44]3.1.1 Basic statistics
[bookmark: OLE_LINK43]Descriptive statistics for the raw data of the 23 chemical elements, viz., Al, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Na, Ni, P, Pb, S, Sc, Sr, Th, Ti, V, Y and Zn, determined in the surface soils of the sports ground, are summarized in Table 3.1 and the median values in surface soils of Ireland (Fay et al., 2007a; Zhang et al., 2008a) are listed for comparison.
[bookmark: OLE_LINK13][bookmark: OLE_LINK29]The median values of most elements in this study were similar to the corresponding medians in Irish soils (Zhang et al., 2008a). However, Ca, Pb, Sr, Th and Zn in top soils of the sports ground were significantly higher than those in Irish soils. It was worth noting that the median concentrations of Ca and Sr were six and two times higher than those in Irish soils respectively, which was likely attributed to the presence of limestone debris in soils that have not been completely weathered or it was probably addition of limestone to adjust the soil pH. The relatively high Pb concentrations in the study area may indicate possible Pb pollution which will be discussed later. The differences between the minimum and maximum values for most variables were large, showing their strong variability in the study area. The highest enrichment factor values (the ratio between sample concentration and background values) for Cu, Pb and Zn were 5.89, 9.14 and 5.98, respectively. The background values for Cu, Pb and Zn were chosen as their median values in Irish soils (Table 3.1).
[bookmark: _Toc275458580][bookmark: _Toc293310969][bookmark: _Toc308438805]3.1.2 Histogram
[bookmark: OLE_LINK48]None of the elements showed the bell-shaped feature expected of a normal distribution (Figure 3.1). Potential outliers (e.g. the bin beyond 200 mg kg-1 in the histogram for Pb) need to be treated with care, since these values may result from mineralization or human pollution. As expected, the pollutant Pb is more skewed than the major elements (Ca and Na). Among the most interesting findings in this study was the existence of multi-modal features in the histograms for all elements with the exception of Cu, P, Pb, S and Zn in such a small study area. Mixed populations, indicating geochemical variables belonging to different process or resources, can cause multi-modal features on a histogram. Since most statistical methods are generally designed for a single population (Dennis et al., 1991), when it is suspected that the dataset contains multiple populations, it is necessary to separate and treat them separately. The spatial distribution patterns of most elements based on initial mapping were coincided the visually different areas within the study area. Therefore, an attempt was made to separate the samples into different areas based on visual boundaries between the two pitches (Figure 3.2): the west part with 133 samples (areas No. 1 and 3) and the east part with 161 samples (areas No. 2 and 4).
[bookmark: _Toc275458323][bookmark: _Toc275458579][bookmark: _Toc275462091][bookmark: _Toc275601999][bookmark: _Toc275819379][bookmark: _Toc275980320][bookmark: _Toc308439089]Table 3.1 Summary statistics for 23 geochemical variables in sports ground soils (n=294, unit in mg kg-1, except Al, Ca, Fe, K, Mg, Na, P in %)
	[bookmark: _Hlk219360083]Element
	Min.
	5%
	10%
	25%
	Median
	75%
	90%
	95%
	Max.
	Ireland median*

	[bookmark: OLE_LINK12]Al
	1.49
	1.70
	1.84
	2.57
	3.71
	4.94
	5.22
	5.36
	5.54
	3.48

	[bookmark: _Hlk205180867]Ca
	0.66
	0.79
	0.83
	0.93
	2.18
	4.56
	5.32
	6.97
	8.82
	0.36

	Ce
	13.89
	17.61
	19.97
	29.87
	36.19
	39.50
	42.91
	45.38
	68.26
	34.8

	Co
	2.74
	3.83
	3.96
	4.33
	5.37
	6.75
	7.44
	7.68
	9.06
	6.2

	Cu
	7.57
	9.24
	11.06
	13.14
	16.57
	24.48
	37.08
	49.63
	95.48
	16.2

	Fe
	0.63
	0.75
	0.80
	1.23
	1.70
	2.05
	2.15
	2.22
	2.91
	1.87

	K
	0.53
	0.58
	0.61
	0.70
	1.16
	1.73
	1.83
	1.85
	2.10
	0.98

	La
	8.88
	11.53
	12.93
	19.36
	22.46
	25.04
	27.52
	29.18
	46.21
	20

	Li
	8.82
	10.06
	10.86
	14.29
	17.03
	21.01
	22.78
	23.84
	29.58
	19.7

	Mg
	0.18
	0.22
	0.22
	0.28
	0.35
	0.43
	0.45
	0.48
	0.59
	0.30

	Mn
	202
	282
	324
	548
	650
	757
	971
	1093
	1668
	462

	Na
	0.27
	0.29
	0.30
	0.34
	0.58
	1.07
	1.25
	1.27
	1.36
	0.34

	Ni
	11.1
	14.9
	15.4
	16.6
	22.1
	30.8
	34.6
	36.7
	46.3
	17.5

	P
	0.06
	0.08
	0.09
	0.10
	0.12
	0.15
	0.17
	0.19
	0.24
	0.11

	Pb
	13.1
	18.0
	23.6
	31.6
	40.8
	56.2
	91.9
	115.7
	226.9
	24.8

	S
	0.06
	0.07
	0.08
	0.08
	0.09
	0.11
	0.14
	0.15
	0.18
	0.07

	Sc
	1.94
	2.33
	2.62
	4.52
	5.68
	5.98
	6.50
	7.35
	9.30
	5.85

	Sr
	68.0
	77.0
	82.2
	98.8
	123.5
	201.8
	264.5
	270.1
	326.5
	49.7

	Th
	<5
	5.54
	5.80
	6.62
	8.26
	9.19
	11.04
	12.56
	17.12
	4.65

	Ti
	708
	845
	936
	1232
	1710
	2621
	2913
	3019
	3212
	2133

	V
	21.69
	26.36
	28.15
	41.46
	58.40
	62.50
	69.08
	76.40
	99.21
	52.2

	Y
	7.95
	9.46
	9.94
	10.87
	15.83
	22.89
	32.22
	34.71
	42.96
	10.33

	Zn
	41.5
	51.8
	54.6
	63.4
	81.8
	111.3
	146.1
	182.1
	374.8
	62.6


* Ireland median values from Fay et al. (2007a) and Zhang et al. (2008a).

When the entire sports ground was separated into two areas based on visual boundaries, the multi-modal features in the histograms did not disappear (Figure 3.3), especially in the eastern part of the sports ground. It was suspected that the roadside area may be the source of another population. The persistence of the multi-modal features in the histograms reflected the strong variability of metals in soils in the sports ground.

[bookmark: _Toc275873270][bookmark: _Toc308439039]Figure 3. 1 Histograms of raw data for selected variables in the entire study area

[bookmark: _Toc275873271][bookmark: _Toc308439040]Figure 3. 2 To separate the sports ground into different areas based on visual boundaries

[bookmark: _Toc275873272][bookmark: _Toc308439041]Figure 3.3 Histograms for selected variables in the western (a–c) and eastern part (d–f) of the Newcastle sports ground
In order to investigate the possibility of achieving single populations where the elements originated from almost the same source, the study area was further divided into three parts: soccer pitch with 96 samples (area No. 1), Gaelic football pitch with 137 samples (area No. 2) and roadside (areas No. 3 and 4) (Figure 3.2). And the corresponding histograms were produced (Figure 3.4). The multi-modal features as well as the skewed distributions were still clearly visible on the histograms for all the separated areas, which were again related to the strong variation of metals in the study area. The element Pb behaved relatively “normal” when the samples were separated, but with a long-tail towards the positive values in the Gaelic football pitch area.

[bookmark: _Toc275873273][bookmark: _Toc308439042][bookmark: OLE_LINK18]Figure 3. 4 Histograms for selected variables in Soccer pitch (a–c), Gaelic football pitch (d–f) and roadside areas (g–i)
[bookmark: _Toc275458581][bookmark: _Toc293310970][bookmark: _Toc308438806]3.1.3 Point symbol maps for selected elements
Based on the above failed attempt to separate the samples into different populations, it was necessary to investigate the spatial distribution of these chemical components. Point symbol maps were produced for Ca, Na and Pb (Figure 3.5).
The maps showed a strong contrast between the two pitches, demonstrating the existence of at least two distinct populations in the study area. Alkali metals, represented by Na, are abundant in the west part of the sports ground (Figure 3.5.b). They are mainly of natural origin, and are less affected by mineralization or anthropogenic activities. Soils in the west part are closely related to granite which is the underlying bedrock. When the houses on the hill slope west of the study area were built, materials of granite debris may have been dumped there, result in a 1 meter greater elevation than in the eastern part.
The spatial distribution patterns of alkaline earth metals (represented by calcium) were the opposite of that for Na (Figure 3.5.a). Limestone is enriched with Calcium, which is quite mobile in the environment. The elevated concentrations of Ca in the Gaelic football pitch can be attributed to the parent material of the limestone, where soils may have been moved here from a limestone region. Further speculation may include that this is just a result of the addition of limestone in order to modify soil pH. The lower concentrations of Ca in the western part support the previous conclusion of granitic parent materials therein. 
The Pb concentrations in the western section were slightly higher than those in the east, which may be associated with the underlying lithology as these results are similar to mean concentrations of Pb in representative type of granite and limestone (24 and 5.7 mg kg-1 respectively) (Krauskopf, 1967; Rose et al., 1979). However, the most significant feature is the elevated Pb concentrations along the southern roadside, indicating the historical influence of vehicular traffic. The traffic influence extended about 30 meters from the road into the sports ground. It should be mentioned that there is a dam of about 1 m in height, located about 30 m away from the road (Area No. 3 and Area No. 4 in Figure 3.2), which may have acted as a barrier preventing the pollutants from spreading further into the park. There is also a small area with high Pb concentrations in the northern portion, which could also be potentially associated with traffic pollution as there is a gap of houses north of the area.
The point symbol maps reconfirmed the previous observation of the existence of multiple populations in such a small study area. Meanwhile, some low values could be observed in the high value areas, and low values in the high values areas, implying the existence of spatial outliers, making it more difficult to separate samples into different populations based on physical location. 
Several local residents, former landowner and geochemistry experts were interviewed in terms of the land use history and the bedrock geology of the study area. The local residents and the landowner revealed that the former land use of the study area was farmland. In addition, it was verified that topsoil was added to the east pitch several years ago, therefore the soil in this part of the study area were deposited here from elsewhere. Meanwhile, soil debris had been dumped on the west sports ground, when the houses on the hill slope west of the study area were built. This information further confirms our speculations: i.e. the sources of the soils in two football pitches.



[bookmark: _Toc275873274][bookmark: _Toc308439043]Figure 3. 5 Point symbol maps for selected variables (Ca, Na and Pb)
[bookmark: _Toc275458582][bookmark: _Toc293310972][bookmark: _Toc308438807]3.1.4 Spatial distribution of metal pollutants
[bookmark: OLE_LINK58][bookmark: OLE_LINK49]Since metal concentrations (e.g., Pb) were primarily elevated in the roadside areas, and their histograms were mainly positively skewed without clear multi-modal features, a simple method of IDW was applied for spatial interpolation to provide a better understanding of their spatial variation in the study area.
The spatial patterns of all the three metals were quite similar: relatively low concentrations in the central part, with high concentrations along the McKenna Road on the southern side, showing the strong influence of traffic pollution (whether a model exists for metal concentrations in soil decay with distance from road will be further discussed later). Furthermore, another area with high levels of these contaminants was clearly evident in the middle-upper part of the sports ground, where there is a gap between blocks of residential houses. This can also be attributed to aeolian transportation to the park of pollutants derived from traffic via this gap. Interestingly, metals along the eastern side, where a busy national road is located, did not exhibit high concentrations of metals. Such a result could be linked to the 15m wide hedge along the roadside which prevented the pollutants from spreading into the sports ground. 
[bookmark: OLE_LINK62]The strong spatial variation of metals in such a small study area becomes a challenge for sampling design in urban geochemical studies. In most cases, only one sample is likely to be collected from such an area. It was clear that different results would be obtained from different sampling locations inside the ground. Specifically, the results in the central part would under-estimate the pollution level in the grounds and results from the southern roadside area would over-estimate it. Therefore, irrespective of the experimental design, it was problematic to use only one sample to represent such an area. Optimal sampling methods, i.e. rational sampling technology introduced by Cochran (1977), is necessary to determine the optimal sample number in this study and such procedures may be considered in future work.

[bookmark: _Toc275873275][bookmark: _Toc308439044]Figure 3. 6 Spatial distribution maps for metals, a) Cu, b) Pb and c) Zn
[bookmark: _Toc275458583][bookmark: _Toc293310973][bookmark: _Toc308438808][bookmark: OLE_LINK53]3.1.5 Hazard assessment
[bookmark: OLE_LINK70]To identify the current and future land use is key component of the site evaluation process. In this case, the current and the future land use is both recreational and residential. The soil exposure pathway, by which human and ecological receptors may be at risk, includes inhalation, ingestion, dermal, and the terrestrial food chain for ecological receptors. Given the strong influence of traffic pollution that was observed in the sports ground, it was necessary to evaluate the level of such pollution using hazard maps, based on the calculated PI values.
The PI values for these three elements in the study area varied from 0.15 to 2.65. The areas with PI values <1 account for 89.9% for Cu, 87.0% for Pb and 89.1% for Zn of the total study area, respectively, indicating that metal pollution in the majority of soils in the study area were low. The lowest PI values were located at the two football pitch areas (PI < 0.5), which is reassuring for children playing there. Slightly contaminated soils (PI >1) were found along the southern roadside area and the middle-upper part in all maps. In addition, the highest levels of pollution soil observed were at the south-west corner along the southern roadside McKenna Rd, indicating that the use of brakes may have increased traffic pollution. East of this corner, there was a small gap which could be attributed to the sheltering effect of a bus stop with glass shields. However, pollution levels at the south-east corner of the sports ground was not as high as expected which warrants further investigation. 
Even though Pb pollution from traffic has decreased due to the phasing-out of leaded petrol, previous discharges Pb still remains in urban soils for many years. Meanwhile, the Cu and Zn pollution from the gradual deterioration of car tyres and brakes remain a continuous source.

[bookmark: _Toc275873276][bookmark: _Toc308439045]Figure 3. 7 Hazard maps of pollution index values: a) Cu, b) Pb, c) Zn and d) Max_PI



[bookmark: _Toc275458585][bookmark: _Toc293310974][bookmark: _Toc308438809]3.2 Metal pollution in a traditional bonfire site, Galway
[bookmark: _Toc275458586][bookmark: _Toc293310975]As previous mentioned the Rahoon green space has been used as a bonfire site annually in celebration of the Halloween festivities by local community. However, numerous materials including domestic and industrial wastes, e.g. batteries, tyres and many household electrical appliances, etc, were gathered for the bonfires. As a result, the adjacent soils to the bonfires have received a load of contaminants produced by burning of these wastes, hence posing a threat to the local community. Therefore, it is necessary to understand the state of the soil quality of this green space.
The objectives of this study were: (1) to investigate the current status of metal contamination in a traditional bonfire site; (2) to identify spatial patterns of pollution and possible pollution sources; and (3) to produce hazard maps, in order to provide useful information for effective remediation of contaminated sites if needed. 
[bookmark: _Toc308438810][bookmark: _Toc275458587][bookmark: _Toc293310976]3.2.1 Basic statistics
[bookmark: hit101][bookmark: hit105][bookmark: hit106]Descriptive statistics for the raw data of the 21 chemical elements, Al, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Na, Nb, Ni, Pb, S, Sc, Ti, V, Y and Zn, determined by ICP-OES in the surface soils of the bonfire site, are summarized in Table 3.2 (n = 30). All elements have values higher than their detection limits. The element concentrations varied over several magnitudes, showing the complex nature of soil geochemistry in such a small area, e.g. the minimum and maximum values for Zn were 29 and 1939 mg kg-1 respectively. Differences between means and medians are especially noticeable for Zn, Pb and Cu, indicating the strong positive skewness of the data which could be caused by anthropogenic factors. This confirms previous work in which Cu, Pb and Zn have been referred to as metals of ‘urban’ origin (De Miguel et al., 1998). 
In order to evaluate the pollution or anthropogenic influences, a comparison between the element concentrations and reference values were made. Those reference values include the medians of Galway urban soils (Zhang, 2006), average values of the upper crust (Wedepohl, 1995) as well as the rock samples of granite and limestone taking from locations A and B in Figure 3.8, respectively, by Zhang (2006). The results for comparisons were summarized in Table 3.3.

[bookmark: _Toc308439090]Table 3. 2 Basic statistics of element concentrations in soils of a traditional bonfire site, Galway (in mg kg-1; Al, Ca, Fe, K, Na: in %, n = 30) 
	
	Min
	5%
	25%
	50%
	75%
	90%
	95%
	Max
	Mean

	Al
	2.13
	2.14
	2.37
	2.57
	2.78
	3.14
	3.39
	3.47
	2.61

	Ca
	0.55
	0.56
	0.69
	0.96
	1.30
	1.67
	2.74
	2.85
	1.08

	Ce
	25.3
	25.4
	28.4
	29.5
	32.4
	36.3
	38.0
	38.3
	30.4

	Co
	4.23
	4.26
	4.79
	5.18
	5.42
	5.92
	10.6
	12.8
	5.49

	Cu
	14.1
	14.4
	17.0
	19.1
	22.9
	35.5
	59.6
	80.9
	23.4

	Fe
	1.00
	1.02
	1.07
	1.12
	1.16
	1.23
	1.32
	1.34
	1.13

	K
	0.59
	0.62
	0.71
	0.78
	0.88
	1.07
	1.17
	1.24
	0.82

	La
	16.7
	17.1
	18.7
	19.9
	22.7
	26.9
	28.1
	28.9
	21.1

	Li
	11.8
	12.1
	12.7
	13.3
	13.9
	15.2
	15.7
	15.8
	13.5

	Mg
	0.16
	0.17
	0.19
	0.21
	0.22
	0.27
	0.31
	0.31
	0.21

	Mn
	339
	345
	369
	384
	401
	414
	444
	463
	385

	Na
	0.24
	0.28
	0.34
	0.39
	0.45
	0.58
	0.64
	0.70
	0.41

	Nb
	5.82
	5.86
	6.01
	6.81
	7.23
	8.51
	9.25
	9.52
	6.88

	Ni
	20.8
	21.2
	25.3
	26.8
	27.8
	29.8
	41.2
	51.9
	27.2

	Pb
	34.9
	35.1
	38.8
	42.1
	49.4
	78.3
	99.7
	116
	48.6

	S
	0.05
	0.05
	0.07
	0.07
	0.08
	0.10
	0.12
	0.12
	0.08

	Sc
	3.06
	3.08
	3.41
	3.52
	3.73
	3.94
	4.00
	4.02
	3.54

	Ti
	1259
	1332
	1424
	1495
	1581
	1743
	2090
	2464
	1540

	V
	34.4
	35.1
	38.1
	39.1
	40.4
	41.9
	54.3
	68.4
	40.0

	Y
	13.9
	13.9
	15.5
	16.0
	16.8
	17.6
	17.8
	18.0
	16.0

	Zn
	81.0
	81.7
	85.6
	93.4
	111
	145
	1407
	1946
	189




[bookmark: _Toc308439046]Figure 3. 8 Locations of rock samples of limestone and granite taken by Zhang (2006)
The median values for most elements reported in their study were comparable to the medians of Galway soils (Zhang, 2006), while Sc was extremely low. Sc is a transitional element in the 4th period of the periodic table. Normally, its concentration is relatively low in both granite and limestone (Zhang, 2006). When compared with the average values of the upper crust, relatively high values for three metals Zn, Pb and Cu can be observed in soils of this study. The median and mean values for most elements in this study are obviously different from the limestone samples, while these values are relatively close to their corresponding values for the granite samples. The natural origins of chemical elements in soils are their parent materials, which are the weathering products of the underlying bedrocks. Our results further confirm the soils in this site are mainly developed up on granite, and inherit the features of granite, such as the relatively high concentrations of Al, Ce, Fe, K, Li, Mn and Ti, and low values of the other trace elements (Zhang, 2006). 
Compared with all other reference values (except for Galway soils), Zn, Cu and Pb were obviously enriched in this study, especially Zn, indicating these variables are relatively more affected by human activities. In order to investigate the spatial variation of these three metals, Cu, Pb and Zn, the results obtained by P-XRF were used (n = 218 for each metal). 
[bookmark: _Toc308439091]Table 3. 3 Comparison between element concentrations in soil of the bonfire site and reference values (in mg kg-1; Al, Ca, Fe, K, Na: in %)
	
	Median
	Mean
	Galway soil a
	Upper crust b
	Lime1 a
	Lime2 a
	Granite1 a
	Granite2 a

	Al
	2.57 
	2.61
	3.71
	7.74
	0.14
	0.05
	5.92
	6.14

	Ca
	0.96 
	1.08
	2.10
	2.95
	40.2
	40.0
	0.59
	1.26

	Ce
	29.5 
	30.4
	42.0
	65.7
	3.00
	3.00
	41.0
	49.0

	Co
	5.18 
	5.49
	6.00
	11.6
	<1.00
	<1.00
	1.00
	1.00

	Cu
	19.1 
	23.4
	27.0
	14.3
	6.0
	<2.00
	<2.00
	8.00

	Fe
	1.12 
	1.13
	1.70
	3.09
	0.15
	0.07
	0.68
	0.88

	K
	0.78 
	0.82
	1.20
	2.87
	0.06
	0.03
	3.55
	3.48

	La
	19.9 
	21.1
	23.0
	32.3
	4.00
	3.00
	23.0
	29.0

	Li
	13.3 
	13.5
	19.0
	22.0
	<2.00
	<2.00
	8.00
	7.00

	Mg
	0.21 
	0.21
	0.32
	1.35
	0.45
	0.38
	0.17
	0.23

	Mn
	384 
	385
	539
	527
	100
	110
	392
	311

	Na
	0.39 
	0.41
	0.57
	2.57
	0.02
	0.02
	2.38
	2.53

	Nb
	6.81 
	6.88
	8.00
	26.0
	8.00
	7.00
	6.00
	6.00

	Ni
	26.8 
	27.2
	22.0
	18.6
	9.00
	4.00
	2.00
	2.00

	Pb
	42.1 
	48.6
	58.0
	17.0
	10.0
	3.00
	22.0
	24.0

	S
	0.07 
	0.08
	5.00
	7.00
	<1.00
	<1.00
	3.00
	3.00

	Sc
	3.52 
	3.54
	114.0
	316
	606
	670
	82.0
	168

	Ti
	1495 
	1540
	1623
	3117
	74.0
	32.0
	846
	952

	V
	39.1 
	40.0
	50.0
	53.0
	24.0
	15.0
	16.0
	19.0

	Y
	16.0 
	16.0
	18.0
	20.7
	7.00
	4.00
	8.00
	8.00

	Zn
	93.4 
	189
	85.0
	52.0
	34.0
	23.0
	37.0
	31.0


Data sources: a Galway soil and rock samples (Zhang, 2006); b Upper crust (Wedepohl, 1995).
[bookmark: _Toc308438811]3.2.2 Comparison between P-XRF and ICP-OES results
In the following three sampling sites, P-XRF was employed to determine the total concentrations of metals. In order to compare the performances of both the P-XRF and the ICP-OES, a scatter plot with a combination of Spearman’s rank correlation and Wilcoxon-Mann-Whitney test were employed to test the difference between the P-XRF and ICP-OES determinations (Figure 3.9). For the Wilcoxon-Mann-Whitney test, a significance threshold of 0.05 was used for relative bias — p ≥ 0.05: no bias; p < 0.05: statistical difference between two groups of data sets (Freitas et al., 2006).
The existence of two-paired extremely high values for Zn may lead to the congregation of the lower sample concentrations; therefore they were excluded from the scatter plots. All samples were plotted closely along the 1:1 line of the scatter plot for each metal (Figure 3.9), however, most of the data points for Zn are below the 1:1 line, indicating that soil Zn concentrations were underestimated by P-XRF analysis. Therefore, a regression line was estimated using a linear regression model, and was added to the Figure. As shown in the figure, a line (y=1.01× x - 20.1) parallels to the line of equality (y=x), indicating the existence of “translational” bias between the two methods, which is probably caused by the existence of an un-correctable systematic error in the zero point of the calibration for one method. The systematic error for the P-XRF measurement is probably caused by imperfect calibration, changes in the environments and other factors which need further investigation. It should be mentioned that this bias induced by the P-XRF measurement would impair the krging interpolated results. The kriging is regarded as the best linear unbiased estimator (BLUE). However, it should be acknowledged that the word “unbiased” used in kriging only refers to the mathematical calculation, but the actual data here are “biased”. Therefore, the final surface maps based on the P-XRF measurements may underestimate the real contamination levels, especially in the case of Zn.
The Spearman’s rank correlation coefficient, (0.67 for Cu, 0.81 for Pb and 0.71 for Zn respectively), indicated a good correlation between the P-XRF and ICP-OES analysis, as reported in previous studies of comparisons between FAAS and P-XRF techniques (Clark et al., 1999b; Radu and Diamond, 2009). There is no significant difference between P-XRF and ICP-OES estimated results, as all the significance levels were higher than 0.05 (P value for Cu is 0.13, Pb is 0.89 and Zn is 0.80 respectively). Together with the previous results for quality control process, the P-XRF determination of Cu, Pb and Zn in this study was deemed acceptable and thus the results produced by P-XRF were used in the following studies.


[bookmark: _Toc275873278][bookmark: _Toc308439047]Figure 3. 9 Scatter plots between results from P-XRF and ICP-OES methods in bonfire site

[bookmark: _Toc308438812]3.2.3 Probability distribution and global outlier detection
The histograms for the raw data and transformed data, e.g. log-transformation and normal score transformation, were produced to give a one-dimensional insight into the data structure of Cu, Pb and Zn (Figure 3.10). Histograms of the raw data show long tails towards higher concentrations and other studies have also reported that most metal concentration distributions are frequently positive skewed from a normal distribution (Amini et al., 2005; Yongming et al., 2006). The existence of global outliers was evident from the occurrence of bins with zero frequencies in the long tail area of the raw data. Two bins, which were outlying values for the Zn data, can be clearly identified. A Kolmogorov-Smirnov (K-S) test together with skewness and kurtosis values were also applied to assess the normality of data sets (Table 3.4). The high skewness and kurtosis values for the raw data agreed with their histogram features. In this case, log-transformation failed to normalize the data; however, a normal score transformation brought the distribution closer to normal, with relatively much smaller skewness and kurtosis and the K-S normality test at a significance level of higher than 0.05. 
The box-plots facilitated the identification of global outliers in the raw data (Figure 3.11). A total of 3, 3 and 14 extreme values for Cu, Pb and Zn, respectively, were detected. The existence of these elevated concentrations which may be attributed to anthropogenic activities requires further investigation.
[bookmark: _Toc308439092]Table 3. 4 Skewness, kurtosis and Kolmogorov-Smirnov (K-S) values for raw data and normal score transformed data (n=218)
	
	Cu
	Pb
	Zn

	
	Raw data
	Normal score Transformed 
	Raw data
	Normal score Transformed
	Raw data
	Normal score Transformed

	Skewness
	2.17
	1.46
	11.6
	0.49
	0.005
	0.008

	Kurtosis
	10.2
	5.62
	147.8
	-0.23
	-0.12
	-0.14

	K-S
	0.007
	0.795
	0.005
	0.894
	0
	0.957



[bookmark: _Toc308439048]Figure 3. 10 Histograms for metal: a-c) raw data, d-f) transformed data
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[bookmark: _Toc308439049]Figure 3. 11 Box-plots for metal concentrations in soils
[bookmark: _Toc308438813]3.2.4 Spatial outlier detection
In order to avoid distorting the statistic results (Lalor and Zhang, 2001; McGrath and Zhang, 2003), spatial outliers were detected using the standardized local Moran’s I based on the transformed data for Cu, Pb and Zn. Most of the samples were insignificant in Figure 3.12 and two clear high-high spatial clusters were observed on the western corner and central of the study area for all metals studied. In contrast, low-low spatial clusters were clearly shown for all metals along the east side of study area. These lower values may have resulted from the previous spreading of top soil. Most of the high-low spatial outliers (high value outliers in a low value neighborhood) were in or near the low-low cluster, as these samples had much higher metal concentrations than those in the vicinity area. However, the low-high outliers were mainly located close to the high-high spatial cluster areas. In this case, anthropogenic activities, e.g. bonfire or traffic emissions, are most probably the primary contributors to these high-low spatial outliers. Therefore, the high-high clusters as well as high-low spatial outliers could be regarded as pollution hotspots. In order to obtain a robust measurement of spatial structure, these outliers should be detected and possibly subsequently eliminated. If there is no evidence to show that these values are erroneous such as laboratory errors, they had better be put back to the data set for kriging analyses to honor their existence.
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[bookmark: _Toc308439050]Figure 3. 12 Spatial outlier identified by Local Moran’s I for Cu, Pb and Zn
[bookmark: _Toc308438814]3.2.5 Spatial structure
To further describe the spatial variation of the metals, a semivariogram for each data set was studied. Before producing variogram models, the directional features were checked and isotropy features were observed for all the selected metals. The variogram models and their parameters (nugget, sill, range) were determined and are presented in Figure 3.13. 
Zinc and Cu are fitted well with the spherical models of the calculated experimental variograms, whereas Pb in the soil is best fitted for an exponential model. The large nugget effects may be attributed to the geological/ natural effect or the sampling errors (Dominy et al., 2001). A high nugget/sill ratio (NSR) indicates low spatial autocorrelation or spatial discontinuity over short distances. For concentrations of Cu, Pb and Zn in topsoil with relatively high NSR values (48.9%, 63.4% and 47.6% respectively) in this study, primary loadings mainly resulted from anthropogenic activities. Among these elements, Zn exhibited the best spatial structure.. For all elements, the experimental variogram decreased after the range of approx. 27.5 m, indicating some correlation in the large distance range (mainly among patches of same features).
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[bookmark: _Toc308439051]Figure 3. 13 Variograms of Cu, Pb and Zn in soils of bonfire site, Galway
[bookmark: _Toc308438815]3.2.6 Spatial interpolation
The spatial interpolation method of ordinary kriging estimation was applied to produce the spatial distribution maps for Cu, Pb and Zn (Figure 3.14). 
On the distribution maps, it appeared that Cu, Pb and Zn were elevated in the centre and western corner of the study area. The spatial patterns of Cu, Pb and Zn in the soils were similar, suggesting that these contaminants may have a common source. Based on field investigations, it was evident that firewood and other materials were deposited and ignited in the centre of the study area on Halloween Eve, 2008. It was also observed that the specific bonfire locations were slightly changed annually which contributed to the complex distribution patterns of these metals.
These metals can occur naturally, but concentrations are often enhanced by bonfires, atmospheric deposition or other anthropogenic activities (Alloway, 2004; Alexander et al., 2006). Previous studies have documented that the burning of metal-containing household wastes in domestic gardens can lead to significant metal accumulation in soils (Alloway, 1995). Figure 3.15 showed a bonfire was lit in Rahoon, Galway during Halloween Eve, 2008. And lots of burned materials in Bonfire, Halloween Eve, 2008, Galway showed in Figure 3.16. Table 3.5 lists the materials, which were used in the bonfire on Halloween Eves, from field investigations (2008 and 2009). In addition, twelve ash and soil samples were also collected from the location of the bonfire and analyzed by P-XRF on the day after the Halloween night festivities in 2008. Highly elevated concentrations of these metals (mean concentrations Cu: 420.9 mg kg-1, Pb: 95.1 mg kg-1 and Zn: 21292.7 mg kg-1) were found, which also confirmed their association with the bonfire. This trend is similar to those noted by Sajwan et al. (2003), who compared the metal emissions from coal combustion with those from burning a mixture of 10 wt% shredded car tyres and 90 wt% coals. The results showed that the addition of car tyres leads to a significant increase in the emission of Zn, Cu, Pb, V, Cr, Mn, Fe and Ni. Meanwhile, Polasek and Jervis (1994) reported the highest amounts of Zn found in pure tyre ash at 60 wt%. 
Zinc is used industrially as a coating to prevent rusting and is mixed with other metals to produce alloys such as brass and bronze (Tachibana et al., 2007) and its compounds are also widely used in the manufacture of paint, rubber, dye, wood preservatives and ointments (Fay, et al., 2007b; Krauskopf, 1967). Copper and its compounds are used in electrical equipment, piping, some paints, etc., (Alloway, 1995; Davis and Associates, 2001), while sources of Pb include batteries, glass, electrodes and television screens (Fay et al., 2007b). Most of the above mentioned substances were present in the burning material list (Table 3.5). It is clear that the uncontrolled burning of metal-containing waste on urban land results in the accumulation of Zn and other metals in the soil and consequently constitutes a potential risk for plants and potentially human health. 
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[bookmark: _Toc275980324][image: ]
[bookmark: _Toc275873285][bookmark: _Toc308439052]Figure 3. 14 Spatial distribution maps for a) Cu, b) Pb and c) Zn
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[bookmark: _Toc275873283][bookmark: _Toc308439053]Figure 3. 15 Bonfire was lit in Rahoon, Galway during Halloween Eve, 2008
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[bookmark: _Toc275873284][bookmark: _Toc308439054]Figure 3. 16 Burned materials in Bonfire, Halloween Eve, 2008, Galway

[bookmark: _Toc308439093]Table 3. 5 List of burned materials in Bonfire, Halloween Eve, 2008 and 2009, Galway
	
	Materials

	1
	Vehicle wheel

	2
	Vehicle tyres

	3
	Bicycles (including tyres)

	4
	Batteries

	5
	Microwave

	6
	Mattress

	7
	Metal frames

	8
	Washing machine

	9
	Electrothermal furnace

	10
	Cooking stove

	11
	Old TV sets

	12
	Pop can

	13
	Air tank

	14
	Wood furniture (painted doors, chairs and other furniture etc.)

	15
	Plastic

	16
	Cotton (cotton batting, cotton toys, old clothes etc.)

	17
	Old couches

	18
	Bones

	19
	Construction materials

	20
	Cardboard


[bookmark: _Toc308438816]3.2.7 Hazard assessment
Given the significant influence of the bonfires on contaminant levels in the soil, it was necessary to evaluate the degree of such pollution using hazard maps based on the pollution index values.
The PI values, based on the ratios to Dutch Target values, for these three elements in the study area varied from 0.13 to 13.85. The areas with PI values <1 accounted for 98.3% for Cu, 99.7% for Pb and 94.3% for Zn of the total study area (Figure 3.17.a.b.c), respectively, indicating that the overall metal pollution in the soils in the study area was low and the soil geochemistry of the study area may be associated with the local lithology. 
Although the soils in the centre of the study area where the bonfires occurred were slightly contaminated soils (PI >1) with respect to Cu and Zn, it was not possible to estimate the actual quantities of metal produced from the bonfires. It is obvious that significantly more Zn and other metals were released in the vicinity of the bonfires. Furthermore, polluted soils were observed at the northwest of corner close to several trees. It is suspected that these trees may trap airborne dust released from the bonfires giving rise to higher concentrations of metals in the ambient soils, which may be investigated further in the future. In addition, a hazard map, based on the comparison to the Dutch Intervention value, was produced for Zn (Figure 3.17.d). The area consisting of PI values higher than 1 is 3.88 m2, accounted for 0.12% of the entire site. It’s worth mentioning that there is always an uncertainty associated with hazard maps, and the Dutch Target and Intervention values were for a standard Dutch soil (10% organic matter and 25% clay, expressing in mg kg-1) (VROM, 2000). In addition, the bulk sample geochemistry may not reflect the real risk to an ecosystem from potentially toxic elements (Siegel, 2002). Further studies on the bioaccessibility of these pollutants are recommended.
In order to prevent future contamination from bonfires, it should be recommended to local residences that the burning of tyres and other hazardous metal-containing wastes must be avoided. The results in this study provide useful information on the environmental effects and management policy of bonfires.
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[bookmark: _Toc275873286][bookmark: _Toc308439055][bookmark: hit1]Figure 3. 17 Hazard maps of pollution index values: a-c) based on Dutch target values for Cu, Pb and Zn, d) based on Dutch intervention values for Zn.
[bookmark: _Toc275458593][bookmark: _Toc293310982]

[bookmark: _Toc308438817]3.3 Spatial analysis of potentially bioavailable metals in South Park
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Assessing the environmental hazard of metal contamination in soils requires the determination of both total (TCs) and bioavailable (BCs) element concentrations. An urban sports ground (South Park) in Galway, Ireland, a former landfill and dumping site, which is currently under remediation, was selected to study the spatial variation of potentially bioavailable metals and total metals.
The present study was conducted to determine both TCs and BCs of some metals, e.g. Cu, Pb and Zn, in soils of the site, followed by the subsequent production of spatial distribution maps for the identification of patterns of pollution and possible pollution sources. Furthermore, this approach will establish whether the BCs of metals display similar spatial patterns with their corresponding TCs. The information will be useful for environmental policy makers and managers in the hazard assessment of metals in urban soils.
[bookmark: _Toc308438818]3.3.1 Comparison with previous measurements 
In order to obtain a better understanding of the soil quality status of the current study area, comparison between this study and any previous measurements was made. It should be mentioned, for our sampling sites, no previous measurements have been made, except South Park sports ground. In November 2004, soil samples were taken by Dr. Zhang from South Park as part of the Galway City urban geochemistry study. A distinct pollution hotspot of Pb, Zn, Cu and As in South Park, e.g. 543 mg kg-1 for Pb, in this sports ground was documented in his publication (Zhang, 2006). The author recommended that further studies were needed to investigate and confirm the hotspots, to identify the possible pollution sources, and to establish the relationship between pollution and human health of the residents. Therefore, investigations were carried out by the research group led by Dr. Zhang. A pilot study was first undertaken. This consisted of the repeated analysis of a soil sample taken in November 2004 and the collection and analysis of five additional samples within 2–5 m of that locations in May 2005 (specific coordinates for the samples based on the Irish National Grid system are provided in Table 3.6). A total of 7 samples were sent to OMAC Laboratories Limited in Loughrea, County Galway for ICP-AES analysis for near-total concentrations of the elements following a four-acid digestion (HF, HClO4, HCl and HNO3). The results were presented in Table 3.6.
[bookmark: _Toc308439094]Table 3. 6 Pilot study data (Carr et al., 2008; unit: mg kg-1)
	Sample no
	Easting
	Northing
	Sampling date
	Pb
	Zn
	Cu
	As

	L11
	129727
	224374
	07/11/2004
	543
	431
	108
	23

	L11_Repeat
	129727
	224374
	07/11/2004
	512
	418
	106
	21

	L11_Repeat2
	129727
	224374
	07/11/2004
	531
	421
	108
	23

	L11–1
	129725
	224375
	15/05/2005
	537
	436
	112
	21

	L11-2
	129727
	224377
	15/05/2005
	569
	463
	126
	20

	L11-3
	129728
	224374
	15/05/2005
	542
	432
	106
	19

	L11-4
	129725
	224373
	15/05/2005
	2768
	701
	163
	39

	L11-5
	129723
	224377
	15/05/2005
	1001
	610
	133
	29


Strong variation of metal contamination was observed within a short distance at the sampled location. However, it was clear that the results in Table 3.6 confirmed the high levels of pollutants in the original (2004) samples and additional five samples. It was therefore concluded that a detailed survey of topsoil geochemistry throughout the South Park sports ground was required. Thus, a P-XRF survey was undertaken during a 5-day period in June 2006. The sampling and analysis procedure was detailed as follow: at 200 locations on a 20 × 20-m grid (the sampling pattern is same as the current study in this site) a stainless steel spade was used to cut and temporarily remove the grass and uppermost layer of root-rich soil (the ‘sod’) to expose the mineral-rich topsoil at a depth of 5–10 cm. The spade was used to mix and compress the exposed soil, and its metal concentrations were analyzed in situ using an Innov-X Alpha Series 6500 portable XRF metal analyzer. Table 3.7 shows the basic statistics for the raw P-XRF elemental Pb, Zn and Cu concentration data obtained from the 200 sites. The P-XRF produced results in this study were included in the table for comparison.
[bookmark: _Toc308439095]Table 3. 7 Comparison of basic statistics of metal concentrations in soils in South Park measured by Carr et al (2008) and this study (unit in mg kg-1)
	
	Pb
	Zn
	Cu

	
	2006a
	2009b
	2006
	2009
	2006
	2009

	Minimum
	17
	15
	31
	30
	<10
	18

	5%
	23
	39
	44
	74
	<10
	25

	10%
	31
	51
	57
	89
	<10
	32

	25%
	92
	108
	126
	147
	23
	44

	Median
	302
	371
	328
	381
	88
	116

	75%
	1016
	1145
	809
	830
	198
	219

	90%
	2375
	2449
	1652
	1860
	418
	413

	95%
	4056
	4307
	2996
	2199
	945
	507

	98%
	5540
	5637
	4040
	3300
	1660
	999

	Maximum
	10297
	14543
	24716
	4883
	2224
	2168


a Metal concentrations measured by Carr et al. (2008); b This study.
There are at least 10% of samples below their detection limits for Cu in 2006’s data; however in our case all metals have concentrations above the detection limits for all samples. This is probably owing to the implement of the sample preparations in our study, e.g. drying, sieving. Two data sets shared almost the same pattern with the exceptions of the maximum values for Zn. The highest Zn value is 24716 mg kg-1 in 2006’s study; however this area exhibited very low content in the present study (Figure 3.18). This was attributed to a new covering of topsoil as an immediate preliminary remediation by the local government in 2007 following the discovery of pollution in 2006. Other areas where preliminary remediation was made also showed significant differences from Carr’s results, for examples: the residue for Zn concentrations for sample No.3 between two years’ results is 3503 mg kg-1 (Figure 3.18). 
[image: ]
[bookmark: _Toc308439056]Figure 3. 18 Comparison of Zinc concentrations from this study (Zn_2009) and those of Carr et al (2008) (Zn_2006)
To better visualize the difference between two studies, a scatter plot was also produced for Pb concentrations. A good correlation between the two measurements for Pb is illustrated, with most of the points located close to the diagonal line in Figure 3.19, and relatively high Spearman correlation coefficients between two measurements (r2 = 0.65 for Cu; 0.69 for Pb; 0.70 for Zn). However, several separated points are observed in the scatter plot box. Four points at the upper-left corner, with sample no. 10, 11, 185, and 3, have high Pb concentrations in Carr’s report while they are relatively low in our study. This is caused by the remediation with new imported soils. However, the existence of those three points located at the lower-right corner on the plot with sample No. 105, 126 and 199 is probably owing to the variation within small distance (highly contaminated soils). The overall results of this study are consistent with those of Carr et al. (2008), with several exceptions which are expected.
[image: ]
[bookmark: _Toc308439057]Figure 3. 19 Scatter plot between Pb concentrations from this study (Pb_2009) and those of Carr et al. (2008) (Pb_2006)
[bookmark: _Toc308438819][bookmark: _Toc275458594][bookmark: _Toc293310983]3.3.2 Basic statistics for total and potentially bioavailable concentrations
The basic statistical parameters (mean, median, minimum, maximum, skewness and kurtosis) for TCs and BCs of Cu, Pb and Zn in the soils are also calculated and the results are presented in Table 3.8. The median values of these elements in the surface soils of Ireland (Fay et al. 2007a; Zhang et al. 2008a), which can be regarded as background values in Ireland are presented for comparative purposes.
[bookmark: OLE_LINK14]Metal concentrations in soils of the study area were heterogeneous, as indicated by the large differences between the minimum and maximum values for both TCs and BCs. Overall it was found that TC_Cu, TC_Pb and TC_Zn in all the samples were higher than the national background levels. The median TCs for these three metals were 7-fold, 15-fold and 6-fold higher than their background values. Meanwhile, all mean values were significantly higher than the medians indicating the existence of outliers or extreme values which skewed the distribution of the data set. The high skewness and kurtosis statistics also provided evidence of disproportionate values at the upper tail of the distribution. Approximately 29%, 42% and 30% of the samples had TC_Cu, TC_Pb and TC_Zn concentrations exceeding the Dutch interventional values (Cu, 190 mg kg-1; Pb, 530 mg kg-1; Zn, 720 mg kg-1) (VROM 2000). A TC value higher than the interventional value is an indication that the soils require remediation. These relatively high metal concentrations in the study area imply that the soils are contaminated. 
The average abundance of metals in the EDTA-extractable fraction of soils decreases in the following order: Pb > Cu > Zn. The result that Zn had the highest EDTA_unextractable fraction in the soil is in line with previous reports (Li and Shuman, 1996; Shuman, 1985; Adriano, 2001). The greater EDTA_extractable values for Cu may be related to the highly stable soluble complex which Cu forms with EDTA (Madrid et al., 2008). Lead had the highest ratio suggesting a greater potential bioavailability to plants, animals or humans in soils than Cu and Zn.
[bookmark: _Toc308439096]Table 3. 8 Summary of total and bioavailable concentrations of Cu, Pb and Zn in soils of South Park, Galway (n=200, concentration unit in mg kg-1)
	Variables
	Minimum
	Maximum
	Mean
	Median
	StDev
	Skewness
	Kurtosis
	Irish soila

	TC_Cu
	18
	2168
	190
	116 
	268
	4.36
	24.7
	16.2

	TC_Pb
	15
	14543
	957
	371 
	1606
	4.30
	27.4
	24.8

	TC_Zn
	30
	4883
	689
	380 
	803
	2.20
	5.77
	62.6

	BC_Cu
	0.77
	826
	73.6
	40.1 
	104.1
	4.23
	23.5
	

	BC_Pb
	4.11
	10989
	613
	185 
	1138
	5.00
	36.5
	

	BC_Zn
	3.04
	2406
	242
	110 
	353
	2.69
	9.07
	

	Ratio Cub
	0.03
	0.67
	0.38
	0.39
	0.1
	-0.32
	1.08
	

	Ratio Pbb
	0.11
	0.93
	0.59
	0.60
	0.13
	-0.14
	0.43
	

	Ratio Znb
	0.04
	0.61
	0.28
	0.27
	0.11
	0.53
	0.18
	


a Irish soil median values from Zhang et al. (2008a).
b Ratio= EDTA contents/ P-XRF contents
[bookmark: _Toc308438820]3.3.3 Relationship between metal concentrations and their bioavailable proportions
The Spearman’s correlation coefficients between metal concentrations (TCs and BCs) and their ratios were calculated, and the results are given in Table 3.9.
[bookmark: _Toc308439097]Table 3.9 Spearman’s correlation coefficients between metal concentrations and their bioavailable proportions a
	
	TC_Cu
	TC_Pb
	TC_Zn
	BC_Cu
	BC_Pb
	BC_Zn
	Ratio_Cu
	Ratio_Pb
	Ratio_Zn

	TC_Cu
	1.00
	
	
	
	
	
	
	
	

	TC_Pb
	0.95**
	1.00
	
	
	
	
	
	
	

	TC_Zn
	0.95**
	0.94**
	1.00
	
	
	
	
	
	

	BC_Cu
	0.98**
	0.93**
	0.94**
	1.00
	
	
	
	
	

	BC_Pb
	0.93**
	0.99**
	0.92**
	0.93**
	1.00
	
	
	
	

	BC_Zn
	0.93**
	0.91**
	0.98**
	0.93**
	0.90**
	1.00
	
	
	

	Ratio_ Cu
	0.09
	0.10
	0.10
	0.26**
	0.17*
	0.17*
	1.00
	
	

	Ratio_Pb
	0.03
	0.11
	0.02
	0.13
	0.23**
	0.07
	0.55**
	1.00
	

	Ratio_Zn
	0.59**
	0.57**
	0.64**
	0.64**
	0.58**
	0.78**
	0.32**
	0.19**
	1.00


[bookmark: hit116]a Significant correlations are noted by: (**) P<0.01; (*) P<0.05; Ration = BC/TC

[bookmark: hit117][bookmark: hit118][bookmark: _Toc276091850]Total concentrations of the individual metals in the study area were significantly correlated with each other (for example, the correlation coefficient of TC_Zn with TC_Cu and TC_Pb were 0.95 and 0.94, respectively). These correlations show that the variability of TCs is likely related to the same source of contamination. The correlations between TCs and BCs were also strongly correlated with respective values of 0.98 for Cu, 0.99 for Pb and 0.98 for Zn (P< 0.01 in all cases). In the case of the ratios of metals, it is more complex as both Ratio_Cu and Ratio_Pb were only weakly correlated with their corresponding TCs and BCs. However, Ratio_Zn showed a strong positive correlation with all variables except for Ratio_Cu and Ratio_Pb, which is potentially due to some common factors that influence Ratio_Zn and other related variables, such as TC and BC of Cu, Pb and Zn.
[bookmark: _Toc308438821]3.3.4 Comparison of spatial structures between total and potential bioavailable contents
In order to compare the spatial structures of the TCs and BCs, semivariograms were produced for Cu, Pb and Zn as these provide a clear representation of the spatial structure of variables and give some insight into the processes that are likely to affect their distributions (Wu and Zhang, 2010). Prior to spatial analysis, the normality of metals was initially examined, and all the raw data for metals showed marked non-normal distributions. The Kolmogorov-Smirnov (K-S) test showed the normal distribution of the log-transformed data (all p-values were above 0.05 for the three metals). Meanwhile, the data transformation towards normality is effective in reducing the effect of outliers (McGrath et al., 2004). Therefore, all subsequent spatial analyses were based on log-transformed data. 
The parameters for isotropic semivariogram models are listed in Table 3.10, and the fitted variogram plots for all metals are shown in Figure 3.20. The exponential models fitted well to Ln_TC_Cu, Ln_TC_Pb and Ln_BC_Pb, whereas the others were best fitted with spherical models.
The existence of a positive nugget effect in some of the variables studied can be explained by sampling errors, short-range variability, and inherent unexplained variability. All semivariograms are generally well structured with small nugget effects, in conjunction with the relatively long semivariogram ranges (83.9 – 133 m) in comparison with the size of the study area, showing that the sampling density is adequate to reveal the spatial structures (McGrath et al., 2004). The Nugget/Sill ratios for all models ranged from 26.2% to 52.4%, indicating that the transformed concentrations of metals had a moderate spatial dependency. This spatial dependence was attributed to the distribution of patches of contaminated soils. The shape of the fitted variogram also provides information regarding the speed and intensity of the horizontal diffusion of metal concentrations in the environment (Romic et al., 2007). In this study, Pb diffuses relatively further than the other metals. It is worthwhile noting that the semivariogram range for Ln_BC_Cu is two-thirds of that for Ln_TC_Cu, and shows a higher nugget/sill ratio, which indicated its relatively weak spatial structure as compared to its correspondence (Ln_TC_Cu). This finding is in line with several recent publications, which have shown the bioavailable fraction of metals had much higher spatio-temporal variability than the total concentration (Mackey and Mackay, 1996; Adamo and Zampella, 2008).
[bookmark: _Toc308439098]Table 3. 10 Isotropic semivariogram model parameters for the log-transformed data of Cu, Pb and Zn concentrations in soils and their standard deviations 
	Variable
	Ln_TC_Cu
	Ln_BC_Cu
	Ln_ TC _Pb
	Ln_ BC_Pb
	Ln_ TC _Zn
	Ln_ BC_Zn

	Model
	Exponential
	Spherical
	Exponential
	Exponential
	Spherical
	Spherical

	Nugget
	0.39
	0.68
	0.61
	0.78
	0.52
	0.78

	Sill
	1.1
	1.3
	2.3
	2.5
	1.3
	2.1

	Range
	133
	84
	123.8
	117.6
	92.4
	83.9

	Nugget/sill (%)
	35.5 
	52.3 
	26.5 
	31.2 
	40.0 
	37.1 

	S.D.
	1.01
	1.14
	1.45
	1.51
	1.11
	1.43




[bookmark: _Toc308439058][image: ]Figure 3. 20 Variograms for total and bioavailable metals in soils
The most remarkable feature in Figure 3.20 is the entire level of the models for BCs are above their corresponding TCs, and this feature is most apparent for Zn. Meanwhile, the standard deviation values for the log-transformed BCs were higher than the corresponding TCs, showing that BCs were more variable, which should be related to the strong heterogeneity feature of pollution.
[bookmark: _Toc276091851][bookmark: _Toc308438822]3.3.5 Spatial distribution of metal concentrations and their bioavailable proportions
Maps for all the total and EDTA-extractable concentrations of the three metals showed similar spatial distribution patterns, indicating they may have been affected by the similar sources which may have been anthropogenic in origin in the study area. As an example, the maps for Pb are shown in Figure 3.21.
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[bookmark: _Toc308439059]Figure 3. 21 Spatial distribution maps for total and bioavailable concentrations of Pb 
Based on the spatial distribution maps, high concentrations of the metals were found in the main football pitch area on the west part of the park where a thin and dark brown top soil covers the underlying soil which contains municipal waste such as broken glass, pottery, clinker, bones and metallic materials. The area close to the central and eastern sections of the site showed the lowest levels of contamination for all three elements, which were attributed to the relatively good coverage of top soils. 
Even though the overall spatial patterns of the bioavailable portions of the metals were similar to those of the total concentrations, the BC/TC ratio maps of the metals displayed some differences (Figure 3.22). Ratio_Zn shows a distinctively different pattern from Ratio_Cu and Ratio_Pb, while the latter two share very similar distributions, indicating a similar EDTA extraction capacity for these two metals. Interestingly, the Ratio_Zn displays a similar pattern to TC_Pb and BC_Pb, which lends some support to the previous finding that the Ratio_Zn exhibits a significant positive correlation with the TCs and BCs of Cu, Pb and Zn. The highest ratios for Zn occurred at the north-east corner of the site, while the ratios for Cu and Pb were elevated at the south-east corner, central and middle-upper part of the study area. Approximately, 80% of the area exhibited low ratios (0.10 – 0.35) for Zn, while 85% of the area show relatively high ratios for Pb (0.50 – 0.70). From these observations it was clear that Zn was predominately bound to the residual (EDTA un-extractable) phase of the soils. On the other hand, it demonstrated that EDTA has a strong chemical affinity for Pb. This finding is in agreement with other studies which frequently reported high EDTA-extractable Pb contents in urban soils (Stalikas et al., 1999; Kos and Leštan, 2003). However, these relative high ratios for Pb suggest that EDTA may be an aggressive extractant and as a result these values may reflect some of the total Pb content of the soil. This trend is similar to those reported by Madejón et al. (2009), as the BCs in some cases can be overestimated using EDTA extraction due to the complex equilibrium involved. The U.S. Environmental Protection Agency (U.S. EPA, 1990) has developed an Uptake Biokinetic Model for estimating risks due to Pb exposure from soil. In the case of children, it is estimated that 30% of the Pb content of soil may be bioavailable. In comparison with this model, the results in the current study may have overestimated the potential bioavailability of Pb. However, it should be noted that the elevated BCs for Pb in the study area (highest values for Pb is 10,989 mg kg-1) indicate the high degree of pollution of these soils.
The bioavailability of metals in soils is complex as it is affected by numerous factors such as chemical properties, soil properties, elemental species exposed and climate (Ernst, 1999; Burger et al., 2003; Clemente et al., 2003; Katayama et al., 2010). This location was historically used as municipal solid waste landfill, which was most likely a source of many metals (including Cu, Pb, Zn, Cd and Sn) to the soil. Meanwhile, Mirlean et al. (2009) have reported that metals in heavily polluted soils are much more bioavailable than in the soils from uncontaminated areas. In addition, soil acidification and soil organic matter accumulation (SOC) can contribute to greater metal bioavailability, which in turn can increase the uptake and accumulation of metals by plants (Jin et al., 2005). According to the simplified Irish soil parameters distribution maps (Fay et al. 2007b) the SOC and pH are estimated to fall in the range of 15.1 – 35% and 5.01 – 6.0, respectively, in this area. These soil parameters, together with intense precipitation throughout the year (~1200 mm annually) combined with a high water table (close to the coastline), may predispose the area to a greater degree of metal mobility and toxicity, posing hazardous conditions.  
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[bookmark: _Toc308439060]Figure 3. 22 Spatial distribution maps for BC/TC ratios of metals a) Ratio_Cu, b) Ratio_Pb, c) Ratio_Zn
[bookmark: _Toc308438823]3.3.6 Compare the bioavailable fractions of metals in this study against other studies
Considerable research has been carried out to use single extraction procedures to soil sample to identify the “bioavailable” fractions (Tarvainen and Kallio, 2002; Aslibekian and Moles, 2003; Feng et al., 2005; Gupta and Sinha, 2007; Madrid et al., 2007; Zemberyová et al., 2007). A comparison between our studies against these studies was made. Table 3.11 shows the results of the comparison of metal bioavailability in soils in different studies, in some cases the total concentrations of metals were also included.
Various single extractants, e.g. EDTA, CaCl2, DTPA, NH4NO3, CaCl2, and NaNO3, have been used to evaluate the bioavailability of metals from soils in these studies. The ranges of contamination levels of soils varied in these studies. For example, the soils studied by Madrid et al., 2007 belong to long term contaminated areas; while, Tarvainen and Kallio (2002) measured a total of 90 basal till samples, with very low metal concentrations, in Finland.
In Table 3.11, compared to other extractions, the EDTA extraction showed better extractability to all metals determined in the soils. One exception is that the values given by sequential extraction, on average, are consistently greater than those given by EDTA in the study carried out by Madrid et al., 2007. This is expected since a small proportion of the metals accessible to the sequentially extractants are likely to be soluble in EDTA. 
[bookmark: _Toc308439099]Table 3. 11 Comparison of metal bioavailability in soils in different studies (units: %: BC/TC%; others mg kg-1)
	
	Extraction
	Cu 
	Pb 
	Zn
	References

	1
	Total concentrations
	21.2 – 30.9
	19.6 – 41.3
	63.7 – 119
	Zemberyová et al., 2007

	
	EDTA
	13.0-23.0%
	17.0-36.0%
	3.00 - 4.00%
	

	
	Acetic acid
	1.00-4.00%
	2.00-3.00%
	3.00-4.00%
	

	2
	Total concentrations
	2.04 – 126
	4.28 – 24.7
	6.88 - 112
	Tarvainen and Kallio, 2002

	
	Acid ammonium acetate EDTA
	4.80%a
	4.90%
	0.70%
	

	3
	Total concentrations
	350
	85
	85
	Gupta and Sinha, 2007

	
	0.05 M EDTA
	12.0%
	12.5%
	6.25%
	

	
	0.01 M CaCl2
	<1.00%
	3.50%
	<1.00%
	

	
	0.5 M DTPA
	6.50%
	3.75%
	3.00%
	

	4
	Total concentrations
	31.9-141.7b
	21.9 – 86.8
	38. 5- 509
	Feng et al., 2005

	
	0.05 M EDTA
	0.58c
	3.72
	3.65
	

	
	0.01M CaCl2
	0.18
	0.24
	0.59
	

	
	NaNO3
	0.03
	0.01
	0.07
	

	5
	Total concentrations
	-
	4835(606–10256)d
	8924(50-35109)
	Aslibekian and Moles, 2003

	
	0.05 M EDTA
	-
	1761(320-3820)
	628(70-1696)
	

	6
	Total concentrations
	89.8(10.5-472)
	215(15.2-977)
	164(21.4-715)
	Madrid et al., 2007

	
	0.05 M EDTA
	27.4(1.40-267)
	67.6(3.65-795)
	30.3(1.25-350)
	

	
	[bookmark: hit6]Sequential extractione
	41.3(2.18-313)
	91.6(12.6-925)
	88.0(5.53-606)
	

	7
	Total concentrations
	18.0-2168
	15.0-14543
	30.0-4883
	Our study

	
	0.05 M EDTA (BC)
	0.77-826
	4.11-10989
	3.04-2406
	

	
	0.05 M EDTA (BT/TC %)
	3-67%
	11-93%
	4-61%
	


[bookmark: hit152][bookmark: bbib24]a Mean BC/TC% value; b range for total concentrations: mg kg-1; c Mean bioavailable concentration: mg kg-1; d mean(range of metal concentrations); e Sequential extraction used the modified BCR protocol described by (Rauret et al., 1999); Three steps, taken together, represent the more labile metal fractions that could, potentially, be mobilized by changes in ambient conditions such as pH or redox potential and hence become available (Ure et al., 1993 and Rauret et al., 1999); Mean (Minimum - Maximum).
Compare to EDTA and DTPA, the neutral salt solutions, e.g. CaCl2, NaNO3, extracted less metal from soils. The reason for this extraction order is probably that EDTA is a strong chelating reagent and has been reported to remove both the organically bound metals and metals occluded in oxides and secondary clay minerals in part (Labanowski et al., 2008). EDTA is a non-specific extractant, and it can extract labile and non-labile fractions (Bermond et al., 1998; Udovic and Lestan, 2009). DTPA was originally developed to identify near-neutral and calcareous soils with insufficient transition metals (Lindsay and Norvell, 1978). Iron and manganese oxides are potentially extracted from acidic soils by DTPA (O’Connor, 1988; Feng et al., 2005). As far as the soil background electrolyte solutions were concerned, easily exchangeable metals could be extracted with NaNO3 and CaCl2 (McBride et al., 2003). Lower concentrations of metals were extracted with NaNO3 than with CaCl2, because the mono-valent cations exert weak competition with the adsorption sites on organic matter (Novozamsky et al., 1993). 
It is notable that EDTA extractable concentrations for Cu and Pb are generally higher than Zn, especially in our study. This fact can be explained by high complexation constants of Cu and Pb with EDTA, these two metals are highly associated with Fe oxides and hydroxides and the elements can be remobilized because of the complexation of Fe with EDTA (Zemberyová et al. 2007).
Another interesting feature is the EDTA-extractable metals in highly contaminated soils were noticeably higher than those relatively clean soils. This feature is particularly evident in our and Aslibekian and Moles’s (2003) studies. In the latter study, the authors also found that the EDTA-extractable metals concentration correlates closely with the concentration of metals available for uptake by vegetation (grass) (Aslibekian and Moles, 2003). 
[bookmark: _Toc275458598][bookmark: _Toc293310987]Comparing to other studies, the total concentrations and EDTA-extractable concentrations of Pb, Cu and Zn in South Park sports ground are quite high, indicating the metal pollution level is high in this site. However, it should be mentioned that the biological availability of metals in soil is not only dependent on metal concentrations but also other factors, such as soil pH, temperature, cation exchange capacity of the soil, the presence of other metals in the soil, chemical speciation (Aslibekian and Moles, 2003; Silveira et al., 2003; Srinivasa Gowd et al., 2010), as well as the receptors of soil contamination (e.g. different types, ages of vegetation and living organisms) (Aslibekian and Moles, 2003). Therefore the metal concentrations in plant, the potential exposure route to receptors (humans and other animals), should be taken into consideration. Such work may be considered in the future.

[bookmark: _Toc308438824]3.4 Metal pollution in Phoenix Park, Dublin
The last sampling site is located in a large enclosed recreational park, Phoenix Park, within the Irish capital city, Dublin. A great traffic is evident in this park. Therefore, it is assumed this extent traffic may have a negative impact on the overall environmental quality of the park, including the roadside soils. This site is selected, to investigate the current state of environmental quality of soils based on the highly densified samples, to identify possible pollutants, their spatial patterns and possible pollution sources, and to check whether an exponential model exists for metal concentrations in soil decay with distance from road.
[bookmark: _Toc275458599][bookmark: _Toc293310988][bookmark: _Toc308438825]3.4.1 Basic statistics
Descriptive statistics (minimum, maximum, mean, median, standard deviation (S.D.), coefficient of variation (C.V.) and skewness) for Cu, Pb and Zn were determined in the surface soils of the park are summarized in Table 3.12.
[bookmark: _Toc275980327][bookmark: _Toc308439100]Table 3. 12 Descriptive statistics for Cu, Pb and Zn in soils of the sampling site of Phoenix Park (n = 225, unit in mg kg−1)
	
	
	Minimum
	Median
	Maximum
	Mean 
	S.D.
	Skewness

	
	Cu
	10
	25
	123
	31.3
	20.4
	2.22

	
	Pb
	14
	38
	714
	79.2
	119.0
	3.47

	
	Zn
	22
	94
	360
	107.8
	56.3
	2.45


Pb showed the most variable feature, ranging from 14.0 to 714.0 mg kg-1, displaying strong variability in the study area. The geometric mean values were slightly higher than the median values for Cu and Zn. However, the mean value for Pb was more than twice its median value, indicating its more positively skewed distribution than for Cu and Zn. Considering the positively skewed distribution of these three metals, more robust statistics such as median is recommended as its representative mean value (McGrath and Zhang, 2003). The high S.D. and skewness values for Pb, Cu and Zn also demonstrated their skewed (non-normal) distributions.
[bookmark: _Toc275458600][bookmark: _Toc293310989][bookmark: _Toc308438826]3.4.2 Probability distribution
[bookmark: hit59]The spatial distribution map for metal concentrations is a useful for assessing possible sources of enrichment and identifying “hot-spot” areas with high metal concentration. Prior to producing such maps, the probability distribution and semivariogram of a data set need to be taking into consideration because non-normal distributed data set may impair the variogram structure and the kriging results. 
It was found the raw data for Cu, Pb and Zn data showed skewed distribution with the high skewness and kurtosis values in Table 3.13. However, log-transformed metals still failed to display normality, with the p values of K-S test below 0.05. It was found that normal score transformation conferred normality on all metals more effectively than the logarithmic transformation. Therefore, the normal score transformed data for Cu, Pb and Zn were employed in the following analyses.
[bookmark: _Toc275980329][bookmark: _Toc308439101]Table 3. 13 Skewness, kurtosis and Kolmogorov-Smirnov (K-S) values for raw data and transformed data (n=225)
	
	Mean
	Median
	Skewness
	Kurtosis
	K-Sp

	Cu
	31.3
	25
	2.22
	5.43
	0.00

	Pb
	79.2
	38
	3.47
	11.7
	0.00

	Zn
	107.8
	94
	2.45
	6.84
	0.00

	lncu
	3.29
	3.22
	0.61
	0.53
	0.02

	lnpb
	3.93
	3.64
	1.88
	3.22
	0.00

	lnzn
	4.58
	4.54
	0.47
	2.31
	0.00

	N_Cu
	0.00
	-0.05
	0.06
	-0.26
	0.99

	N_Pb
	0.00
	-0.07
	0.03
	-0.11
	0.98

	N_Zn
	0.00
	-0.02
	0.00
	-0.11
	1.00


[bookmark: _Toc275458601][bookmark: _Toc293310990][bookmark: _Toc308438827]3.4.3 Spatial structural analyses
The variogram surface was employed to check the directional features of each metal before creating the semivariogram models (Figure 3.23). Clear directional features (the variogram values increase differently at different directions) were observed for all metals. The longest-range spatial dependence was found in the direction along the road. Thus the directional variograms were calculated for the variables. It should be mentioned the direction of the sampling site is rotated along the primary internal road, Chesterfield Ave. The attributes of the semivariogram for each soil metal are summarized in Table 3.14, and the fitted variogram plots are shown in Figure 3.24. However, in many situations, two or more permissible models (nested model) must be combined to fit the shape of the experimental semivariogram, as illustrated for metals in Figure 3.24. It should be also mentioned that more attentions should be given to the first several lags, as they played a more important role in kriging estimation (McGrath et al., 2004).
[bookmark: _Toc275873291][bookmark: _Toc308439061][image: ]Figure 3. 23 Variogram surface for Pb in the sampling site of Phoenix Park
Each transformed metal was fitted well using a nested model with two theoretical structures plus a nugget effect. The ratio of nugget effects to sill combined with range can be used as good indicators of spatial variation for soil metals. The Nugget/Sill ratios for all metals are around 30%, indicating they had moderate spatial autocorrelations (Table 3.14).
[bookmark: _Toc275980330][bookmark: _Toc308439102]Table 3. 14 Variogram models for metals in Phoenix Park
	
	Cu
	Pb
	Zn

	Nugget
	0.24
	0.18
	0.21

	Structure1
	Spherical
	Spherical
	Exponential

	Range1
	15.0
	18.0
	30.0

	Sill1
	0.3
	0.30
	0.4

	Structure1
	Spherical
	Spherical
	Exponential

	Range2
	40.0
	35.0
	35.0

	Sill2
	0.4
	0.3
	0.40

	Direction*
	0
	0
	0

	Anisotropic ratio
	2.5
	1.5
	1.3

	Ratio (nugget/sill)%
	0.34
	0.30
	0.26


Direction* was for the short-range direction, defined as degree from east to north anti-clockwise (VarioWin 2.2).

[image: ]
[bookmark: _Toc275873292][image: ][image: ]
[bookmark: _Toc308439062]Figure 3. 24 Variograms of a) Cu, b) Pb and c) Zn in Phoenix Park
[bookmark: _Toc275458602][bookmark: _Toc293310991][bookmark: _Toc308438828]3.4.4 Spatial distribution of metals
[bookmark: OLE_LINK17]The parameters of the above models and transformed data set were used for kriging to produce the spatial distribution maps of soil metals (Figure 3.25). All metals shared the same spatial patterns: relatively low concentrations in the central and southern area, with elevated concentrations along the road side, indicating the strong influence of traffic pollution. From the spatial distribution maps, it can be assumed that the traffic is the main or the only pollution source of metal soil in our studies. The soil metals decreased with increasing distance from traffic.
[image: ]

[image: ]
[bookmark: _Toc275873293][bookmark: _Toc308439063]Figure 3. 25 Spatial distribution maps for Cu, Pb and Zn in sampling site, Phoenix Park
[bookmark: _Toc308438829]3.4.5 Relationship between metal pollution and distance from roads
This Park was also used to check whether an exponential model exists for metal concentrations in soil decay with distance from road, and the results were compared with other studies. As mentioned earlier, a total of 225 soil samples with an interval of 5 m were collected from this site, which means samples were collected at different distances from the edge of the main road, Chesterfield Avenue (0, 5, 10 … 65 and 70 meters) on southwest side. Table 3.15 lists the mean and range of Cu, Pb and Zn in surface soils at different distances from the main road.






[bookmark: _Toc308439103]Table 3. 15 Mean and range of Cu, Pb and Zn concentrations in roadside soils (mg kg-1)
	
	Cu
	Pb
	Zn

	
	Mean
	Range
	Mean
	Range
	Mean
	Range

	0 m
	87.9
	61-123
	498
	315-714
	283
	208-360

	5m
	59.4
	30-89
	128
	86-189
	158
	94-227

	10 m
	39.6
	26-63
	94
	70-146
	119
	87-175

	15 m
	19.3
	10-37
	59
	29-112
	80
	43-130

	20 m
	28.7
	16-42
	47
	31-62
	99
	66-126

	25 m
	26.8
	16-44
	44
	33-60
	103
	83-121

	30m
	24.8
	15-49
	41
	27-57
	106
	76-131

	35 m
	25.5
	12-39
	33
	14-50
	93
	35-134

	40 m
	22.5
	10-32
	36
	30-45
	90
	60-108

	45 m
	21.3
	10-36
	37
	25-68
	97
	60-153

	50 m
	22.2
	13-35
	39
	26-76
	87
	64-109

	55 m
	22.9
	10-38
	34
	23-57
	76
	40-105

	60 m
	23.3
	12-35
	36
	25-78
	75
	45-98

	65 m
	22.1
	10-33
	32
	18-41
	73
	22-93

	70 m
	23.9
	14-39
	37
	31-51
	81
	37-109

	Irish Soil a
	16.2
	
	24.8
	
	62.6
	

	Dutch Soil guideline value b
	Target
	Intervention
	Target:
	Intervention:
	Target:
	Intervention:

	
	36
	190
	85
	530
	140
	720


a Fay et al. (2007a) and Zhang et al. (2008a); b VROM (2000)
The metal concentrations vary from close to the background level (Irish soils) (Fay et al., 2007a; Zhang et al., 2008a) to exceeding Dutch interventional values (VROM, 2000). The highest concentrations for all metals were found close to the road and they decreased with the increasing distance from the main road. 
Copper concentrations at the distances of 0 m, 5m and 10 m from the main road exhibited considerable contamination comparing to the samples far away from the main road. Soil samples within 15m distance from the road have mean Cu contents higher than Dutch target values, while elsewhere it did not exceed the Target value. Cu is derived from engine wear, from thrust bearings, bushing and bearing metals.
The total concentrations of Pb ranged from 14 to 714 mg kg-1. The average concentration of total Pb is the highest along the road, with some samples higher than the Dutch intervention value (530 mg kg−1). The mean total amount of Pb at this distance is 21 times higher than the mean value obtained from the soil samples at a distance of 35 m from the main road and 6 times of the background value (Irish soils) (Fay et al., 2007a; Zhang et al., 2008a). Decreased metal concentrations with distance from the main road would indicate surface soil contamination by extraneous sources. The most probable source of Pb is the lead particulate matter emitted from leaded gasoline which settles not far from the road. Even though leaded gasoline is phased out in Ireland since 2000 (United Nations, 2002), it has caused high concentrations of lead in the soil adjacent to the roads.
Almost the same feature as the previous two metals were observed for Zn that the high concentrations were found close to the road and the values decreased with the increasing distance from the main road.
The distance profiles of the three elements determined in the roadside soils were produced (Figure 3.26). 
[image: ]
[image: ]
[image: ]
[bookmark: _Toc308439064]Figure 3. 26 Variation of Pb, Cu and Zn concentrations in the roadside soils with distance away from the road
All these figures show a main trend: metal concentrations drop abruptly from the highest level at the road edge to quite low levels at about 20 m away from the road. Thereafter, concentrations decline at a slower rate toward the background level with the increase of distance from the main road. Whereas unchanging levels would show that the metal concentrations were a function of the soil itself (Jaradat and Momani, 1999). One interesting feature is the samples at the distance of 15 m exhibit relatively low total contents for metals, especially for Cu and Zn. This is probably attributed to a new covering of topsoil when constructing the nearby footpath (about 15m from the main road).
Numerous studies have been carried out to demonstrate the relationships between metal concentrations and the distances from roads, and many exponential functions were developed for Pb, Cu and Zn (Canon and Bowles, 1962; Chow, 1970; Zehetner et al., 2009; Guney et al., 2010; Wu et al., 2011). The results indicated that first order exponential equations were the most appropriate functions to fit the trend of metal concentrations and distance from the road. Those exponential equations have the following general form (Wu et al., 2011):
								(3.1)
[bookmark: bbb0180]Where,  and  are coefficients and x is the distance from the road. The coefficients y0 is a constant value, theoretically, which should be close to the background value of a given element, while αe− βx is the trend which represents the anthropogenic component of a given element. The α coefficient stands for the theoretical maximum value of the anthropogenic component. A higher α value indicates greater anthropogenic activities. The β coefficient indicates the rate of decreasing concentration. Element concentrations with higher β values decrease more rapidly than those with smaller value with increasing distance (Zibret and Sajn, 2008, Wu et al., 2011).
The accumulation of Pb, Cu and Zn content in Phoenix Park soils with the distance from the Chesterfield Avenue were also fitted well with the exponential relationships. They were expressed by following regression equations and displayed in Figure 3.26: 
Pb = 35 + 420× exp (-0.23 × x); R = -0.920; 					(3.2)
Cu = 22 + 65× exp (-0.108 × x); R = -0.782; 					(3.3)
Zn = 85+ 200 × exp (-0.17 × x); R = -0.902; 					(3.4)
The statistical evaluation obtained from the regression analysis revealed that mean metal concentrations were negatively correlated with the distance from the road, giving r values of -0.920 (Pb), -0.782 (Cu) and -0.902 (Zn), respectively. The α value for Pb is quite high, which confirms a greater accumulation of the Pb as a result of traffic.
[bookmark: fo0015][bookmark: mml3][bookmark: p0095]Another interesting value, range of traffic influence (drange), is also calculable using several parameters, such as the background value,  and  (obtained from the predicted exponential functions 3.2, 3.3 and 3.4). This range is regarded as the distance where the influence of pollutant drops to a level that we can no longer distinguish between the anthropogenic input and natural presence of the element (Zibret and Sajn, 2008). The range of influence (drange) can be calculated by the following Equations (Wu et al., 2011):
If y0 ≦ background, 			(3.5)
If y0 > background, 		    			(3.6)
[bookmark: hit90][bookmark: hit63][bookmark: hit65]The ranges of influence for Pb, Cu and Zn are 29.9, 39.4 and 34.3 respectively. The influence ranges are useful in determining a distance from emission sources for cultivated land to minimize metal accumulation in food crops (Wu et al., 2011). It is notable the background values obtained from the Irish soils are visually smaller than the metal content levels in the study area. Therefore, an attempt should be made to set appropriate background value for Phoenix Park or for this sampling site. The contents for Cu, Pb and Zn found in soils at the distance of 55 m, 60 m, 65 m, and 70 m on average, were mostly lower than all other sample locations. This fact, together with their unchanging levels in Figure 3.26, suggests that their mean contents are feasible to be chosen as background values for the soils of the study area. Thus the potential background values in this sampling site were calculated as 34.8, 23.1 and 76.3 mg kg-1 for Pb, Cu and Zn, respectively. Since the y0 values for Pb and Zn are still higher than the “new” background values, therefore no changes were made for them. However, the y0 values for Cu is lower than the “new” background values, thus the ranges were re-calculated for Cu, based on the Equation 3.6. The range for Cu was changed to 37.8. No big difference was observed. The short ranges for Pb, Cu and Zn indicate the traffic emissions are mainly deposited within about 40 m of the roadside. It should be mentioned that more soil samples should be taken from the park, especially from those undisturbed places, to determine the background values.
Since 1960s and 1970s, numerous studies had demonstrated significant accumulation of automobile associated metals in soils near busy roads and their exponential relationships with distance from the road (Canon and Bowles, 1962; Chow, 1970; Lagerwerff and Specht, 1970; Motto et al., 1970; Jaradat and Momani, 1999; Quarles et al., 1974; Sutherland and Tolosa, 2001; Sharma and Prasad, 2009; Zehetner et al., 2009). Some studies have been selected to make a comparison with this study, and the results are displayed in Figure 3.27 (taking Pb as an example).

[bookmark: _Toc308439065]Figure 3. 27 Distance profiles of Pb in soils from different studies
(Amman (Jordan) – Jaradat and Momani, 1999; Agra district – Sharma and Prasad, 2009; Charlottesville (USA) – Quarles et al., 1974; Honolulu (USA) – Sutherland and Tolosa, 2001; Veinna (Austria) – Zehetner et al., 2009)
Almost the same patterns could be observed from the Figure 3.27: as the distance from the road increased, Pb level fell sharply reaching the normal soil lead level. The ranges of influence for Pb in most studies are comparable to our study. Therefore, the lead contamination of soil was restricted to short distances from both sides of the roads. However, some investigators found that lead contamination of soil may reach 100 m from the main road (Ward et al., 1977; Jaradat and Momani, 1999). The decrease of elemental concentrations with distance from the road would indicate aerial deposition of metal particulates in the roadside environment from extraneous sources and not a function of soil type.
[bookmark: _Toc275458603][bookmark: _Toc293310992][bookmark: _Toc308438830]3.4.6 Hazard assessment
As discussed above, the study area was enriched with Cu, Pb and Zn. It was necessary to evaluate the level of metal pollution using hazard maps, based on the existed guide values. However there is still a lack of recognized guide values for this park, therefore, the median values of Irish soils (Zhang, 2006) of Cu, Pb and Zn were employed as the background values for the calculation of the geoaccumulation index. The hazard maps were created for each metals based on  values. In order to highlight the worst case scenario regarding the metal contamination in the study area, the hazard map using the maximum  values for the three elements were also produced (Figure 3.28). 
Based on the hazard maps, it was found the  values ranged from -1.45 to 2.96 for three metals. The maximum  values ranged from -0.97 to 2.96. A large proportion of the study areas have  value < 1, which fall into the category of “practically uncontaminated” and “Uncontaminated to moderately contaminated”, indicating these areas are close to background values. However, the area close to road has the maximum geoaccumulation index value (>2) suggesting the existence of moderately to heavily contaminated soil. After the calculation, it was found that Pb is the main contributor of maximum  values; totally, 53.8% of max- values were derived from Pb. Even though Pb pollution from traffic has decreased due to the phasing-out of leaded petrol since 2000 in Ireland (United Nations, 2002), previous discharges Pb still remains in urban soils for many years. Meanwhile, the Cu and Zn pollution from the gradual deterioration of car tyres and brakes remain a continuous source. [image: ]


[bookmark: _Toc275873294][bookmark: _Toc308439066]Figure 3. 28 Hazard maps for metals in sampling site, Phoenix Park

[bookmark: _Toc308438831]3.4.7 Comparison with other three sampling sites and abroad
In order to obtain a general knowledge of the soil quality of these four parks, the comparison of metal concentrations in four sampling sites and in other cities were implemented. The median metal concentrations for Irish soils were also included. The total concentrations of Cu, Pb and Zn were selected for the comparison. The results were presented in Table 3.16.
It can be seen from Table 3.16 that the all median values for Cu, Pb and Zn in top soils of the four sites are higher than those in Irish soils. The high level of metal concentrations, especially in South Park sports ground, indicate possible metal pollution. 

[bookmark: _Toc308439104]Table 3. 16 Comparison of median concentrations of metals (mg kg-1) in soils of four sampling sites and parks in different cities
	Location
	Cu
	Pb
	Zn
	Reference

	Aveiro (Portugal)
	22
	61
	69
	Ajmone-Marsan et al. (2008)

	Beijing (China)
	71.2
	66.2
	87.6
	Chen et al. (2010)

	Glasgow (UK)
	51
	187
	153
	Ajmone-Marsan et al. (2008)

	Hong Kong (China)
	10.4
	70.6
	78.1
	Lee et al. (2006)

	Ljubljana (Slovenia)
	42
	94
	164
	Ajmone-Marsan et al. (2008)

	Palermo
	63
	202
	138
	Manta et al. (2002)

	Seville (Spain)
	37
	65
	108
	Ajmone-Marsan et al. (2008)

	Torino (Italy)
	68
	86
	185
	Ajmone-Marsan et al. (2008)

	Uppsala (Sweden)
	31
	36
	106
	Ajmone-Marsan et al. (2008)

	Newcastle sports ground
	16.6
	40.8
	81.8
	Current study

	Rahoon bonfire site
	23
	38
	72
	Current study

	South Park sports ground
	116
	371
	380
	Current study

	Phoenix Park
	25
	39
	94
	Current study

	Irish soils
	16.2
	24.8
	62.6
	Fay et al. (2007a) and Zhang et al. (2008a)



As might be expected, the soils from older cities with a legacy of heavy manufacturing industry (Glasgow, Torino) were richest in metals, and soils from the most recently established park (Aveiro), displayed lowest concentrations, while other parks had intermediate metal contents. These results were compatible with the study implemented by Li et al. (2001), who found a significant relation between the Cu, Pb and Zn concentrations in the urban park soils and the age of the parks. Taking the city size, populations and the total automobile number into consideration, Galway was regarded as a small city with low traffic densities compared with the other cities. The low concentrations of metals are observed in Newcastle sports ground and Rahoon bonfire site. However, the remarkably highest median values for metals are found in South Park sports ground (Galway), indicating this site has been highly contaminated. The metal content level in Phoenix Park in Dublin was considered intermediate compared with the other cities, and it also showed an average metal content in the topsoil. However, large cities like Beijing, Hong Kong are also reported to have average soil content for the three metals. The intermediate and low concentrations of Cu, Pb and Zn in Beijing may be due to its dry and windy climate (Chen et al., 2010). Rainfall runoff from urban roadways often contains metals in both particulate and dissolved forms. Because metals do not degrade naturally, their high concentrations in runoff can result in accumulation in roadside soils. However, the annual precipitation is about 500 mm in Beijing, and 80% of the precipitation occurs in June, July and August. It is dry and windy for most part of the year (Chen et al., 2010). In addition, the previous studies showed that the metals were lost from the roadside soils based on the mass balance calculations, and the wind may be the most likely reason for this lost (Ward et al., 1977; Piron-Frenet et al., 1994; Turer et al., 2001). 
A bar chart was produced for better visualization of the differences between our study and the other cities for metal concentrations. It is obvious that the median metal concentrations of Zn and Pb in the South Park sports ground were the highest, even compared with those old industrialized cities, e.g. Glasgow, Torino. 


[bookmark: _Toc308439067]Figure 3. 29 Difference of metal concentrations between this study and other cities
[bookmark: _Toc308438832]3.4.8 Potential health implications of the sampling sites
As elevated metals were found in some sites of these four parks, it is important to understand the potential health implications of these sampling sites. 
[bookmark: bbib0005][bookmark: bbib0015][bookmark: bbib0020]The soils in urban environments contaminated by some metals constitute a potential risk for human health. The soil exposure pathway, by which human and ecological receptors may be at risk, includes incidental ingestion, inhalation, dermal, and the terrestrial food chain for ecological receptors (Hope, 1995; Schilderman et al., 1997; Bright et al., 2006). Contaminant exposure through the incidental ingestion of soil is a particularly important exposure pathway for children as their behavioral patterns expose them to great rates of ingestion compared to adults (Ren et al., 2006; Rostami and Juhasz, 2011). Geophagy, ‘the habit of eating earth including clay and other types of soil’, has been observed in many parts of the world (Laufer, 1930; Halsted, 1970; Kutalek et al., 2010). This behavior, which can be regarded as incidental ingestion of soil, is also observed for many children in Ireland (Good et al., 2004). Another incidental ingestion is hand-to-mouth behavior. Although incidental soil ingestion can occur at all ages, significant soil ingestion primarily occurs between the ages of 2 and 6 years (Davis et al., 1990; Schilderman et al., 1997). It has been reported that the representative intake of soil and dust particles via the hand-to-mouth behavior by children (2 – 6 years old) is ranged from 10 to 200 mg day-1 (WHO, 1992). However, extremely high value, such as 1200 mg soil day-1, has also been reported (Stanek and Calabrese, 1995). The ingestion values for adults are much smaller, usually 0 - 10 mg day-1 (Paustenbach, 1989).
[bookmark: m4.bcor*]A number of studies have indicated children are most vulnerable to the adverse health effects of some metals due to their small body size, developing nervous system and high absorption rate from the gastrointestinal tract (Begerow et al., 1994; Calabrese et al., 1997; Granero and Domingo, 2002). Therefore, it is important to have a better understanding of the soil contamination level of urban environments, especially urban parks, which are frequently visited by children.
[bookmark: OLE_LINK21][bookmark: OLE_LINK11]At the Rahoon bonfire site, hand-to-mouth behaviour is suspected as one of the main exposure routes. The bonfire site is the only green space of this residential area and the distance from the bonfire site to the nearest residential house is approximately 10m. It is heavily utilised by local children (mainly under 6 years old), thus the potential pollution and children’s exposure to metals in this site is of concern.
[bookmark: bbib38][bookmark: OLE_LINK16][bookmark: OLE_LINK15]Inhalation of dust and air particulate matter is supposed to be another exposure route for contaminated soils to humans. A number of studies have provided solid evidence for the association of air particulate matter concentrations with adverse respiratory health effect (Dockery and Pope, 1994; O'Connor et al., 2008). According to Hawley (1986), it is assumed that 50% the air particles come from re-suspended local soils. The re-suspension of the fine particulates represents a major health concern, since the fine particulates can be readily inhaled and become embedded in human lungs (Wong et al., 2006). These particles may be enriched with some metals, and then pose a threat to humans. The dispersion and deposition of metal-enriched particulates and dust in the urban environment are also governed by physical and micro-environmental factors, including topography, wind direction, and urban runoff (Wong et al., 2006). However, dust emission does not play a significant role in pollution distribution in our studies due to the prevailing wet climatic conditions. 
Nevertheless, attention and caution should be paid to the inhalation of airborne particles while bonfires are lighting. Bonfires cause the release of large quantities of dust and smoke, contaminated with polycyclic aromatic hydrocarbons (PAHs), metals and other pollutants, which eventually settle in the surrounding urban environment. Stock (1979) highlighted the health hazards associated with garden bonfires and pointed out that whereas the benzpyrene content of cigarette smoke is only 0.2 ppm of free carbon but that of a small garden bonfire is 70 ppm. Depending on what is actually burnt, bonfires are also capable of producing various other noxious compounds such as certain oxides of nitrogen and certain aldehydes, cyanide, lead, zinc and dioxins. The data in a study carried out by Dyke et al. (1997) showed an increase in smoke and PM10 levels in Oxford and a peak in PM10 in Cardiff coinciding with the elevated dioxins and increased bonfires and fireworks associated with the annual bonfire night, raising concerns about human health risks. These contaminants could be inhaled directly by humans or even at a later date if the settled dust is re-suspended. It is also noted that the Rahoon bonfire site is an enclosed residential area except for the entrance which is located in the southeast, indicating the air movements may become obstructed or confined by the surrounding buildings. Therefore, the majority of the emissions while the bonfires are lighting may potentially remain in this area, posing more threats to the local residents.


[bookmark: _Toc293310993][bookmark: _Toc308438833]Chapter 4 General conclusion
This thesis has characterized the spatial variation of metals in four urban parks in Ireland, and has developed a hazard assessment framework for metal pollution in urban soils. In addition, a protocol was outlined for using relevant techniques for spatial variation study of metals in urban parks and scientific evidences for decision makers regarding urban soil management were provided.
Like most European countries, there are many public sports grounds and parks in Ireland. However few studies have been performed concerning metal pollution in these areas. In this study, four typical urban parks: a roadside sports ground, a traditional bonfire site, a historical landfilling site, which is currently an urban public amenity (sports ground) and a large enclosed recreational park, were chosen to study the spatial variation of metals in surface soils. The former three parks are located in Galway city, while the last one is in Dublin City. As different sampling sites were selected, different objectives were set and different methodologies were employed. Soil geochemical variables were determined using different analytical techniques (e.g. Portable X-ray fluorescence and, Inductively Coupled Plasma Emission Spectroscopy). The results were analyzed using conventional statistics, geostatistics and a geographic information system (GIS). 
[bookmark: _Toc308438834]4.1 The procedure of using geostatistics and GIS to analysis data
In this investigation traditional statistics, geostatistics, local Moran’s I and GIS techniques were successfully employed to study the spatial variation and spatial pattern of soil metals for four typical urban parks in Galway and Dublin, Ireland. The statistical and geostatistical procedure for analyzing soil geochemical data was summarized as Figure 4.1.
The first step is to have a basic understanding of the variation of soil variable. The basic statistical parameters such as Min., Max., Quartiles, Median, Mean, S.D. and C.V. values were calculated to describe the fundamental characteristics of the raw dataset. Meanwhile, the simple symbol map produced by GIS software can be used to visually identify the spatial patterns and spatial outliers. In addition it should be mentioned, for data analysis in soil geochemistry, the probability features of geochemical variables need to be evaluated. Soil geochemistry is affected by various factors such as geology, climate, vegetation, elevation, natural mineralization and human activities (Jordan et al., 2007). Due to these factors, it is expected that mixed populations, indicating geochemical variables belonging to different processes or sources, exist in urban soils. A histogram can serve as diagnostic tool for issues such as multi-modality. Attention must be paid to the fact that most statistical tests are based on one population (the samples come from the same distribution) (Reimann et al., 2005), thus in the case of multi-modality it is necessary to consider separating the data into different populations. 
IDW is a relatively easy and widely used method that it is not based on any assumption about the statistical distribution of the data (Zhang, 2006). This interpolation was used in our first sampling site, Newcastle sports ground, to reveal the spatial pattern of pollutants. However, compared to IDW, kriging guarantees a minimum-variance unbiased prediction as well as an estimate of the prediction variance and is therefore the preferred method of interpolation, especially at field scales (Laslett et al., 1987). Therefore, in other sampling sites, kriging combined with the following statistical procedures were carried out.
In conventional statistical and geostatistical studies, it is important to know if the distribution of the variables under analysis follows the normal distribution, partially owing to the high skewness and outliers of the raw data which can endanger the spatial continuity of the variogram (Helesl, 1987), as well as influence the prediction accuracy. Therefore, it is necessary to check the normality distribution of data sets prior to such analyses. The Kolmogorov-Smirnov (K-S) method (Chakravarti et al., 1967) together with skewness and kurtosis values are ideal methods for this. If the raw data sets do not follow a normal distribution, data transformation needs to be carried out to them, and the log-transformation, normal score transformation and other robust transformations are frequently used. Compared to log-transformation, normal score transformation was more effective in attaining data sets with normality.
Prior to geostatistical analysis, outliers, especially spatial outliers, should be ascertained, as they can cause the variogram to exhibit erratic behavior (Gringarten and Deutsch, 2001). In order to obtain a robust measurement of spatial structure, the outliers were detected and subsequently eliminated. The methods of histogram, box-and-whisker plots and the local Moran’s I (Zhang et al., 2008b) were applied to identify the global outliers and spatial outliers. The local Moran’s I also can be used to identify spatial clusters such as high-high or low-low clusters. If there is no evidence to show that these values are erroneous such as laboratory errors, they had better be put back to the data set for kriging analyses to acknowledge their existence.
Based on the normally distributed data (spatial outliers excluded), further geostatistical analyses, e.g. directional feature detection, experimental variogram computation, variogram model fitting, cross-validation and kriging, were carried out. A visual check against a fitted theoretical model is appropriate. Nested model should be used if a single model could not fit the spatial structure satisfactorily. The parameters, e.g. nugget, sill and range, obtained from the variogram models and transformed data set were used for kriging to produce the spatial distribution maps of soil metals. The previously excluded outliers should be put back in the kriging interpolation process. These maps together with soil guideline values, e.g. Dutch Target or Interventional values, were applied to produce the hazard assessment maps for metals.

[bookmark: _Toc307579917]Figure 4. 1 Summarized statistical and geostatistical procedure for analyzing soil geochemical data 
[bookmark: _Toc308438835]4.2 Spatial variation of metals in four urban parks
As these four typical parks are frequently visited by local residents and tourists, the quality of the soils in these parks is essential to the health of visitors, especially to children. Therefore, it is important to characterize the spatial variation of elements in these urban parks.
In order to obtain a better understanding of the soil quality of the sampling sites, the comparison of metal concentrations in four sampling sites and in other cities were made. The total concentrations of Cu, Pb and Zn were selected to perform this comparison. Basic statistical analysis was initially conducted and it was found that the total concentrations of Cu, Pb and Zn displayed wide ranges and asymmetrical probability distribution features in all sampling sites, indicating the complexity of these study areas. Differences between means and medians are especially noticeable for these metals, Cu, Pb and Zn, in all sampling sites, especially in South Park sports ground, indicating strong anthropogenic influence on their concentrations. This confirms previous work in which Cu, Pb and Zn have been termed as metals of ‘urban’ origin (De Miguel et al., 1998). 
Compared to the other three sampling sites, the South Park sports ground can be regarded as the most contaminated site in our study with regard of the ranges in measured concentrations as well as other values, e.g. mean, median and maximum. Compared with other cities, even those old industrialized cities, e.g. Glasgow, Torino,  the median metal concentrations of Pb and Zn in South Park sports ground are still very high, indicating this site is highly contaminated. This location was historically used as landfill dump for municipal and industrial solid waste, which was most likely a source of many metals (including Pb, Zn and Cu) to the soil.
Excluding the South Park, just comparing the other three parks, some interesting features could be observed. With regard to Cu concentrations, Newcastle sports ground appears to be the least contaminated site with the lowest median and other values, followed by Rahoon bonfire site and Phoenix Park. In terms of Pb, median value was considerably lower than the mean value in Phoenix Park. This pattern is usually caused by the presence of several, very high values within a data set. Such high value suggests that contamination with the Pb is localized, rather than ubiquitous. For other parks, the mean values for Pb are close to their median values. For zinc, Newcastle sports ground and Phoenix Park have the lowest values, while elevated Zn contents are observed in the bonfire site. The differences of metal pollution level in these sites indicate their varied pollution sources. For Newcastle sports ground and Phoenix Park, the traffic emission can be regarded as the main source of metal pollution in soils. In terms of Rahoon sampling site, the annually-lit bonfire is the main contributor to the elevated Zn contents in the soils. 
Based on the spatial distribution maps produced by GIS software combing with geostatistics methods, strong variations in soil geochemistry were observed at all parks. It was found that areas with elevated concentrations of some metals were adjoining to potential pollution sources, e.g. elevated concentrations of Zn, Cu and Pb in the soil were closely associated with the bonfires which take place annually at Halloween, and relatively high levels of pollution were found along the roadside in both Newcastle sports ground and Phoenix Park. Interestingly, the results in Phoenix Park and Newcastle sports ground demonstrated significant accumulation of automobile associated metals (Pb, Zn and Cu) in soils near busy roads and their exponential decrease with distance. This finding agrees with a large number of previous studies (Canon and Bowles, 1962; Chow, 1970; Lagerwerff and Specht, 1970; Motto et al., 1970; Quarles et al., 1974; Jaradat and Monmani, 1999; Sutherland and Tolosa, 2001; Sharma and Prasad, 2009; Zehetner et al., 2009).  
In order to evaluate the pollution levels, the hazard assessment was implemented in each sampling sites. The Geoaccumulation index (Igeo) and Pollution Index (element concentration/Dutch target or interventional value) were applied for the measurement of soil contamination. The Igeo values enable the assessment of contamination by comparing the current and background concentrations. The Igeo value at each sampling location was calculated and also subjected to IDW interpolation with the purpose of creating the hazard maps. The Igeo values for Cu, Pb and Zn at most sampling locations in three sampling sites of Newcastle sports ground, Rahoon bonfire site as well as Phoenix Park, are < 1, which fall into the categories of “practically uncontaminated” and “Uncontaminated to moderately contaminated”, indicating the metal pollution in the majority of soils in these study areas are low (close to background). However, the hazard assessment maps clearly showed that a significant portion of South Park sports ground had Igeo value > 3, further confirming this site is highly contaminated. In terms of PI values, the majority of soils in Newcastle sports ground, Rahoon bonfire site and Phoenix Park were classified as clean soil with Cu, Pb and Zn concentration less than their corresponding Dutch Target value. However, on the hazard maps for TCs in South Park sport ground, more than 50% of the study area has metal concentrations higher than the Dutch Interventional value, which may cause environmental problems. This result is in line with the Geoaccumulation index produced result.
However, it is notable the assessment of the environmental hazards of metal contamination in soils requires the determination of both total (TCs) and bioavailable concentrations (BCs). Therefore, the potential BCs of metals were determined using EDTA extractants followed by ICP-OES analysis. The basic statistical analysis also displayed wide ranges and asymmetrical probability distribution features for BCs for Pb, Zn and Cu and most of the samples show very high bioavailable proportion for lead (Ratio_Pb). One objective for South Park sports ground was to investigate whether the BCs of metals display similar spatial patterns with their corresponding TCs. Therefore, the distribution maps for TCs, BCs and bioavailable proportion of Cu, Pb and Zn were produced using GIS and geostatistical techniques. The results clearly showed that the BCs share similar spatial patterns with the TCs for Cu, Pb and Zn. However, the BC/TC ratio maps of the metals displayed some differences; highest ratios for Zn occur at the north-east corner, Cu and Pb are enriched at the south-east corner, middle and middle-upper part of the sports ground. These maps, combined with the statistical analysis indicate soil contamination from the historical utilization of this sports ground as a landfill dump for municipal solid waste. 
[bookmark: hit181][bookmark: hit182]In conclusion, the present study demonstrates the suitable application of GIS and geostatistical analysis of total and potentially bioavailable concentrations of metals (EDTA-extracted) when investigating soil metal contamination in urban parks. The study provides the valuable information of total and bioavailable metal concentrations in urban soils in Ireland, which not only have revealed their current contaminative status, but also can be used for comparative purposes in future pollution assessment studies in urban parks, in Ireland. These results are particularly useful for policy development and management practices in public spaces and sports grounds in urban areas.

[bookmark: _Toc308438836]Chapter 5 General discussion and future studies
This dissertation can be extended in a number of different directions which are discussed in detail as follows.
[bookmark: _Toc308438837]Systematic random sampling
In our study, the simple systematic sampling pattern was employed in all sampling sites. This sampling method has been proved to be efficient for a full characterization of soil contamination. However, the disadvantage is that systematic sample might lead to bias. As James et al. (2009) mentioned the bias admitted with a systematic sample is usually small, except when the site has a systematic linear or near-linear trend. Webster and Oliver (1992) also have pointed out that there may be periodicities in a population and if these coincide with the period of the grid then unrepresentative results will be obtained. However, in urban soils, such systematic patterns of metal pollution are unlikely to occur. To gain the benefits of grid sampling, as well as the benefits of random sampling, the stratified systematic unaligned sampling pattern (Figure 5.1) can be used to help avoid the effects of any patterns in the field. This pattern can be regarded as systematic because it is divided into the site cells prior to sampling. It is also a systematic pattern because it is unnecessary to draw to random numbers for each point in the sample. However, unlike a simple systematic sample method, the pattern produced by this procedure is not aligned. And some researches to test the precision of all sample designs have generally found this sampling pattern design is better than the aligned systematical designs (James et al., 2009). This sampling pattern can be used in future studies in one or two of these four sampling sites to make a comparison with the current sampling pattern and check whether they share the sample spatial patterns.

[bookmark: _Toc308439068]Figure 5.1 Systematic random sampling (unaligned sampling pattern)

[bookmark: _Toc308438838]Uncertainty associated with soil sampling and sample preparation
As aforementioned, any analysis and sample handling of the contaminated soil introduces uncertainties. Compare to the analysis process, the sampling process, including sample preparation, might introduce larger uncertainty (Gustavsson et al., 2006). Recent evidences indicate that uncertainty generated by the sampling phase can generate measurement uncertainties of greater than 50% of the concentration value (Taylor and Ramsey, 2006). Therefore it is important to be aware of the uncertainty introduced during soil sampling and sample preparation process.
Various methods are available for estimation of measurement uncertainty induced by sampling and sample preparation. Those methods vary in complexity, practicality and cost (Ramsey and Argyraki, 1997). Among these methods, the implementation of the ‘duplicate sampling method’ at some sampling location is probably the simplest and least expensive method (Taylor and Ramsey, 2006). This method is also called “top down”, which essentially estimates the uncertainty by gathering replicate samples, either by one person sampling with the sample protocol, or with several samplers applying one or several protocols (Ramsey and Argyraki, 1997). 
In future study duplicated samples can be collected with the sample protocol and same sampler in one or two of the current investigated four urban parks. As Taylor and Ramsey (2006) described, the duplicate samples, usually 10% of the total number of samples or n = ≥ 8, should be collected at locations across the site in a random direction from the original sampling location. The duplicate samples are taken at a distance away from the original sampling location that represents the uncertainty of relocating the sampling location by the particular surveying technology used (typically 10% of the spacing between sample locations). The minimum duplicate sample number is set to 8 is in part due to that the uncertainty estimate is considered unacceptable when n < 8. When n is above 8 the confidence interval on the uncertainty does improve as the number of duplicates increases but to a progressively smaller extent (Lyn et al., 2007). A balanced design protocol (Figure 5.2) can be applied in our future study to estimate the measurement uncertainty introduced by sampling and analysis. In the figure, Sample 2 is a duplicate sample. The collection of a duplicate sample aims to represent the variability if sampling was repeated, and also to reflect the ambiguity in the sampling protocol (Taylor and Ramsey, 2005). The effect of short-range heterogeneity and thus the sampling variance could be estimated by comparing the difference in measured contaminant concentrations between ‘Sample 1’ and ‘Sample 2 (duplicate)’ (Taylor and Ramsey, 2006).
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[bookmark: _Toc308439069]Figure 5. 2 Balanced design protocol for estimation of uncertainty arising from both the sampling and analysis (Ramsey and Argvraki, 1997)
Taking South Park sports ground as an example, a total of 20 sampling locations can be randomly selected. A distance of 2 m away from the original sampling location will be considered, as the sampling pattern used in this site has 20 m spacing. Applying this method to the Bonfire site, 20 duplicate samples can be taken at 40 cm from the original locations in randomly selected directions. At each location, five cores of soil samples will be taken within 1 m2 to a depth of 10 cm. All soil cores should be mixed to make a composite sample. After transporting the soil samples to laboratory, the proper sample preparation should be carried out. Samples will be analyzed twice in a balanced design by using a P-XRF.
A statistical technique called Robust Analysis of Variance (ANOVA) can be applied to estimate and separate the sampling and analytical components of measurement variance using the data produced by the duplicate method (Ramsey and Argvraki, 1997). The uncertainty of the measurements using the duplicate samples and Robust ANOVA for our sampling sites can be carried out in the future.
[bookmark: _Toc308438839]Limitations of correlation to demonstrate the suitability
To evaluate the performance of P-XRF on determination of metal concentrations in soil samples, correlation analysis is frequently employed. The correlation coefficient (r) is usually calculated between the P-XRF obtained results and an established but time-consuming laboratorial method produced results, such as ICP-OES, or certified results. Numerous studies have demonstrated significant correlations between these two methods (Shefsky, 1997; Kalnicky and Singhvi, 2001; Li and Huang, 2007). Our study also found strong correlation coefficients between P-XRF obtained results and ICP-OES obtained results for Rahoon bonfire site and South Park sports ground (n = 30 each site). Spearman’s rank correlation coefficient is 0.67 for Cu, 0.81 for Pb and 0.71 for Zn, respectively in the bonfire site. 
However, this high correlation does not mean that the two methods agree, because the correlation coefficient r measures the strength of a relation between two variables, not the agreement between them (Martin Bland and Altman, 1986). If the points in Figure 5.3 lie along the line of equality (x=y) it can be assumed that two methods have perfectly agreement, but if the points lie along any straight line, a perfect correlation could be obtained.
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[bookmark: _Toc308439070]Figure 5. 3 Scatter plots between Pb values measured by P-XRF and ICP-OES methods in South Park sports ground
Other limitations of correlation to demonstrate the suitability are:
A change in scale of measurement does not affect the correlation, but it certainly affects the agreement (Martin Bland and Altman, 1986).
Correlation depends on the range of the true quantity in the sample. If the range is wide, the correlation will be greater than the narrow one (Martin Bland and Altman, 1986).
Therefore, it is inappropriate to merely use the correlation method to demonstrate the suitability of P-XRF to determine metal concentrations. However, the advantage of the regression method, e.g. the regression can be used to demonstrate the bias between two techniques, is not neglectable. As dicussed on page 118, the translational bias between two methods could be estimated by using linear regression model. 
[bookmark: _Toc308438840]Optimize the sample densities
The number of sample is important in relation to the precision of the estimates obtained from sampling data. When carrying out a sampling program, an environmentalist wants to obtain the comprehensive information for the minimum amount of effort.
It needs to be mentioned it is import to re-sample at a higher sampling density at a site where potential contamination was discovered based on collection of only one sample. However, if the sampling site has very strong variation of interested elements in soil, it is difficult to decide the optimal or minimal number of samples to be analyzed (Zhang et al., 2009). One potential way is to increase the sampling numbers, thus more information can be found. However, this method is often limited by its high cost and time-consuming nature. Moreover, the strong (spatial) variation among soil pollution makes it an uneasy task to determine how many samples should be collected. Hence, it is becoming important to carry out the research to examine how to minimize sampling numbers and characterize the spatial distribution of soil metals.
A large number of studies have been carried out to determine the optimal sampling densities. Most studies indicate that grid sampling provides excellent information about soil metal variability when a small grid size is used; important attributes are missing when grid interval increases (Mallarino et al., 2007). Fu (2009) discussed the soil P sampling optimization using the information of spatial variation of soil P based on previous spatial variation information, and the author recommended the sampling interval of 90 m or less in his study. It is also notable that a better appreciation of spatial variability of soil properties may improve the sampling strategy to be used (Bogaert et al., 2000). Considering the spatial dependency of soil properties, McBratney and Webster (1983) proposed an equation to calculate the required sample number based on the semivariance of a given dataset:
							(5.1)
where n is the number of samples required to estimate the mean value, is the average semivariance between the central point x of a given area and all other central points of its neighbour areas (the central points are separated by distance S), is the variance within the area, and () is the expected error of observation z from the true mean μ. This method was further examined and confirmed by Di et al. (1989) in a study of alluvial soils on the Canterbury Plains in New Zealand. Weindorf and Zhu (2010) also investigated its implications for sampling design based on generalized semivariogram. In addition an interesting figure was produced by them to define the relationship between sampling density and the expected error percentage with a known, standardized semivariogram (Figure 5.4). The curves in Figure 5.4 can be used to determine the number of samples to be collected, given an expected error level. 
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[bookmark: _Toc308439071]Figure 5. 4 Sampling densities vs. expected error percentage (ε) for chemical properties and texture parameters at Capulin Volcano, USA (Weindorf and Zhu, 2010)
In addition to the above mentioned methods, currently, many attentions have been given to the use of spatial statistical methods to optimize the sampling density. Many studies have proved the co-kriging is a valuable tool for reducing sample numbers by using auxiliary information from other variables (Chang et al., 1998; Liu et al., 2006). Fox example, Chen et al. (2009) using co-kriging combined with ordinary kriging reduced the sampling numbers from a sampling site for Cd, Cu, Zn, Mn, Co and Ni from 100 to 90, 80, 70, 60, 60 and 60, respectively, without losing accuracy. The co-kriging method was used to minimize the sampling density of metals under the premise of maintaining interpolation accuracy relative to ordinary kriging. It's helpful to reduce sampling quantities, to save the sampling time, and to lower chemical analysis cost for the next time sampling (Chen et al., 2009). In South Park sports ground, the soil samples were collected at a density of 20 × 20m grid and the BCs and TCs of metals were determined using EDTA extractants followed by IPC-OES determination and a P-XRF system, respectively. Comparing to P-XRF, the process of determination of BC is relatively high cost and time-consuming, therefore, the implementation of dense soil sampling is restricted. Decreasing sampling numbers for the next time sampling and better characterization of spatial distribution of BCs for soil metals is becoming increasingly important. As stated in Chapter 3.3, very strong positive correlations were found between BCs and TCs for Cu, Pb and Zn in the soil. Therefore, it is possible to use the P-XRF results as the auxiliary information to implement the co-kriging for reducing the sample numbers of BCs. All of these deserve further investigations. 
However, quite often the previous spatial variation information such as semi-variogram model is unknown for a target soil variable, therefore, alternatives are required. Kerry and Oliver (2003) showed that a sampling interval of just less than half the variogram range from auxiliary data, such as aerial photographs, elevations, can be used to guide sampling in the absence of prior information on scale of spatial variation. Zone sampling methods based on auxiliary data can also be used to divide the target areas. However there is still no way to guarantee that all the sites of potential contaminated land can be identified.
[bookmark: _Toc308438841]Soil pH and other soil parameters
The pH values were not measured in this study. Since the main focus of this study was the “spatial variation” of urban geochemistry, not traditional geochemistry, our effort was to investigate various geochemical parameters, especially metals, in small areas, e.g. roadside sports ground, bonfire site. The inclusion of pH values may add value to this study, especially for studying the spatial variation of metal bioavailability in South Park sports ground. Because it has been extensively reported that soil acidification together with soil organic matter accumulation can contribute to greater bioavailability of some metals in soils, which in turn can increase the uptake and accumulation of metals in plants (Moraghan and Mascani, 1991; Morel, 1997; Jin et al., 2005). In general, most divalent cationic forms of contaminants are less strongly absorbed, and therefore more bioavailable in acidic soils than they are at neutral or alkaline soils as demonstrated for lead by Yang et al. (2003) and for cadmium by Tang et al. (2006). However, in a study testing five Chinese sites (Tang et al. 2007), the bioavailability of both spiked and endogenous arsenic increased with increasing pH. A similar effect was observed by Yang et al. (2005), based on a study of 36 US soils. Moreover, pH also affects other parameters such as the solubility of organic carbon, and the sorptive capacity of iron oxides and aluminium oxides and clays.
However, we would like to leave this for future studies, as we are currently focusing on “hazard assessment” where GIS mapping can play an important role, not “risk assessment”.
[bookmark: _Toc308438842]Using weak extractant to determine the potential bioavailability of metal in soil
[bookmark: bbib43][bookmark: bbib63]In South Park sports ground, we used EDTA as an extrantant to estimate the metal bioavailability in soils; however the results showed the EDTA had very strong chemical affinity for metals, especially for Pb. Therefore, weak extractants, e.g. NH4OAc, NaNO3, CaCl2, KNO3, NH4NO3, could be considered to evaluate the metal bioavailability in soils. It is well recognized that water soluble metal ions can easily be mobilized, and may be considered as highly ‘bioavailable’ (Séguin et al., 2004). In previous studies, the following weak extractants were considered to be well-performing and reliable extractants to assess the readily available metal fraction in soil solutions. For example, Novozamsky et al. (1993) proposed the use of 0.01 M CaCl2 as an extraction reagent to estimate bioavailability of metals and nutrients in air-dried soil samples. In Germany, exchangeable soil metals are estimated by a 1 M NH4NO3 extraction procedure (DIN, 1997). In the Swiss legislation, a 0.1 M NaNO3 extraction procedure is used (VSBo, 1986). The use of 1 M NH4OAc as extractant has been adopted in French legislation (French standard NF X 31-108) (Afnor, 1994). Moreover, the metal concentrations in plants should also be considered, as it would help in the understanding of soil plant relationships regarding metal uptake. Such works can be carried out in the future.
[bookmark: _Toc308438843]Bioaccessibility
[bookmark: hit55][bookmark: bbib52]In South Park sports ground, we studied the spatial variation of the potential bioavailability of some metals. However, the difference between bioavailability and bioaccessibility should also be identified. Both terms were introduced to express whether the actual concentration of a contaminant will have effects on organisms (Meyer, 2002; Peijnenburg and Jager, 2003). In the current study, we mainly focus on the metal bioavailability which related to the occurrence of metal toxicity to plants and soil microorganisms or excessive transfer to food chain. The availability of metals for plant uptake is often described as phytoavailability (Song et al., 2004), which refers to plant uptake and subsequent accumulation in aboveground plant parts. In human health risk assessment for contaminants in soil, soil ingestion is a key exposure (Paustenbach, 2000; Bierkens et al., 2011). Therefore, the human bioavailability of soil contaminants can be regarded as ‘oral bioavailability’ (Cave et al., 2011). For human health, the bioavailability can be defined as the fraction of an ingested contaminant that is absorbed and reaches the systemic circulation where it may then cause adverse effects on human health (Cave et al., 2011). Oral bioavailability can be assessed by comparing the internal doses obtained after oral administration to that of intravenous administration of the contaminant (Cave et al., 2011). Cave et al. (2011) also provided the most commonly used definition of oral bioavailability, which is based upon a two step model with three compartments shown in Figure 5.5 and Equation 5.2:
FBacc × FAbs = FBava							(5.2)
Where FBava is the bioavailable fraction; FBacc is the fraction of ingested contaminant that is bioaccessible; FAbs is the fraction of accessible contaminant that is absorbed.
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[bookmark: _Toc308439072]Figure 5. 5 Steps involved in oral bioavailability (Cave et al., 2011)
Based on Figure 5.5, the bioaccessible fraction can be defined as the maximal concentration that is soluble in simulated gastrointestinal fluids and therefore available for transport across the intestinal lining (regardless of method of transport) (Hamel et al., 1999). For a contaminant in soil to be bioaccessible to a human via ingestion, it must be released from the soil into solution in the gastrointestinal tract in a form that can be absorbed into the blood stream (Cave et al., 2011).
[bookmark: bbib13][bookmark: bbib14]To assess the site-specific bioavailability of contaminated soil, the method of in vivo (usually animal) can be employed; however, it can be expensive and pose ethical considerations (Juhasz et al., 2009). Therefore, the alternative is needed. In vitro method using laboratory extractions has been proved to be good substitute for in vivo method for estimation of the bioaccessibility of contaminants. This method normally makes use of simulated gastric and intestinal juices to mimic the effects of the human-digestion process (Wickham et al., 2009). The in vitro method is rapid, inexpensive and time-saving, compared to an in vivo study (Scheckel et al., 2009). The bioaccessibility research regarding the use of in vitro method is a rapidly developing scientific area; as such there are many examples of its application in the scientific literature (Ruby et al., 1993, Ruby et al., 1996, Hamel et al., 1999, Cave et al., 2011). Additionally, a European network, BARGE (the Bioaccessibility Research Group of Europe) was established to bring together international institutes and research groups to study human bioaccessibility of priority contaminants in soils such as arsenic, lead and cadmium via the gastrointestinal tract. The objective of the network is the provision of oral bioaccessibility/bioavailability data for Human Health Risk Assessments and policy making that is both robust and defensible (BARGE).
The study of bioaccessibility of metals in urban parks, especially for South Park sports ground, would provide useful information for effective management of contaminated sites. However, due to the high cost and complexity of the laboratory work involved in bioaccessibility measurements, this study still focuses on phyto-availability of metals in soils. More such works in other sites and perhaps for selected samples may be considered in future studies.
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Geographic Information System (GIS) and geostatistical method were used to characterize the spatial variation of metals in four urban parks: a roadside sports ground, a traditional bonfire site, a historical landfilling site and a city park in both Galway and Dublin City. Information about the data used to create the maps and operate the statistical analysis is contained in this appendix. The detailed description for data collection, laboratory analyses as well as the data analysis procedures is given as follows. For further information about the data used or the process involved in compiling the maps, contact the following people:

	Dr. Chaosheng Zhang
Head, GIS Centre, Ryan Institute
and
School of Geography and Archaeology
National University of Ireland, Galway
IRELAND
Tel: +353-91- 49 2375
Fax: +353-91- 49 5505
Email: Chaosheng.Zhang@nuigalway.ie
	Ligang Dao
Email: daoligang@gmail.com




Newcastle sports ground, Galway, Ireland
Table 1.1 Data collection in Newcastle sports ground, Galway
	Location of the sports ground
	Northwest of the Galway city centre. It is located along a T-junction of N59 and McKenna Road, Galway, Ireland

	Size of the sampling site
	The sampling site extended 200 m in the E-W direction and 190 m in the N-S direction with an area of about 30,000 m2.

	Coordinate of four corner of sampling site
	SW (128329, 226221); NW (128272, 226381); 
NE (128451, 226456); SE (128512, 226304)

	Projected Coordinate System
	TM65_Irish_Grid

	Data collection date
	May and June, 2008

	Soil samples taken by
	Ligang Dao

	Sample size
	A total of 294 soil samples were collected from this sports ground

	Sampling pattern
	A regular grid sampling pattern with an interval of 10 m was utilized

	Composite sampling
	70 – 120 soil cores were randomly taken within 1 m2 

	Soil sampler
	Manufactured by TEAGASC

	Sampling depth
	0 – 10 cm

	Weight of each sample
	Approximately 1 kg



Table 1.2 Laboratory analyses of soil samples
	Measurement laboratory
	OMAC Laboratories, Loughrea, County Galway
Geography Department, National University of Ireland, Galway

	Splitting soil sample
	Cone and quarter technique

	Drying
	Oven drying at 40 °C

	Sieving
	Soil samples were rolled manually with a steel roller and then sieved through a mechanically vibrating 2-mm stainless steel mesh

	Four-strong acid digestion
(n = 294 samples + 29 duplicate samples)
	The milled soil samples of 0.2 g were spooned and mixed with concentrated HNO3 (2.5 ml) and HClO4 (5 ml), and heated gently on a hot plate for 3 h at a temperature of 120 °C. The temperature was gradually increased to 300°C until the liquid phase was evaporated. After cooling, 2.5 ml of HCl, 10 ml of HF and hot distilled water (90 °C, 20 ml) were added, and the mixture was heated up to just below boiling point for 3–5 min. The mixture was then filtered (No. 6 filter paper) and the volume of the filtrate were adjusted to 35 ml with hot distilled water. Salts were dissolved in 20% aqua regia and made up to 10 ml for ICP-OES analysis.

	Duplicate Measurement
	Every 10th sample, n = 29

	Chemical elements
	Al, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Na, Ni, P, Pb, S, Sc, Sr, Th, Ti, V, Y and Zn

	Laboratory analysis result
	Newcastle_sports_ground_raw_data.xls




Description for the Newcastle_sports_ground_raw_data.xls

Two sheets are included in the Excel file, one is named “Raw date 294 samples”, and another is “Duplicate measurement 29 sample”.
On sheet “Raw date 294 samples”, a total of 26 fields are included: Field A is the serial number ranging from GN001 to GN294, Field B and C are the coordinate of each sample, and Field D to Z refers to the chemical element (Al, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Na, Ni, P, Pb, S, Sc, Sr, Th, Ti, V, Y and Zn). Each field contains 294 records. Units for chemical elements are in mg kg-1, except Al, Ca, Fe, K, Mg, Na, P in %.
On sheet “Duplicate measurement 29 sample”, 24 fields are included: Field A is the serial number, Field B to X denote the chemical elements. Each field contains 58 records. The readings RepGN010 to RepGN290 are the repeat measurements for sample GN010 to GN290. Units for chemical elements are in mg kg-1, except Al, Ca, Fe, K, Mg, Na, P in %.

Rahoon bonfire site, Galway, Ireland

Table 2.1 Data collection in Rahoon bonfire, Galway	
	Location of the site
	It is a green space, located in a residential area west of the city centre, Galway, Ireland.

	Size of the site
	The sampling site extended 85 m in the E-W direction and 50 m in the N-S direction with an area of about 3,350 m2.

	Coordinate of four corner of sampling site
	SW (127704, 225431); NW (127690, 225463); 
NE (127754, 225496); SE (127776, 225456)
Projected Coordinate System: TM65_Irish_Grid

	Data collection date
	October, 2008

	Soil samples taken by
	Ligang Dao and Na Ta

	Sample size
	A total of 218 soil samples were collected from this sports ground

	Sampling pattern
	A regular grid sampling pattern with an interval of 4 m was employed. The location of each sample was determined using measuring tapes on site.

	Composite sampling
	5 soil cores were taken within 1 m2 at the centre and four corners.

	Soil sampler
	BMS product. The sampler is a robust shovel type sampler, which is slightly tapered to give a clean cut minimal disturbance. The blade is easily removed to allow examination of the profile. The plug can be replaced with minimal surface disturbance.

	Sampling depth
	0 – 10 cm

	Weight of each sample
	Approximately 1 kg



Table 2.2 Laboratory analyses of soil samples
	Measurement laboratory
	OMAC Laboratories, Loughrea, County Galway
Geography Department, National University of Ireland, Galway

	Splitting soil sample
	Cone and quarter technique

	Drying
	Soil samples were placed in labelled bags, crumbled gently and spread thinly on paper for air drying at room temperature in the laboratory

	Sieving
	Soil samples were rolled manually with a steel roller and then sieved through a mechanically vibrating 2-mm stainless steel mesh.

	P-XRF determination (n = 218 samples)
	When the P-XRF is initially turned on, the system performs an internal standardization using a standardization plate, which takes about 2 minutes. After that the instrument is pointed at the surface of the test sample and the trigger is pressed, which initiates the elemental determination. The analysis time was set to 2 minutes. The internal standardization was repeated after every 30 readings and the measurement for each sample was repeated three times. Each sample has an average weight of 100 g.

	Four-strong acid digestion
(n = 30 samples)
	The milled soil samples of 0.2 g were spooned and mixed with concentrated HNO3 (2.5 ml) and HClO4 (5 ml), and heated gently on a hot plate for 3 h at a temperature of 120 °C. The temperature was gradually increased to 300°C until the liquid phase was evaporated. After cooling, 2.5 ml of HCl, 10 ml of HF and hot distilled water (90 °C, 20 ml) were added, and the mixture was heated up to just below boiling point for 3–5 min. The mixture was then filtered (No. 6 filter paper) and the volume of the filtrate were adjusted to 35 ml with hot distilled water. Salts were dissolved in 20% aqua regia and made up to 10 ml for ICP-OES analysis.

	ICP-OES determined
	Randomly selected 30 soil samples

	Laboratory analysis result
	Rahoon_bonfire_raw_data.xls




Description for the Rahoon_bonfire_raw_data.xls

Two sheets are included in the Excel file, one is named “P-XRF determined 218 samples”, and another is “ICP-OES 30 samples”.
On sheet “P-XRF determined 218 samples”, a total of 6 fields are added: Field A is the serial number ranging from GB001 to GB218, Field B and C are the coordinate of each sample, and Field D to F refers to the chemical element (Cu, Pb and Zn). Each field contains 218 records. Units for chemical elements are in mg kg-1.
On sheet “ICP-OES 30 samples”, 22 fields are included: Field A is the serial number, Field B to V represents the chemical elements (Al, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Na, Nb, Ni, Pb, S, Sc, Ti, V, Y and Zn) determined by using four acid digestion followed by ICP-OES analysis. Each field contains 30 records. Units for chemical elements are in mg kg-1, except Al, Ca, Fe, K, Mg, Na, P in %.

South Park sports ground, Galway, Ireland
Table 3.1 Data collection in South Park sports ground, Galway	
	Location of the site
	The sports ground is located in the Claddagh, close to Galway City centre. It is adjacent to Galway Bay, and the River Corrib is located north of the site.

	Size of the site
	South Park is approximately 12.2 hectares in size and is used primarily for sporting activities, walkways and it has a children’s playground.

	Coordinate of four corner of sampling site
	SW (129560, 224321); NW (129656, 224853); 
NE (129945, 224575); SE (129766, 224269)

	Projected Coordinate System
	TM65_Irish_Grid

	Data collection date
	April, 2009

	Soil samples taken by
	Ligang Dao and Na Ta

	Sample size
	A total of 200 soil samples were collected from this sports ground

	Sampling pattern
	A regular grid sampling pattern with an interval of 20 m was employed

	Composite sampling
	5 soil cores were taken within 1 m2 at the centre and four corners.

	Soil sampler
	BMS product

	Sampling depth
	0 – 10 cm

	Weight of each sample
	Approximately 1 kg



Table 3.2 Laboratory analyses of soil samples
	Measurement laboratory
	OMAC Laboratories, Loughrea, County Galway
Geography Department, National University of Ireland, Galway

	Splitting soil sample
	Cone and quarter technique

	Drying
	Soil samples were placed in labelled bags, crumbled gently and spread thinly on paper for air drying at room temperature in the laboratory

	Sieving
	Soil samples were rolled manually with a steel roller and then sieved through a mechanically vibrating 2-mm stainless steel mesh.

	P-XRF determination (n = 200 samples)
	When the P-XRF is initially turned on, the system performs an internal standardization using a standardization plate, which takes about 2 minutes. After that the instrument is pointed at the surface of the test sample and the trigger is pressed, which initiates the elemental determination. The analysis time was set to 2 minutes. The internal standardization was repeated after every 30 readings and the measurement for each sample was repeated three times. Each sample has an average weight of 100 g.

	Four-strong acid digestion
(n = 30 samples)
	The milled soil samples of 0.2 g were spooned and mixed with concentrated HNO3 (2.5 ml) and HClO4 (5 ml), and heated gently on a hot plate for 3 h at a temperature of 120 °C. The temperature was gradually increased to 300°C until the liquid phase was evaporated. After cooling, 2.5 ml of HCl, 10 ml of HF and hot distilled water (90 °C, 20 ml) were added, and the mixture was heated up to just below boiling point for 3–5 min. The mixture was then filtered (No.6 filter paper) and the volume of the filtrate were adjusted to 35 ml with hot distilled water. Salts were dissolved in 20% aqua regia and made up to 10 ml for ICP-OES analysis.

	Determination of EDTA-extractable concentrations
(n = 200 samples)
	A total of 200 samples were air dried and sieved to pass through a 2 mm pore size sieve. The extraction was performed in 250 ml pre-cleaned borosilicate glass. All laboratory glassware were cleaned with 4 mol/l HNO3, rinsed with distilled water, cleaned with 0.05 mol/l EDTA and rinsed again with distilled water. Extractants were prepared according to the following procedure: 0.05 mol/l EDTA was prepared in a fume cupboard as an ammonium salt solution by adding 146±0.05 g of EDTA free acid to 800±20 ml distilled water and by partially dissolving and stirring in 130±5 ml of saturated ammonia solution (prepared by bubbling ammonia gas into distilled water). The addition of ammonia was continued until all the EDTA had dissolved. The obtained solution was filtered. For EDTA extraction; 5 g soil with 25 ml of 0.05 M EDTA solution was mechanically shaken for 1 h. The digested solution (without evaporation) was used for the estimation of the bioavailable metal fraction using ICP-OES.

	Laboratory analysis result
	South_Park_raw_data.xls



Description for the South_Park_raw_data.xls

Two sheets are included in the Excel file, one is named “Raw data 200 samples”, and another is “ICP&P-XRF 30 samples”.
On sheet “Raw data 200 samples”, a total of 15 fields are added: Field A is the serial number ranging from GS001 to GS200, Field B and C are the coordinate of each sample. The number 2006 refers to the study carried out in 2006 (Carr et al., 2008), 2009 refers to the current study. P-XRF and Bio represents the P-XRF analyser and EDTA extracted followed by ICP-OES analysis determined metal concentrations. Ratio is calculated using the equation (Ratio=Bioavailable concentration/P-XRF determined concentration). Each field contains 200 records. Units for chemical elements are in mg kg-1.
On sheet “ICP&P-XRF 30 samples”, 10 fields are included: Field A is the serial number. ICP refers to the metal concentrations determined by four acid digestion followed by ICP-OES analysis. Each field contains 30 records. Units for chemical elements are in mg kg-1.

Phoenix Park sampling site, Dublin, Ireland

Table 4.1 Data collection in Phoenix Park sampling site, Dublin	
	Location of the site
	The Park is located in the west of the city centre, Dublin, Ireland.

	Size of the site
	The area of the sampling site is 4900 m2

	Coordinate of four corner of sampling site
	SW (310753, 236107); NW (310793, 236163); 
NE (310851, 236123); SE (310810, 236067)
Projected Coordinate System: TM65_Irish_Grid

	Data collection date
	January 2010

	Soil samples taken by
	Ligang Dao, Na Ta and Nessa Golden

	Sample size
	A total of 225 soil samples were collected from this site.

	Sampling pattern
	A regular grid sampling pattern with an interval of 5 m was employed. The location of each sample was determined using measuring tapes on site.

	Composite sampling
	5 soil cores were taken within 1 m2 at the centre and four corners.

	Soil sampler
	BMS product 

	Sampling depth
	0 – 10 cm

	Weight of each sample
	Approximately 1 kg



Table 4.2 Laboratory analyses of soil samples
	Measurement laboratory
	Geography Department, National University of Ireland, Galway

	Splitting soil sample
	Cone and quarter technique

	Drying
	Soil samples were placed in labelled bags, crumbled gently and spread thinly on paper for air drying at room temperature in the laboratory

	Sieving
	Soil samples were rolled manually with a steel roller and then sieved through a mechanically vibrating 2-mm stainless steel mesh.

	P-XRF determination (n = 225 samples)
	When the P-XRF is initially turned on, the system performs an internal standardization using a standardization plate, which takes about 2 minutes. After that the instrument is pointed at the surface of the test sample and the trigger is pressed, which initiates the elemental determination. The analysis time was set to 2 minutes. The internal standardization was repeated after every 30 readings and the measurement for each sample was repeated three times. Each sample has an average weight of 100 g.

	Four-strong acid digestion
(n = 30 samples)
	The milled soil samples of 0.2 g were spooned and mixed with concentrated HNO3 (2.5 ml) and HClO4 (5 ml), and heated gently on a hot plate for 3 h at a temperature of 120 °C. The temperature was gradually increased to 300°C until the liquid phase was evaporated. After cooling, 2.5 ml of HCl, 10 ml of HF and hot distilled water (90 °C, 20 ml) were added, and the mixture was heated up to just below boiling point for 3–5 min. The mixture was then filtered (No. 6 filter paper) and the volume of the filtrate were adjusted to 35 ml with hot distilled water. Salts were dissolved in 20% aqua regia and made up to 10 ml for ICP-OES analysis.

	Laboratory analysis result
	Phoenix_Park_raw_data.xls



Description for the Phoenix_Park_raw_data.xls
P-XRF analyser determined metal concentrations of soil samples in Phoenix Park sampling site are presented in the Excel file. In the file, 6 fields are included: Field A is the serial number ranging from DP001 to DP225, Field B and C are the coordinate of each sample, and Field D to F refers to the chemical elements (Cu, Pb and Zn). Each field contains 225 records. Units for chemical elements are in mg kg-1.

Data analysis process
Descriptive statistics
Basic statistical parameters, such as mean, median, minimum, maximum, percentage (5%, 25%, 75%, 95%), standard deviation, skewness and kurtosis, were calculate using SPSS (version 17) software.
The calculation of these parameters were performed by using the Frequencies procedure (From the menu choose “Analyze”, and then click “Frequencies” from the sub-menu of “Descriptive Statistics”) in SPSS software.
The histogram of each geochemical variable was also produced by using the above mentioned procedure (From the menu choose “Analyze”, and then click “Frequencies” from the sub-menu of “Descriptive Statistics” in SPSS software).
Normality test and data transformation
The Kolmogorov-Smirnov (K-S) method was carried out to check the normality distribution of data sets in SPSS software. From the menu choose “Analyze”, and then click “One-Sample Kolmogorov-Smirnov Test” from the sub-menu of “Nonparametric Tests”.
In SPSS, transformations are obtained by computing a new variable. SPSS functions are available for the logarithmic (Ln) transformations. From the menu choose “Transform”, and click “Compute Variable”. In the popup window, type “a name” for the new variable under “Target Variable”, and type “Ln(Variable)” under “Numeric Expression”.
For the normal scores transformation, choose “Transform” from the menu and click “Rank Cases”. In the popup window, click “Rank Cases: Types” and tick the small box before “Normal scores”.

Advanced spatial analyses
Spatial outliers and spatial cluster analyses
To illustrate the local spatial autocorrelation functionality, the first step is to load the file (above mentioned Excel files) to GeoDa software in its current version (v. 0.95i). After loading the file, a spatial weights file is needed. It can be created by invoking the function from the menu as “Tools” > “Weights” > “Create”. Then start the “Local Moran” function from the menu, by invoking “Space” > “Univariate LISA”. Select the “Variable”. Next, click “OK” to bring up the weight selection dialog, and select the created “Spatial weights file”. Four different types of result graphs and maps are available: a significance map, a cluster map, a box plot and a Moran scatter plot.
Spatial structure analyses
Semivariograms were modelled with the aid of VarioWin 2.2. The modelling procedure is detailed as follow:
Opening an Input File (.dat)
Double click the program named “Prevar2D” to open the software. Then, Click on the “Open” option of the “File” menu of “Prevar2D” to get the File Open window. Next, choose a “.dat file” and Click on the “OK” button of this window.
Setting XY Coordinates 
Click on the “XY-Coordinates…” of the “Settings” menu option. Choose “X” and “Y coordinates” and press “OK” button.
Setting Limits 
Click on the “Limits…” of the “Settings” menu option. Choose the “Attribute name” and press the “Apply” button and then the “Exit” button
Running Prevar2D
Press the “Run” option of the “Prevar2D” window menu in order to create the “.pcf file”.
Opening a .pcf fil
Double click the program named “Vario2D” to open the software. In the “Open” option of the “File” menu choose a “.pcf file” to be used for creating variograms. Press “OK” after the file was chosen.
Setting variogram parameters 
Click on the “Settings…” option of the menu bar to open the “Settings” window. Click on the options used as the settings for the variograms’ creation. Click on the “Apply” button and exit.
Displaying Variogram surfaces
Choose “Variogram Surface…” of the “Calculate” option of the “Vario2D” menu. Choose a “Variable Name”, set other window parameters and press the “OK” button to show the “Variogram Surface”.
Displaying Directional Variograms
Choose “Directional Variogram…” of the “Calculate” option of the “Vario2D” menu. Choose a “Variable Name”, set other window parameters and press the “OK” button to show the “Variogram”.
Saving the Variogram File
Choose “Save As…” of the “File” option of the “Vario2D” menu. Type a name in the “Filename: text” field. Press the “OK” button to save the “.var file” in the current Directory.
Opening a .var file 
Double click the program named “Model” to open the software. In the Open option of the “File” menu choose a variogram file (“.var”) to be used for model the variograms. Press “OK” after the file was choosen.
Choosing the variogram 
Choose one variogram of the list that appears in the Experimental variograms window. Press “OK” button after your choice.
Setting model parameters 
Click on the “Settings…” option of the menu bar to open the Settings window. Click on the options used as settings for the variograms’ model. Click on the “Apply” button.
Modeling the Variograms 
Click on the “Model” option of the menu bar of the Model Window. Change “Parameter values” to model the experimental variograms. Find a modeled variogram with a good fit, small Nugget, Sill next to the global Covariance and a reasonable Range. Click on “Store” button to store the variogram modeled parameters.
Spatial interpolation
Double click the program named “ArcGIS 9.3” to open the software. Click “Tool” in the menu bar and select “Extensions…”. Make sure “Geostatistical Analyst” is ticked and then click “Close” Button in the “Extensions” dialog. Right click on the blank area of the toolbar in ArcMap and make sure “Geostatistical Analyst” is ticked.
IDW interpolation
Click the “Geostatistical Analyst” button and select “Geostatistical Wizard…” Click “Inverse Distance Weighting” and select the file for the “Source Dataset” and geochemical variable for “Data Field”, and then click “Next”. Change the Power value to “1” and Neighbours value to “12”. Keep the other items their default settings. Click “Next” to apply the setting. On next window, click “Finish” to end the calculation.
Kriging interpolation
Click the “Geostatistical Analyst” button and select “Geostatistical Wizard…” Click “Kriging” and select the file for the “Source Dataset” and geochemical variable for “Data Field”, and then click “Next”. On next window, select “Ordinary kriging” as the Kriging Type and select Transformation method (Log or Normal Score transformation) for the Transformation Type, and then click “Next”. On next window, change the parameter values to the variogram modeled parameters, e.g. nugget, sill, range and anisotropy ratio (calculated in VarioWin 2.2). Change the Neighbours value to “12”. Keep the other items their default settings. Click “Next” to apply the setting. On next window, click “Finish” to end the calculation.

6. The electronic version of PhD thesis, the raw data for four sampling sites and the metadata related to the production of the maps are included in the CDs.
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Abstract: 
Soils in the vicinity of bonfires are recipients of contaminants from the burning of metal-containing materials. In order to obtain a better understanding of the impacts of bonfires on soils, a total of 218 surface soil samples were collected from a traditional bonfire site in Galway City, Ireland. Concentrations of 21 elements, e.g. Al, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Na, Nb, Ni, Pb, S, Sc, Ti, V, Y and Zn, in 30 samples were determined using ICP-OES. Strong variations were observed for these elements. Concentrations of Zn, Cu and Pb were elevated, indicating that these metals may be influenced by human activities. Therefore, the spatial variation of these three metals was further investigated using a portable X-ray Fluorescence (P-XRF) analyser (n=218). Soils with elevated metal concentrations, as evident from the spatial distribution maps, coincided with the locations of traditional festival bonfires. The hazard maps identified small regions of the study area with Zn concentrations that exceeded the Dutch Intervention values. The results of this study provide useful information for the management of bonfire sites including the enforcement of a control policy regarding the burning of materials in bonfires.

Keywords: Bonfire; Portable XRF analyser; Metal pollution; Hazard assessment; Urban geochemistry


1. Introduction
A bonfire is a large outdoor fire, which is used globally to commemorate national anniversaries and public celebrations e.g. the annual Halloween festivities in many countries (Potts, 2002). Wood, bones and straw were the materials traditionally used in bonfires (Gailey and Adams, 1977). However, nowadays various hazardous items, including tyres, plastics and household wastes are dumped in these fires (Anderson and Fisher, 2002; Dyke et al., 1997). The burning of such harmful waste not only creates an unpleasant smell but also produces a range of poisonous compounds such as carbon monoxide (if the waste is damp and smouldering) (European Environment Agency (EEA), 2010), dioxins (Anderson and Fisher, 2002; Dyke et al., 1997; EEA, 2010), particles (EEA, 2010), toxic metals (Abanades et al., 2002) and certain organic pollutants (Hartenstein and Horvay, 1996; Niessen, 2002) etc.
The knowledge and understanding of bonfires related pollution assessment of urban soils has predominantly focused on a group of organic compounds known as “dioxins” which are considered central to environmental health and quality (e.g. Polychlorinated Dibenzo-p-Dioxins and –Furans (PCD/Fs) (Anderson and Fisher, 2002), and Polybrominated Diphenyl Ethers (PBDEs) (Su et al., 2009). However, other potential pollutants, such as metals, which are released into the environment from bonfires, have received comparatively little attention. Some metals at elevated levels in soils present a toxicological risk to human health. 
Large bonfires are traditionally ignited annually (October 31st) in a suburban green space in Galway City, Ireland in celebration of the Halloween festivities. From preliminary site investigations prior to the festivities in 2008 and 2009, it became apparent that the majority of the material gathered for the bonfires comprised domestic and industrial wastes, e.g. batteries, tyres and many household electrical appliances, etc. As a result, the adjacent soils to the bonfires have received a load of contaminants produced by burning of these wastes, hence posing a threat to the local community. Moreover, the nearest dwelling house is within 15 m of the fire and throughout the remainder of the year this green space is frequently used as an urban amenity by local residents and children. From the standpoint of the environmental and health effects resulting from the burning of these wastes, it is necessary to understand the state of the soil quality of this green space.
The objectives of this study were: (1) to investigate the current status of metal contamination in a traditional bonfire site; (2) to identify spatial patterns of pollution and possible pollution sources; and (3) to produce hazard maps, in order to provide useful information for effective remediation of contaminated sites if needed. To meet the latter two objectives, a Geographical Information System (GIS) in conjunction with geostatistical analysis were employed. In addition, this study will provide useful information for the future management of materials used in bonfires, and address the lack of bonfire – induced metal contamination information in the literature.

2. Methods
  2.1. Study area
Galway is a small but rapidly growing city with little heavy industry and few pollution sources. Traffic emissions and the burning of peat and coal for domestic heating are considered the main pollution sources (Zhang, 2006). The bedrock geology of Galway comprises metamorphic, igneous and sedimentary rocks which are covered by a relatively thin layer of recent (< 1 million years old) glacial sand and gravel deposits (Coats and Wilson, 1971). In Galway City, the region to the west of Galway is comprised of granite, while the east of the city is Carboniferous limestone, and in between both of these the bedrock geology of the inner city is amphibolites and granite gneiss. Based on the geology map of Galway, the current study area is overlying granite bedrock. Naturally, granite stone as well as granite developed soils have relatively low concentrations of metals like Cu, Pb and Zn (Zhang, 2006). The soil type of Galway city is mainly shallow brown earths and rendzinas. At the south-west end of the City the soils are known as lithosols (Gardiner and Radford, 1980). The simplified soil type map describes the soil in this green space as shallow brown earths and rendzinas (Fig.1) (Gardiner and Radford, 1980). Average annual rainfall is about 1200 mm in Galway city. The prevailing wind direction of Galway city is between south and west and the average annual wind speed is 5.6 m.p.h (MET ÉIREANN, 2011). 
The study area is a green space, located in a residential area west of Galway City centre. A large bonfire is light in this residential area on an annual basis each Halloween Eve. The sampling site extended 85 m in the E-W direction and 50 m in the N-S direction with an area of about 3,350 m2. The study site is located in an enclosed area except for the entrance in the southeast (see Fig. 1). The elevation of the study area is about 0.5 m higher than the surrounding roads. Several trees can be found on the areas marked A and B in Fig. 1. 
[image: ]
Fig. 1 Soil sampling locations in a traditional bonfire site, Rahoon, Galway (Data sources: background image:  Microsoft Virtual Earth; Rock samples: Zhang, 2006; Simplified soil type: Gardiner and Radford, 1980)

[bookmark: OLE_LINK50][bookmark: OLE_LINK54][bookmark: OLE_LINK55]2.2 Sampling and chemical analyses
[bookmark: OLE_LINK76]An intensive investigation of soils in this traditional bonfire site of Rahoon, Galway was conducted during October 2008, and a total of 218 soil samples were collected on a grid system at intervals of 4 m (Fig. 1). As the input of metals to urban soils occurs mostly on surficial soils (De Miguel et al., 1998), samples were collected from the surface (0-10 cm) using a stainless steel sampler. Each sample was a composite sample, consisting of 4-6 soil cores (about 1 kg total weight), taken randomly from 1×1 m areas. Soil samples were placed in clear polythene bags and dried at room temperature in the laboratory. The samples were then homogenized with a wooden roller, sieved through a 2-mm stainless steel mesh in order to remove any stones and plant debris, and finally mixed thoroughly to obtain a representative sample.
[bookmark: OLE_LINK8]Each sample was analysed by a P-XRF analyser (INNOV-X-SYSTEMS) with an analysis time of 2 minutes. Furthermore, a total of 30 sub-samples were randomly selected (Fig. 1) and subjected to the classical cone and quarter technique to split the soil samples. The sub-samples were finely ground in an agate mortar and pestle and passed through a 0.1 mm nylon mesh. Milled samples of 0.2 g were digested (evaporation to dryness) with 10 ml hydrofluoric acid (HF), 5 ml Perchloric acid (HClO4), 2.5 ml Hydrochloric acid (HCl), and 2.5 ml Nitric acid (HNO3), and then dissolved in 20% aqua regia and made up to 10 ml for ICP-OES (Varian Vista 735) analysis of chemical elements: Al, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Na, Nb, Ni, Pb, S, Sc, Ti, V, Y and Zn.
2.3 Quality control
The quality control process for ICP-OES determinations included use of reagent blanks, in-house standards and duplicate soil samples (approx. 10% of the total number). Results for the blanks were all below detection limits. The errors for the results of the in-house standards were generally better than 5%, and the results for the duplicate analyses were consistent with differences generally less than 5%. 
The accuracy of the P-XRF technique was verified by the incorporation of soil certified reference materials (CRMs) (Montana I (SRM2710), Montana II (SRM2711) and San Joaquin (SRM2709)) from NIST (National Institute of Standards and Technology, USA) in the analytical procedure. These materials have been used worldwide for quality assurance by a variety of laboratories involved in the determination of major, minor, and trace element concentrations in soils and similar materials (Mackey et al., 2010). Three CRMs were directly measured using a P-XRF and the results were compared with the certified values obtained from the NIST-SRMs (taking Cu, Pb and Zn as examples). The measurements were repeated five times for each CRM. The results for the certified concentrations for reference materials, and analytical quality control parameters were presented in Table 1. Precision is estimated by the coefficient of variation: CV =  and accuracy (bias) is estimated using.
Table 1 Accuracy and precession of P-XRF analysis using three certified reference materials
	
	
	Cu
	Pb
	Zn

	SRM2710
	Certified (mg/kg)
	3420±50
	5520±30
	4180±150

	
	Precision (%)
	1.84
	2.00
	1.73

	
	Accuracy
	-4.04
	-6.20
	-0.90

	SRM2711
	Certified (mg/kg)
	140±2
	1400±10
	414±11

	
	Precision (%)
	5.49
	2.23
	3.14

	
	Accuracy
	-12.9
	-6.27
	-12.3

	SRM2709
	Certified (mg/kg)
	33.9±0.5
	17.3±0.1
	103±4

	
	Precision (%)
	1.97
	12.1
	2.24

	
	Accuracy
	-10.0
	-23.7
	-17.7



The results in Table 1 indicated very good precision for P-XRF, typically < 5%, and good accuracy usually around -10%. The performance of P-XRF is especially good at measuring soil samples with high concentrations of metals as very good precision and accuracy for SRM2710 could be observed in Table 1. The results of QA indicate the suitability of P-XRF for determination of total metal concentrations in soil samples, especially for the contaminated soil samples.

2.4 Spatial interpolation and Hazard assessment
The kriging interpolation method was employed to reveal the spatial distributions of Cu, Pb and Zn in the study area, as it is considered the most appropriate linear unbiased estimator (BLUE) (Isaaks and Srivastava, 1989). In this study, ordinary kriging was used to produce the spatial distribution maps for the selected metals.
In order to evaluate the pollution level in the study area, the pollution index (PI) value at each sampling location were calculated based on a comparison with the Dutch Target and Intervention values and also subjected to ordinary kriging interpolation in order to create the hazard maps. On the basis of calculated PI values, the soils could be defined as: clean soil (Concentration < Target value); slightly contaminated soil (Concentration > Target value and < Intervention value) or seriously contaminated soil (Concentration > Intervention value) (VROM, 2000). The specific Dutch Target and Intervention values used were: 36 and 190 mg kg-1 for Cu; 85 and 530 mg kg-1 for Pb; 140 and 720 mg kg-1 for Zn, respectively (VROM, 2000).
2.4 Data analyses using computer software
Raw data were stored in Microsoft Excel®, and basic statistical parameters were calculated using this software. The tests for normality of data sets were performed using SPSS® (version 18) software. All maps were produced and spatial interpolation was performed using ArcGIS® (version 9.3) software. 
 3. Results and discussions
3.1 Basic statistics
[bookmark: hit25]Descriptive statistics for the raw data of the 21 chemical elements determined by ICP-OES in the surface soils of the bonfire site are summarized in Table 2 (n = 30). All elements have values higher than their detection limits. The element concentrations varied over several magnitudes, showing the complex nature of soil geochemistry in such a small area, e.g. the minimum and maximum values for Zn were 29 and 1939 mg kg-1 respectively. Differences between means and medians are especially noticeable for Zn, Pb and Cu, indicating the strong positive skewness of the data which could be caused by anthropogenic factors. This confirms previous work in which Cu, Pb and Zn have been referred to as metals of ‘urban’ origin (De Miguel et al., 1998). The strong variation poses a challenge for sampling and experimental design in urban geochemical studies as normally only one sample is likely to be collected from such an area (Dao et al., 2010).
Table 2 Basic statistics of element concentrations in soils of a traditional bonfire site, Galway (in mg/kg; Al, Ca, Fe, K, Na: in %, n = 30) 
	
	Min
	5%
	25%
	50%
	75%
	90%
	95%
	Max
	Mean
	SD

	Al
	2.13
	2.14
	2.37
	2.57
	2.78
	3.14
	3.39
	3.47
	2.61
	0.34

	Ca
	0.55
	0.56
	0.69
	0.96
	1.30
	1.67
	2.74
	2.85
	1.08
	0.55

	Ce
	25.3
	25.4
	28.4
	29.5
	32.4
	36.3
	38.0
	38.3
	30.4
	3.41

	Co
	4.23
	4.26
	4.79
	5.18
	5.42
	5.92
	10.6
	12.8
	5.49
	1.60

	Cu
	14.1
	14.4
	17.0
	19.1
	22.9
	35.5
	59.6
	80.9
	23.4
	12.7

	Fe
	1.00
	1.02
	1.07
	1.12
	1.16
	1.23
	1.32
	1.34
	1.13
	0.08

	K
	0.59
	0.62
	0.71
	0.78
	0.88
	1.07
	1.17
	1.24
	0.82
	0.15

	La
	16.7
	17.1
	18.7
	19.9
	22.7
	26.9
	28.1
	28.9
	21.1
	3.13

	Li
	11.8
	12.1
	12.7
	13.3
	13.9
	15.2
	15.7
	15.8
	13.5
	0.96

	Mg
	0.16
	0.17
	0.19
	0.21
	0.22
	0.27
	0.31
	0.31
	0.21
	0.04

	Mn
	339
	345
	369
	384
	401
	414
	444
	463
	385
	25.4

	Na
	0.24
	0.28
	0.34
	0.39
	0.45
	0.58
	0.64
	0.70
	0.41
	0.10

	Nb
	5.82
	5.86
	6.01
	6.81
	7.23
	8.51
	9.25
	9.52
	6.88
	0.92

	Ni
	20.8
	21.2
	25.3
	26.8
	27.8
	29.8
	41.2
	51.9
	27.2
	5.33

	Pb
	34.9
	35.1
	38.8
	42.1
	49.4
	78.3
	99.7
	116
	48.6
	17.9

	S
	0.05
	0.05
	0.07
	0.07
	0.08
	0.10
	0.12
	0.12
	0.08
	0.02

	Sc
	3.06
	3.08
	3.41
	3.52
	3.73
	3.94
	4.00
	4.02
	3.54
	0.25

	Ti
	1259
	1332
	1424
	1495
	1581
	1743
	2090
	2464
	1540
	207

	V
	34.4
	35.1
	38.1
	39.1
	40.4
	41.9
	54.3
	68.4
	40.0
	5.66

	Y
	13.9
	13.9
	15.5
	16.0
	16.8
	17.6
	17.8
	18.0
	16.0
	1.08

	Zn
	81.0
	81.7
	85.6
	93.4
	111
	145
	1407
	1946
	189
	368


In order to evaluate the pollution or anthropogenic influences, a comparison between the element concentrations and reference values were made. Those reference values include the medians of Galway urban soils (Zhang, 2006), average values of the upper crust (Wedepohl, 1995) as well as the rock samples of limestone and granite taking from locations C and D in Fig. 1, respectively, by Zhang (2006). The results for comparisons were summarized in Table 3.
Table 3 Comparison between element concentrations in soil of the bonfire site and reference values (in mg/kg; Al, Ca, Fe, K, Na: in %)
	
	Median
	Mean
	Galway soila
	Upper crust b
	Lime1 a
	Lime2 a
	Granite1 a
	Granite2 a

	Al
	2.57 
	2.61
	3.71
	7.74
	0.14
	0.05
	5.92
	6.14

	Ca
	0.96 
	1.08
	2.10
	2.95
	40.2
	40.0
	0.59
	1.26

	Ce
	29.5 
	30.4
	42.0
	65.7
	3.00
	3.00
	41.0
	49.0

	Co
	5.18 
	5.49
	6.00
	11.6
	<1.00
	<1.00
	1.00
	1.00

	Cu
	19.1 
	23.4
	27.0
	14.3
	6.0
	<2.00
	<2.00
	8.00

	Fe
	1.12 
	1.13
	1.70
	3.09
	0.15
	0.07
	0.68
	0.88

	K
	0.78 
	0.82
	1.20
	2.87
	0.06
	0.03
	3.55
	3.48

	La
	19.9 
	21.1
	23.0
	32.3
	4.00
	3.00
	23.0
	29.0

	Li
	13.3 
	13.5
	19.0
	22.0
	<2.00
	<2.00
	8.00
	7.00

	Mg
	0.21 
	0.21
	0.32
	1.35
	0.45
	0.38
	0.17
	0.23

	Mn
	384 
	385
	539
	527
	100
	110
	392
	311

	Na
	0.39 
	0.41
	0.57
	2.57
	0.02
	0.02
	2.38
	2.53

	Nb
	6.81 
	6.88
	8.00
	26.0
	8.00
	7.00
	6.00
	6.00

	Ni
	26.8 
	27.2
	22.0
	18.6
	9.00
	4.00
	2.00
	2.00

	Pb
	42.1 
	48.6
	58.0
	17.0
	10.0
	3.00
	22.0
	24.0

	S
	0.07 
	0.08
	5.00
	7.00
	<1.00
	<1.00
	3.00
	3.00

	Sc
	3.52 
	3.54
	114.0
	316
	606
	670
	82.0
	168

	Ti
	1495 
	1540
	1623
	3117
	74.0
	32.0
	846
	952

	V
	39.1 
	40.0
	50.0
	53.0
	24.0
	15.0
	16.0
	19.0

	Y
	16.0 
	16.0
	18.0
	20.7
	7.00
	4.00
	8.00
	8.00

	Zn
	93.4 
	189
	85.0
	52.0
	34.0
	23.0
	37.0
	31.0


Data sources: a Galway soil and rock samples (Zhang, 2006); b Upper crust (Wedepohl, 1995).
The median values for most elements reported in their study were comparable to the medians of Galway soils (Zhang, 2006), while Sc was extremely low. Sc is a transitional element in the 4th period of the periodic table. Normally, its concentration is relatively low in both granite and limestone (Zhang, 2006). When compared with the average values of the upper crust, relatively high values for three metals Zn, Pb and Cu can be observed in soils of this study. The median and mean values for most elements in this study are obviously different from the limestone samples, while these values are relatively close to their corresponding values for the granite samples. The natural origins of chemical elements in soils are their parent materials, which are the weathering products of the underlying bedrocks. Our results further confirm the soils in this site are mainly developed up on granite, and inherit the features of granite, such as the relatively high concentrations of Al, Ce, Fe, K, Li, Mn and Ti, and low values of the other trace elements (Zhang, 2006). 
Compared with all other reference values (except for Galway soils), Zn, Cu and Pb were obviously enriched in this study, especially Zn, indicating these variables are relatively more affected by human activities. Both Cu and Zn are considered bio-essential elements, however, at elevated concentrations, both can be toxic (Flemming and Trevors, 1989; Fosmire, 1990). While, Pb is not considered to have any known biological function, its presence can lead to toxic effects and severe poisoning (Demayo et al., 1982). In order to investigate the spatial variation of these three metals, the results obtained by P-XRF were used (n = 218 for each metal). 
3.2 Probability distribution
	The data obtained by P-XRF was initially tested to establish whether it conformed to a normal distribution, as a serious violation of normality, such as high skewness and existence of outliers, can impair the variogram structure and the kriging results (Helsel, 1987; McGrath et al., 2004). The histograms for the raw data and the transformed data using normal score transformation were produced to give a one-dimensional insight into the data structure of Cu, Pb and Zn (Fig. 2). Histograms of the raw data showed long tails towards higher concentrations and other studies have also reported that most metal concentration distributions are frequently positive skewed from a normal distribution (Amini et al., 2005; Yongming et al., 2006). The existence of outliers was evident from the occurrence of bins with zero frequencies in the long tail area of the raw data. Two bins, which were outlying values for the Zn data, can be clearly identified. A Kolmogorov-Smirnov (K-S) test was also applied to assess the normality of data sets (results not shown). In this case, log-transformation failed to normalize the data; however, a normal score transformation brought the distribution to normal (K-S normality test at a significance level of higher than 0.05). 

Fig. 2 Histograms for Cu, Pb and Zn: a-c) raw data, d-f) transformed data.
3.3 Spatial interpolation
The spatial interpolation method of ordinary kriging estimation was applied to produce the spatial distribution maps for Cu, Pb and Zn (Fig. 3). 
 On the distribution maps, it appeared that Cu, Pb and Zn were elevated in the centre and western corner of the study area. The spatial patterns of Cu, Pb and Zn in the soils were similar, suggesting that these contaminants may have a common source. Based on field observations, it was evident that firewood and other materials were deposited and ignited in the centre of the study area on Halloween Eve, 2008. It was also observed that the specific bonfire locations were slightly changed annually which contributed to the complex distribution patterns of these metals.
These metals can occur naturally, but concentrations are often enhanced by bonfires, atmospheric deposition or other anthropogenic activities (Alexander et al., 2006; Alloway, 2004). Previous studies have documented that the burning of metal-containing household wastes in domestic gardens can lead to significant metal accumulation in soils (Alloway, 1995). Table 4 lists the materials, which were used in the bonfire on Halloween Eves, from field investigations (2008 and 2009). In addition, twelve ash and soil samples were also collected from the location of the bonfire and analyzed by P-XRF on the day after the Halloween night festivities in 2008. Highly elevated concentrations of these metals (mean concentrations of 420.9 mg kg-1, 95.1 mg kg-1 and 21292.7 mg kg-1 for Cu, Pb and Zn respectively) were found, which also confirmed their association with the bonfire. This trend is similar to those noted by Sajwan et al. (2003), who compared the metal emissions from coal combustion with those from burning a mixture of 10 wt% shredded car tyres and 90 wt% coals. The results showed that the addition of car tyres leads to a significant increase in the emission of Zn, Cu, Pb, V, Cr, Mn, Fe and Ni. Meanwhile, Polasek and Jervis (1994) reported the highest amounts of Zn found in pure tyre ash at 60 wt%. 
Zinc is used industrially as a coating to prevent rusting and is mixed with other metals to produce alloys such as brass and bronze (Tachibana et al., 2007) and its compounds are also widely used in the manufacture of paint, rubber, dye, wood preservatives and ointments (Fay, et al., 2007; Krauskopf, 1967). Copper and its compounds are used in electrical equipment, piping, some paints, etc., (Alloway, 1995; Davis and ASM International Handbook Committee, 2001; Kirk et al., 1965), while sources of Pb include batteries, glass, electrodes and television screens (Fay et al., 2007). Most of the above mentioned substances were present in the burning material list (Table 4). It is clear that the uncontrolled burning of metal-containing waste on urban land results in the accumulation of Zn and other metals in the soil and consequently constitutes a permanent risk for plants and potentially human health. 
Table 4 List of burned materials in the bonfire site, Halloween Eve, 2008 and 2009, Galway
	
	Materials

	1
	Vehicle wheels

	2
	Vehicle tyres

	3
	Bicycles (including tyres)

	4
	Batteries

	5
	Microwaves

	6
	Mattress

	7
	Metal frames

	8
	Washing machines

	9
	Electrothermal furnaces

	10
	Cooking stoves

	11
	TV sets

	12
	Pop cans

	13
	Air tanks

	14
	Wood furniture (painted doors, chairs and other furniture)

	15
	Plastics

	16
	Cotton (cotton batting, cotton toys, old clothes etc.)

	17
	Old couches

	18
	Bones

	19
	Construction materials

	20
	Cardboards


[image: ]
Fig. 3 Spatial distribution maps for a) Cu, b) Pb and c) Zn

3.7 Hazard assessment
Given the significant influence of the bonfires on contaminant levels in the soil, it was necessary to evaluate the degree of such pollution using hazard maps based on the pollution index values.
The PI values, based on the ratios to Dutch Target values, for these three elements in the study area varied from 0.13 to 13.85. The areas with PI values <1 accounted for 98.3% for Cu, 99.7% for Pb and 94.3% for Zn of the total study area (Fig. 4.a,b and c), respectively, indicating that the overall metal pollution in the soils in the study area was low and the soil geochemistry of the study area may be associated with the local lithology. 
Although the soils in the centre of the study area where the bonfires occurred were slightly contaminated soils (PI >1) with respect to Cu and Zn, it was not possible to estimate the actual quantities of metal produced from the bonfires. It is obvious that significantly more Zn and other metals were released in the vicinity of the bonfires. Furthermore, polluted soils were observed at the northwest of corner close to several trees. It is suspected that these trees may trap airborne dust released from the bonfires giving rise to higher concentrations of metals in the ambient soils, which may be investigated further in the future. In addition, a hazard map, based on the comparison to the Dutch Intervention value, was produced for Zn (Fig.4.d). The area consisting of PI values higher than 1 is 3.88 m2, accounted for 0.12% of the entire site. It’s worth mentioning that there is always an uncertainty associated with hazard maps, and the Dutch Target and Intervention values were for a Standard Dutch Soil (10% organic matter and 25% clay, expressing in mg kg-1) (VROM, 2000). However, the high PI values (highest PI value: 2.70) demonstrated high pollution levels. In addition, the bulk sample geochemistry may not reflect the real risk to an ecosystem from potentially toxic elements (Siegel, 2002). Further studies on the bioaccessibiliy of these pollutants are recommended.
In addition to the threat from metal pollution in soils, attention and caution should also be paid to the inhalation of airborne particles while bonfires are lighting. Bonfires cause the release of large quantities of dust and smoke, contaminated with polycyclic aromatic hydrocarbons, metals and other pollutants, which eventually settle in the surrounding urban environment. Stock (1979) highlighted the health hazards associated with garden bonfires and pointed out that whereas the benzpyrene content of cigarette smoke is only 0.2 ppm of free carbon that of a small garden bonfire is 70 ppm. Depending on what is actually burnt, bonfires are also capable of producing various other noxious compounds such as certain oxides of nitrogen and certain aldehydes, cyanide, lead, zinc and dioxins. The data in a study carried out by Dyke et al. (1997) showed an increase in smoke and PM10 levels in Oxford and a peak in PM10 in Cardiff coinciding with the elevated dioxins and increased bonfires and fireworks associated with the annual bonfire night, raising concerns about human health risks. These contaminants could be inhaled directly by humans or even at a later date if the settled dust if re-suspended. It is also noted that the Rahoon bonfire site is an enclosed residential area except for the entrance which is located in the southeast, indicating the air movements may become obstructed or confined by the surrounding buildings. Therefore, the majority of the emissions while the bonfires are lighting may potentially remain in this area, possibly posing more threats to the local residents.
In order to prevent future contamination from bonfires, it should be recommended to local residences that the burning of tyres and other hazardous metal-containing wastes must be avoided. The results in this study provide useful information on the environmental effects and management policy of bonfires.
[image: ]
Fig. 4 Hazard maps of pollution index values: a-c) based on Dutch Target values for Cu, Pb and Zn, d) based on Dutch Intervention values for Zn

4. Conclusion
[bookmark: OLE_LINK72]A total of 218 soil samples were collected from a green space, which is a traditional bonfire site, in Galway, Ireland, and metal concentrations were detected by ICP-OES and P-XRF with the purpose of studying the impacts of bonfires on soils. The median and mean values for most elements, such as Ca, Ce, Fe, La, Li, Mg, Mn, Nb, Ti, V and Y, in this study are comparable to the granite rock samples taken by Zhang (2006) in Galway city, indicating the origin of the soils in this site were mainly associated with the underlying granite bedrock. Compared with all other reference values (except for Galway soils), Zn, Cu and Pb are obviously enriched in the soil, indicating the influence of bonfires on these metals. 
The ordinary kriging interpolated maps have shown that areas with high values of Zn, Cu and Pb are primarily located in the centre and western corner of the study area. These areas are closely associated with the locations of bonfires which take place annually on Halloween Eve. It is clear that the uncontrolled burning of metal-containing waste on urban land leads to the accumulation of Zn and other metals in the soil and consequently poses a risk for ecological and human health. 
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Abstract: Assessing the environmental risk of metal contamination in soils requires the determination of both total (TCs) and bioavailable (BCs) element concentrations. A total of 200 surface (0 – 10 cm) soil samples were collected from an urban sports ground (South Park) in Galway, Ireland, a former landfill and dumping site, which is currently under remediation. The potential BCs of metals were measured using ethylene-diamine-tetra-acetic acid (EDTA) extraction followed by Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES) analysis, while the TCs were determined using portable X-Ray fluorescence spectrometry (P-XRF). It was found that Zn was primarily present in the insoluble residue (EDTA un-extractable) fraction in soils, with the median ratio of BCs/TCs 0.27. However, Pb and Cu had higher ratios of BCs/TCs (median values of 0.60 and 0.39, respectively) suggesting that they are potentially more bioavailable in the soils. The spatial distribution maps showed that both TCs and BCs for Cu, Pb and Zn in the study area were spatially heterogeneous. It was found that the BCs exhibited generally similar spatial patterns as their TCs of Cu, Pb and Zn: high values were mainly located in the west, north-east and south-east portions of the study area, where only a thin layer of top soil existed. It was concluded that remediation action for this site needs to be carried out on an urgent basis. 



Keywords: Spatial distribution; Urban Soil; EDTA; Bioavailability; Portable XRF; Metals


1. Introduction
In urban environments, soils that are heavily polluted with metals not only directly affect environmental quality, but also pose a potential threat to public health due to their toxicity (Dudka and Miller 1999; García 2004, Wong et al. 2006). Therefore, the monitoring of soil quality in parks and other green spaces used by the public in urban areas is of great importance. 
The distribution and abundance of total metal concentrations are useful indicators of the extent of soil contamination (Tokalioglu et al. 2000), but as the risk from metals depends on their bioavailability (Prokop et al. 2003; van Gestel 2008), total concentrations fail to provide sufficient information regarding their potential environmental impact (Bhattacharyya et al., 2008; Hobbelen et al. 2004). 
[bookmark: bbib19]The bioavailable fraction is defined as the proportion of the total quantity of an element present in a specific compartment of the environment, that within a given time span, is either available or can become available for uptake and accumulation by organisms either directly from the surrounding environment or by ingestion (e.g. dust) (Peijnenburg et al. 2003; Peijnenburg et al. 2007). The assessment of the environmental risk requires the determination of not only total metal concentrations in soils but also the bioavailable fraction. In practice, the evaluation of metal bioavailability in soil samples is primarily based on the use of leaching or extraction techniques (e.g. single or sequential procedures). This facilitates the measurement of labile or bioavailable forms of elements which are essential for establishing appropriate environmental policies (U.S. National Research Council 2003; Quevauviller 1998). Ethylene-diamine-tetra-acetic acid (EDTA) has been recommended by the “Measurement and Testing Program” of the European Community (EC) for determining the extractable or mobile fraction of metals from soils and sediments (Cajuste and Laird 2000; Ure et al. 1993) and as a result has been extensively used as an extractant for potentially bioavailable metals (Jamali et al. 2009; Manouchehri et al. 2006).
Portable X-ray Fluorescence (P-XRF) has gained widespread acceptance as a viable analytical technique for the determination of total element concentrations in soils in both field and laboratory studies (Kalnicky et al. 2001; Melquiades and Appoloni 2004). P-XRF is useful in facilitating the making of “real-time” decisions regarding exposure assessment, risk assessment and risk management (Argyraki et al. 1997; Clark et al. 1999, Radu and Diamond 2009). In addition, this is a non-destructive and multi-element technique which in many cases provides sufficient sensitivity for the determination of most elements (Desnica et al. 2008; Melquiades and Appoloni 2004).
The site of interest in this study, South Park, Galway, Ireland is currently an urban public amenity (sports ground) and it was used as an unregulated landfill site for various wastes prior to the 1970s. The soils in the sports ground have recently been reported as severely polluted with respect to Pb, Cu, Zn and As (Carr et al. 2008; Zhang 2006). As more than half of the site contained metal concentrations in excess of levels deemed a health hazard and associated with medical problems in children (Carr et al. 2008), immediate actions were recommended to remediate the site. However, these previous studies in the sports ground focused on the total metal concentrations. The incorporation of site-specific bioavailability into the risk assessment process may help to reduce the uncertainty in determining contaminant risk and to better understand the sources and nature of the pollution.
In addition, many studies have shown the necessity of determining the spatial distribution of metals when assessing the current status of contamination in soils (Cattle et al. 2002; Jung et al. 2006). Such spatial data can help decision and policy makers in identifying locations where remediation efforts should be focused (Maas et al. 2010). Despite this, previous studies on the evaluation of metal bioavailability have seldom considered spatial distribution. Mapping based on GIS and geostatistical techniques are useful approaches for the assessment of such spatial patterns (Liu et al. 2006; Tiwari and Rushton 2010).
The present study was conducted to determine both total (TCs) and bioavailable (BCs) concentrations of some metals, e.g. Cu, Pb and Zn, in soils of the site, followed by the subsequent production of spatial distribution maps for the identification of patterns of pollution and possible pollution sources. Furthermore, this approach will establish whether the BCs of metals display similar spatial patterns with their corresponding TCs. The information will be useful for environmental policy makers and managers in the risk assessment of metals in urban soils.
2. Methods
2.1. Study area
The study site (South Park sports ground) is located in Galway City, which is situated along the west coast of Ireland, with a population of approximately 80,000. This park was originally the site of an old landfill which was converted to a sports field for public use in 1970s (Carr et al. 2008). The sampling site which covers an area of approximately 10 hectares extends 290 m in the E-W direction and 330 m in the N-S direction (Fig. 1). 
[image: C:\Documents and Settings\daolg\Desktop\Figures (1)\Figures\Fig.1.jpg]
Fig. 1 Soil sampling locations in South Park, Galway (background air photo from Ordnance Survey Ireland)

2.2 Soil Sampling  
An intensive investigation of the site was conducted in April 2009. A total of 200 soil samples were collected on a grid system at intervals of 20 m (Fig.1). The samples were collected using a stainless steel sampler from the surface (0- 10 cm). Each sample was a composite sample, consisting of 4-6 soil cores (approximately 500 g), taken randomly from 1×1 m areas. 

2.3 Extraction, digestion and metal determination
All soil samples were air dried (20ºC) and sieved to pass through a 2-mm pore size sieve. The bioavailable metal fraction was extracted by the addition of 25 ml of 0.05 M EDTA to a 5 g aliquot of each sample, covered and mechanically shaken for 1 h (Quevauviller 1998). The bioavailable metal concentrations were determined by ICP-OES (Varian Vista 735). 
Total metal concentrations were determined on the remainder of the sample using a Portable XRF analyzer in the laboratory (model INNOV-X-SYSYEMS Alpha-6500). The P-XRF analysis was carried out in the laboratory for the processed samples so as to avoid variations and uncertainty in metal concentration associated with both soil moisture contents and differences in grain size. For comparison with the total element determination by P-XRF, a total of 30 sub-samples (0.2 g each) were acid digested (10 ml HF, 5 ml HClO4, 2.5 ml HCl, and 2.5 ml HNO3) and analyzed using Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES). 
2.4 Quality Assurance
The P-XRF technique was validated by the incorporation of certified reference materials (Montana I soil, Montana II soil and San Joaquin soil) from the National Institute of Standards & Technology, USA (NIST-SRMs) in the analytical procedure. The accuracy and precision of the results compared favorably with the certified values for all metals, with bias generally less than 10%, especially for high values (Table 1). The accuracy and precision of the results were compared favorably with the certified values for all metals.
Table 1. Element analysis of soil certified reference materials (averages ± standard deviation; n = 5 for P-XRF)*
	Element
	Montana I soil
	Montana II Soil
	San Joaquin Soil

	
	Certified
	P-XRF
	Certified
	P-XRF
	Certified
	P-XRF

	Cu
	3420±50
	3281.8±60.4
	140±2
	122±6.7
	33.9±0.5
	30.5±0.6

	Pb
	5520±30
	5177.6±103.8
	1400±10
	1312.2±29.2
	17.3±0.1
	13.2±1.6

	Zn
	4180±150
	4142.2±71.7
	414±11
	363.0±11.4
	103±4
	84.8±1.9


* Certified values were provided by NIST (National Institute of Standards & Technology, USA).

2.5 Data analyses
This study focused on Cu, Pb and Zn. While both Zn and Cu are bio-essential elements, they are potentially toxic at elevated concentrations (Fatoki 1996). Lead, which is not considered to have any known biological function, can cause toxic effects and severe poisoning (George Cherian and Goyer 1978). The TCs, BCs and the ratios (BCs/TCs) of these metals are represented by TC_Cu, TC_Pb, TC_Zn, BC_Cu, BC_Pb, BC_Zn and Ratio_Cu, Ratio_Pb and Ratio_Zn, respectively. Basic statistical analysis was carried out for these variables and correlation analysis was also employed to reveal the relationship between these variables. 
2.5.1 Probability distribution
Prior to the production of the spatial distribution maps for the metals, the data was initially tested to establish whether it conformed to a normal distribution as a serious violation of normality, such as high skewness and outliers, can impair the variogram structure and the kriging results (Helesl 1987; McGrath and Zhang. 2003) and thus data transformation is necessary to normalise such data sets. The log-transformation is the most popular method for data transformation in soil science (Hengl et al. 2004; Reimann and Filzmoser 2000) and was considered in this study. 
2.5.2 Spatial structure
[bookmark: OLE_LINK1]Geostatistics uses the techniques of variogram (or semivariogram) to measure the spatial variability of variables, and provides the input parameters for the spatial interpolation of kriging (Webster and Oliver 2001). In order to properly model the theoretical variograms, directional features of a spatial correlation were initially investigated using variogram surfaces. None of the metals determined showed a clear anisotropic feature. Therefore, isotropic variograms were employed to model the spatial structures of metals as this is an effective tool for quantitatively highlighting spatial variability (Burgos et al. 2006).
The kriging interpolation method was employed in order to reveal the spatial distributions of BCs and TCs of Cu, Pb and Zn, as it is considered the most appropriate linear unbiased estimator (BLUE) (Isaaks and Srivastava 1989). In this study, ordinary kriging (OK) was used to produce the spatial distribution maps for the selected metals.
2.5.3 Software
The raw data was stored in Microsoft Excel, and the basic statistical parameters were calculated using this software. Scatter plots were utilized to visualize the differences between the results from the two analytical methods. Semivariograms were modeled with the aid of VarioWin (version 2.2). All maps were produced and spatial interpolation was performed using ArcGIS (version 9.3).
[bookmark: hit4][bookmark: hit40]
3. Results and discussions
3.1 Comparison between P-XRF and ICP-OES results
In order to assess the performance of the P-XRF, a scatter plot was used to compare its results with those from ICP-OES, using Pb as an example (Fig. 2). The results from the two methods were consistent with the Spearman’s correlation coefficient value of 0.977. With a few exceptions, most samples were located closely along a diagonal line on the scatter plot in Fig. 2. Copper and Zinc for P-XRF readings also showed very high correlations with their ICP-OES readings (Spearman’s correlation coefficient 0.956 and 0.958 respectively). Similarly, Clark et al. (1999) reported a very good correlation between Flame AAS and P-XRF techniques. Overall, the above data demonstrated the suitability of P-XRF for analyses of Cu, Pb and Zn concentrations in soils in this study. 
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Fig. 2 Scatter plots between Pb values measured by P-XRF and ICP-OES methods
3.2 Basic statistics for total and potentially bioavailable concentrations
The basic statistical parameters (mean, median, minimum, maximum, skewness and kurtosis) for TCs and BCs of Cu, Pb and Zn in the soils are listed in Table 2. The median values of these elements in the surface soils of Ireland (Fay et al. 2007; Zhang et al. 2008), which can be regarded as background values in Ireland are presented for comparative purposes.
Metal concentrations in soils of the study area were heterogeneous, as indicated by the large differences between the minimum and maximum values for both TCs and BCs. Overall it was found that TC_Cu, TC_Pb and TC_Zn in all the samples were higher than the national background levels. The median TCs for these three metals were 7-fold, 15-fold and 6-fold higher than their background values. Meanwhile, all mean values were significantly higher than the medians indicating the existence of outliers or extreme values which skewed the distribution of the data set. The high skewness and kurtosis statistics also provided evidence of disproportionate values at the upper tail of the distribution. Approximately 29%, 42% and 30% of the samples had TC_Cu, TC_Pb and TC_Zn concentrations exceeding the Dutch interventional values (Cu, 190 mg kg-1; Pb, 530 mg kg-1; Zn, 720 mg kg-1) (VROM 2000). A TC value higher than the interventional value is an indication that the soils require remediation. These relatively high metal concentrations in the study area imply that the soils are contaminated. 
The average abundance of metals in the extractable fraction of soils decreases in the following order: Pb > Cu > Zn. The result that Zn had the highest insoluble fraction in the residue form in the soil is in line with previous reports (Adriano 2001; Li and Shuman 1996; Shuman 1985). The greater extractable values for Cu may be related to the highly stable soluble complex which Cu forms with EDTA (Madrid et al. 2008). Lead had the highest ratio suggesting a greater potential bioavailability in soils.
Table 2. Summary of total and bioavailable concentrations of Cu, Pb and Zn in soils of South Park, Galway (n=200, concentration unit in mg kg-1)
	Variables
	Minimum
	Maximum
	Mean
	Median
	StDev
	Skewness
	Kurtosis
	Irish soila

	TC_Cu
	18
	2168
	190
	116 
	268
	4.36
	24.7
	16.2

	TC_Pb
	15
	14543
	957
	371 
	1606
	4.30
	27.4
	24.8

	TC_Zn
	30
	4883
	689
	380 
	803
	2.20
	5.77
	62.6

	BC_Cu
	0.77
	826
	73.6
	40.1 
	104.1
	4.23
	23.5
	

	BC_Pb
	4.11
	10989
	613
	185 
	1138
	5.00
	36.5
	

	BC_Zn
	3.04
	2406
	242
	110 
	353
	2.69
	9.07
	

	Ratio Cub
	0.03
	0.67
	0.38
	0.39
	0.1
	-0.32
	1.08
	

	Ratio Pbb
	0.11
	0.93
	0.59
	0.60
	0.13
	-0.14
	0.43
	

	Ratio Znb
	0.04
	0.61
	0.28
	0.27
	0.11
	0.53
	0.18
	


a Irish soil median values from Zhang et al. (2008).
b Ratio= EDTA contents/ P-XRF contents


3.3 Relationship between metal concentrations and their bioavailable proportions
The Spearman correlation coefficients between metal concentrations (TCs and BCs) and their ratios were calculated, and the results are given in Table 3.
Table 3. Spearman’s correlation coefficients between metal concentrations and their bioavailable proportions a
	
	TC_Cu
	TC_Pb
	TC_Zn
	BC_Cu
	BC_Pb
	BC_Zn
	Ratio_Cu
	Ratio_Pb
	Ratio_Zn

	TC_Cu
	1.00
	
	
	
	
	
	
	
	

	TC_Pb
	0.95**
	1.00
	
	
	
	
	
	
	

	TC_Zn
	0.95**
	0.94**
	1.00
	
	
	
	
	
	

	BC_Cu
	0.98**
	0.93**
	0.94**
	1.00
	
	
	
	
	

	BC_Pb
	0.93**
	0.99**
	0.92**
	0.93**
	1.00
	
	
	
	

	BC_Zn
	0.93**
	0.91**
	0.98**
	0.93**
	0.90**
	1.00
	
	
	

	Ratio_ Cu
	0.09
	0.10
	0.10
	0.26**
	0.17*
	0.17*
	1.00
	
	

	Ratio_Pb
	0.03
	0.11
	0.02
	0.13
	0.23**
	0.07
	0.55**
	1.00
	

	Ratio_Zn
	0.59**
	0.57**
	0.64**
	0.64**
	0.58**
	0.78**
	0.32**
	0.19**
	1.00


a Significant correlations are noted by: (**) P<0.01; (*) P<0.05;

Total concentrations of the individual metals in the study area were significantly correlated with each other (for example, the correlation coefficient of TC_Zn with TC_Cu and TC_Pb were 0.95 and 0.94, respectively). These correlations show that the variability of TCs is likely related to the same source of contamination. The correlations between TCs and BCs were also strongly correlated with respective values of 0.98 for Cu, 0.99 for Pb and 0.98 for Zn (P< 0.01 in all cases). In the case of the ratios of metals, it is more complex as both Ratio_Cu and Ratio_Pb were only weakly correlated with their corresponding TCs and BCs. However, Ratio_Zn showed a strong positive correlation with all variables except for Ratio_Cu and Ratio_Pb, which is potentially due to some common factors that influence Ratio_Zn and other related variables, such as TC and BC of Cu, Pb and Zn.
[bookmark: _Toc275458595]
3.4 The comparison of spatial structures between total and potential bioavailable contents
In order to compare the spatial structures of the TCs and BCs, semivariograms were produced for Cu, Pb and Zn as these provide a clear representation of the spatial structure of variables and give some insight into the processes that are likely to affect their distributions (Wu and Zhang 2010). Prior to spatial analysis, the normality of metals was initially examined, and all the raw data for metals showed marked non-normal distributions. The Kolmogorov-Smirnov (K-S) test showed the normal distribution of the log-transformed data (all p-values were above 0.05 for the three metals). Meanwhile, the data transformation towards normality is effective in reducing the effect of outliers (McGrath et al., 2004). Therefore, all subsequent spatial analyses were based on log-transformed data. 
The parameters for isotropic semivariogram models are listed in Table 4, and the fitted variogram plots for all metals are shown in Fig. 3. The exponential models fitted well to Ln_TC_Cu, Ln_TC_Pb and Ln_BC_Pb, whereas the others were best fitted with spherical models.
The existence of a positive nugget effect in some of the variables studied can be explained by sampling errors, short-range variability, and inherent unexplained variability. All semivariograms are generally well structured with small nugget effects, in conjunction with the relatively long semivariogram ranges (83.9 – 133 m) in comparison with the size of the study area, showing that the sampling density is adequate to reveal the spatial structures (McGrath et al., 2004). The Nugget/Sill ratios for all models ranged from 26.2% to 52.4%, indicating that the transformed concentrations of metals had a moderate spatial dependency. This spatial dependence was attributed to the distribution of patches of contaminated soils. The shape of the fitted variogram also provides information regarding the speed and intensity of the horizontal diffusion of metal concentrations in the environment (Romic et al. 2007). In this study, Pb diffuses relatively further than the other metals. It is worthwhile noting that the semivariogram range for Ln_BC_Cu is two-thirds of that for Ln_TC_Cu, and shows a higher nugget/sill ratio, which indicated its relatively weak spatial structure as compared to its correspondence. This finding is in line with several recent publications, which have shown the bioavailable fraction of metals had much higher spatio-temporal variability than the total concentration (Adamo and Zampella 2008; Mackey and S. Mackay 1996).
Table 4. Isotropic semivariogram model parameters for the log-transformed data of Cu, Pb and Zn concentrations in soils and their standard deviations
	Variable
	Ln_TC_Cu
	Ln_BC_Cu
	Ln_ TC _Pb
	Ln_ BC_Pb
	Ln_ TC _Zn
	Ln_ BC_Zn

	Model
	Exponential
	Spherical
	Exponential
	Exponential
	Spherical
	Spherical

	Nugget
	0.39
	0.68
	0.61
	0.78
	0.52
	0.78

	Sill
	1.08
	1.29
	2.33
	2.51
	1.27
	2.14

	Range
	133
	84
	123.8
	117.6
	92.4
	83.9

	Nugget/sill (%)
	35.65
	52.4
	26.2
	31.2
	40.9
	36.3

	St.Dev.
	1.01
	1.14
	1.45
	1.51
	1.11
	1.43
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Fig. 3 Variograms for total and bioavailable metals in soils

The most remarkable feature in Fig. 3 is the entire level of the models for BCs are above their corresponding TCs, and this feature is most apparent for Zn. Meanwhile, the standard deviation values for the log-transformed BCs were higher than the corresponding TCs, showing that BCs were more variable, which should be related to the strong heterogeneity feature of pollution.

[bookmark: _Toc275458596]3.5 Spatial distribution of metal concentrations and their bioavailable proportions
Maps for all the total and bioavailable concentrations of the three metals showed similar spatial distribution patterns, indicating they may have been affected by the similar sources which may have been anthropogenic in origin in the study area. As an example, the maps for Pb are shown in Fig. 4.
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Fig. 4 Spatial distribution maps for total and bioavailable concentrations of Pb 

The spatial patterns shown in this study concur with the findings of Carr et al. (2008), who previously studied this area using P-XRF. High concentrations of the metals were found in the main football pitch area on the west part of the park where a thin and dark brown top soil covers the underlying soil which contains municipal waste such as broken glass, pottery, clinker, bones and metallic materials. The area close to the central and eastern sections of the site showed the lowest levels of contamination for all three elements, which were attributed to the relatively good coverage of top soils. However, one clear exception was a region to the north of the study area, which contained very high TCs of Cu, Pb and Zn revealed by Carr et al. (2008) whose fieldwork was performed in summer 2006. In contrast, this area exhibited very low TCs in the present study. This was attributed to a new covering of topsoil as a preliminary immediate remediation by the local government in 2007.
Even though the overall spatial patterns of the bioavailable portions of the metals were similar to those of the total concentrations, the BC/TC ratio maps of the metals displayed some differences (Fig. 5). Ratio_Zn shows a distinctively different pattern from Ratio_Cu and Ratio_Pb, while the latter two share very similar distributions, indicating a similar EDTA extraction capacity for these two metals. Interestingly, the Ratio_Zn displays a similar pattern to TC_Pb and BC_Pb, which lends some support to the previous finding that the Ratio_Zn exhibits a significant positive correlation with the TCs and BCs of Cu, Pb and Zn. The highest ratios for Zn occurred at the north-east corner of the site, while the ratios for Cu and Pb were elevated at the south-east corner, central and middle-upper part of the study area. Approximately, 80% of the area exhibited low ratios (0.10 – 0.35) for Zn, while 85% of the area show relatively high ratios for Pb (0.50 – 0.70). From these observations it was clear that Zn was predominately bound to the residual (EDTA un-extractable) phase of the soils. On the other hand, it demonstrated that EDTA has a strong chemical affinity for Pb. This finding is in agreement with other studies which frequently reported high EDTA-extractable Pb contents in urban soils (Kos and Leštan 2003; Stalikas et al. 1999). However, these relative high ratios for Pb suggest that EDTA may be an aggressive extractant and as a result these values may reflect some of the total Pb content of the soil. This trend is similar to those reported by Madejón et al. (2009), as the BCs in some cases can be overestimated using EDTA extraction due to the complex equilibrium involved. The U.S. Environmental Protection Agency (U.S. EPA 1990) has developed an Uptake Biokinetic Model for estimating risks due to Pb exposure from soil. In the case of children, it is estimated that 30% of the Pb content of soil may be bioavailable. In comparison with this model, the results in the current study may have overestimated the potential bioavailability of Pb. However, it should be noted that the elevated BCs for Pb in the study area (highest values for Pb is 10,989 mg kg-1) indicate the high degree of pollution of these soils.
The bioavailability of metals in soils is complex as it is affected by numerous factors such as chemical properties, soil properties, elemental species exposed and climate (Burger et al. 2003; Clemente et al. 2003; Ernst 1999; Katayama et al. 2010). This location was historically used as municipal solid waste landfill, which was most likely a source of many metals (including Cu, Pb, Zn, Cd and Sn) to the soil. Meanwhile, Mirlean et al. (2009) have reported that metals in heavily polluted soils are much more bioavailable than in the soils from uncontaminated areas. In addition, soil acidification and soil organic matter accumulation (SOC) can contribute to greater metal bioavailability, which in turn can increase the uptake and accumulation of metals by plants (Jin et al. 2005). According to the simplified Irish soil parameters distribution maps (Fay et al. 2007) the SOC and pH are estimated to fall in the range of 15.1 – 35% and 5.01 – 6.0, respectively, in this area. These soil parameters, together with intense precipitation throughout the year (~1200 mm annually) combined with a high water table (close to the coastline), may predispose the area to a greater degree of metal mobility and toxicity, posing hazardous conditions. These results indicate the necessity for immediate remediation of the contaminated topsoil in order to safeguard the health of children and others who use this amenity and are potentially exposed to metals. 
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Fig. 5 Spatial distribution maps for BC/TC ratios of metals a) Ratio_Cu, b) Ratio_Pb, c) Ratio_Zn


4. Conclusions
Both total and bioavailable concentrations of the metals displayed wide ranges and asymmetrical probability distribution features, indicating the complexity of the study area. Very high levels of Pb, Zn and Cu (for example, approximately 42% of the samples had TC_Pb concentrations exceeding the Dutch interventional values) in the surface soils were found which could pose a hazard to human or ecosystem health. In terms of bioavailable concentrations, high level of BCs for Pb, Cu and Zn were observed in the study area and most of the samples show very high bioavailable proportion for lead.The BCs shared similar spatial patterns with the TCs for Cu, Pb and Zn. High values were predominately located on the western football field area and both the north-east and south-east corner of study area. However, the BC/TC ratio maps of the metals displayed some differences; highest ratios for Zn occur at the north-east corner, Cu and Pb are enriched at the south-east corner, middle and middle-upper part of the sports ground. These maps, combined with the statistical analysis indicate soil contamination from the historical utilization of this site as a municipal solid waste landfill. Therefore, the remediation actions should be implemented without delay to safeguard the users of this amenity, especially children. In conclusion, the present study demonstrates the suitable application of GIS and geostatistical analysis of bioavailable-metal concentrations when investigating soil contamination issues in urban soils.
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Characterization of spatial variation of urban soil geochemistry especially heavy metal pollution is essential
for a better understanding of pollution sources and potential risks. A total of 294 surface soil samples were
collected from a roadside sports ground in Galway, Ireland, and were analysed by ICP-OES for 23 chemical
elements (Al, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Na, Ni, P, Pb, S, Sc, Sr, Th, Ti, V, Y and Zn). Strong variations in
soil geochemistry were observed and most elements, with the exception of Cu, Pb, P, S and Zn, showed multi-
modal features, indicating the existence of mixed populations which proved difficult to separate. To evaluate
the pollution level of the study area, the pollution index (PI) values were calculated based on a comparison
with the Dutch target and intervention values. None of the concentrations of metal pollutants exceeded their
intervention values, indicating the absence of serious contaminated soil, and the ratios to target values were
therefore employed to produce the hazard maps. The spatial distribution and hazard maps for Cu, Pb and Zn
indicated relatively high levels of pollution along the southern roadside extending almost 30 m into the
sports ground, revealing the strong influence of pollution from local traffic. However, heavy metal pollution
was alleviated along the eastern roadside of the study area by the presence of a belt of shrubs. Therefore, in
order to prevent further contamination from traffic emissions, the planting of hedging or erection of low
walls should be considered s shields against traffic pollution for roadside parks. The results in this study are

Keywords:
Spatial variation
Heavy metal pollution
Spatial interpolation
Hazard assessment
Urban geochemistry

useful for management practices in sports and parks in urban areas.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Urban soil geochemistry is receiving increasing attention due to the
potential long-term toxicity of some heavy metal pollutants (Alloway,
1995; Nyarko et al., 2006; Ajmone-Marsan et al.,, 2008). Soil pollution by
heavy metals, such as Pb, Cu and (d, is of concern worldwide (Adriano,
2001; Kabata-Pendias and Mukherjee, 2007). Elevated concentrations
of some metals in soils pose a threat to public health by leaching into
groundwater, entering the food chain through plant uptake, or direct
human consumption via wind blown dust or the hand-to-mouth
pathway (Ajmone-Marsan etal, 2008; Carr et al., 2008; Morton-Bermea
etal, 2009). The toxicological risks of direct ingestion and inhalation of
soil particles are especially high for children who are physiologically
more vulnerable (Calabrese et al, 1991; Ajmone-Marsan et al., 2008).
The U.S. EPA estimated an average of 200 mg day ™~ of soil is ingested by
children between 1 and 6 years of age (U.S. EPA, 2002), while Ljung et al.
(2006) reported a value of 100 mg day ™~ for soil ingestion via the hand-
to-mouth activities for children also between 1 and 6 years old.

* Corresponding author. Fax: +353 91 495505.
E-mail address: chaosheng zhang@nuigalway.ie (C. Zhang).

0048-9697/$ - see front matter © 2009 Elsevier BV. Al rights reserved.
doi:10.1016/j.scitotenv.2009.11.022

Furthermore, increasing attention has been paid to the potential
risks associated with heavy metal pollution in urban soils by
government and regulatory bodies (Morton-Bermea et al., 2009). In
September 2006, the European Commission (EC) adopted a Soil
Thematic Strategy (EC, 2006a) and a proposal for a Soil Framework
Directive (EC, 2006b) with the objective of protecting soils across the
European Union (EU). In recent years, national policies or soil
remediation guidelines for the management of contaminated lands
have been produced by a number of countries, such as China (NSPRC,
1995), the Netherlands (VROM, 2000), and the USA (U.S. EPA, 2001).

It is widely recognized that vehicular traffic is a significant source of
heavy metal pollution in urban soils (EEA, 1995; Oliva and Espinosa,
2007). Some heavy metals are present in the anti-wear substances
added to lubricants, brake pads and tyres, and are emitted to the
environment by traffic (Caselles et al., 2002). These heavy metals are
usually dispersed in relatively higher concentrations in the vicinity of a
road with a gradual decrease with increasing distance from the source
and have a significant impact on the environment (Sezgin et al,, 2004).
In this case, the location of the sports ground is on the side of two roads
in the city of Galway, Ireland.

There are many roadside sports ground in Ireland and elsewhere
globally. Few studies have been performed concerning metal pollution
in these areas. The aim of this study was to investigate the spatial
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