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Abstract 

PTEs in urban soils often originate from both geogenic and anthropogenic sources. 

Understanding their mobility, distribution, and geochemical interactions provides 

the necessary evidence to effectively assess the risks posed to people from 

exposure to soil contaminants.  

The human health risk assessment (HHRA) process often relies on total PTEs 

concentrations and assumes that contaminants are 100% bioavailable to humans.  

This assumption sometimes may overestimate the risks and result in unnecessary 

remediations. Therefore, in vitro bioaccessibility tests are applied to estimate the 

bioavailable contaminant fraction providing more precise information about 

human health risks from oral exposure to soil contaminants.  

However, the controlling factors over PTEs bioaccessibility in urban soils are not 

adequately understood.  Therefore, this research aims to address this gap by 

investigating the influence of contaminant source, solid-phase distribution of 

contaminants and soil sampling techniques, to enhance understanding of the 

controlling factors over PTEs bioaccessibility across the study area. 

Belfast metropolitan area was selected as the study area because of the existence 

of Tellus geochemical dataset, various potential contaminant sources and a variety 

of bedrock geology. Oral bioaccessibility of seven PTEs, including As, Cr, Cu, Ni, Pb, 

V, and Zn has been measured in 103 Tellus soil samples using a low-cost modified 

Unified BARGE Bioaccessibility method (UBM) which was validated in the Queen’s 

University Belfast Laboratory. 

 In conjunction with bedrock geology, historical land, statistical and spatial analysis, 

bioaccessibility data were used to enhance understanding of the controlling factors 

over PTEs bioaccessibility across the study area.  

Historical development zone was related to higher PTE bioaccessibility, while 

factors linked to geogenic sources were associated with a reduction in oral 

bioaccessibility fractions. The lowest BAF was registered for Cr, which was linked to 

geogenic sources in the study area, while the highest BAF was registered for Pb, 

which did not show a clear association with underlying geologic formation but 

rather linked to anthropogenic sources in the study area.  
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Bioaccessibility results were combined with CISED data to understand the solid 

phase distribution of PTEs among soil components and ”locate” the bioaccessible 

fraction in the soil matrix. This combination of bioaccessibility and CISED data may 

provide useful information about the mobility of PTEs if land-use changes in the 

future.  

This research was completed by investigating the uncertainties associated with soil 

sampling technique used in bioaccessibility testing. The results showed a significant 

influence from the subsampling techniques conning and quartering and riffle 

splitter, the use of composite samples versus spot samples and sample depth. In 

contrast, the soil particle size fractions have had a small effect on the total and 

bioaccessible results. Future guidance was provided for soil sampling techniques 

recommended for bioaccessibility testing.  

Overall, the outcome of this research work provides an initial screening of the PTEs 

oral bioaccessibility and its controlling factors across the urban area of Belfast and 

the influence of the sampling technique over bioaccessibility results. These results 

represent a significant resource for future scientific investigation and useful 

information for local authorities to locate the hotspots present in Belfast urban 

area. From the perspective of human health risk assessment, this research's 

findings suggest further site-specific investigations in areas of interest where 

contaminant linkage exists, identified through the model of the source-pathway 

and receptor approach.  
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Chapter 1:  Introduction 

The World’s population is growing rapidly, with more than 55% living in urban 

areas, a figure projected to increase to 68% by 2050 (UNDESA, 2018). As population 

density increases, this will result in high demand for the expansion of urban areas. 

Lack of available spaces in urban areas implies the necessity of redevelopment and 

reuse of brownfield sites which are commonly characterised but not exclusively by 

the presence of waste material resulting from the site's historical use (GOV.UK, 

2020a). In the United Kingdom (UK), the reuse of these contaminated sites 

promotes sustainable land use and represents a priority for developers over 

greenfield land (undeveloped land) (CPRE, 2019). However, the assessments 

conducted and remedial actions implemented on brownfield sites must ensure that 

potentially contaminated sites are safe for development and future receptors are 

not exposed to any unacceptable risks.  

The Human Health Risk Assessment (HHRA) process often relies on measuring total 

concentrations of PTEs in soil. When evaluating the health risks associated with the 

presence of contaminants in soil, there are three main exposure pathways 

represented by the ingestion of soil or dust, dermal contact with soil, and inhalation 

of vapour or dust (Jeffries, 2009).  The most common pathway is considered soil 

ingestion scenario (Environment Agency, 2002).  

In urban areas, sources of PTEs originate from a mixture of geogenic and 

anthropogenic sources (Argyraki and Kelepertzis, 2014; McIlwaine et al., 2017) and 

the risks posed to human health depend on the contaminant potential to be 

mobilised from the soil during the digestion and enter into the human systemic 

circulation, thereby becoming bioavailable. Therefore, in the HHRA process, relying 

on total contaminant concentrations may overestimate the risks. However, 

bioavailability tests are expensive and involve animal surrogates, which implies 

ethical concerns, costs, and time constraints. Therefore, as a practical alternative, 

several in vitro tests were designed to measure oral bioaccessibility of PTEs as an 

estimation of the contaminant bioavailability (Ruby et al., 1996). The most recent 

in vitro bioaccessibility test validated against in vivo studies for arsenic (As), lead 

(Pb), and cadmium (Cd) is the Unified BARGE Method (UBM) which is a 

physiologically based extraction technique that simulates the human digestive 

system (Denys et al., 2012). The UBM received an ISO accreditation (BS ISO, 2018) 
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and can be used in the HHRA process when the soil ingestion scenario is the primary 

exposure pathway.  

Several case studies (NERC, 2012) conducted across the UK have demonstrated that 

bioaccessible PTE concentrations are often less than their total concentrations, and 

the use of bioaccessibility testing in the HHRA saved £3.75 million in remediation 

costs on a contaminated former coal mining site and up to £7 million in a housing 

development project.  Therefore, relying on total contaminant concentrations in 

soil may overestimate the risks and imply significant costs spent on unnecessary 

remediations. 

Previous research work conducted in the urban area of Belfast (McIlwaine et al., 

2017), which used data from Tellus Geochemical Survey (Knights, 2007), found 

elevated concentrations of PTEs, especially in surface soils which in some cases 

exceeded the regulatory guidelines designed to protect human health (Nathanail et 

al., 2015). The authors reported a relationship between concentrations of PTEs in 

soil associated with both geogenic and anthropogenic sources of contamination. 

However, some of the PTEs were related to different periods of urban development 

zones, and their presence in soil may be linked to industrial processes, diffuse 

contamination from domestic fuel combustion and road traffic (McIlwaine et al., 

2017).  

Following from these findings and the reliance on total PTE concentrations in the 

soil during HHRA, it revealed a broad range of research opportunities to investigate 

the geochemical factors and anthropogenic input responsible for the variability of 

PTEs bioaccessibility in urban soils. Therefore, the available Tellus geochemical 

data, diverse bedrock geology and industrial history made Belfast Metropolitan 

Area an ideal location to investigate the factors that account for bioaccessible 

variability in the distribution of As, Cr, Cu, Ni, Pb, V, and Zn in surface soil. This 

represents the first bioaccessibility research work conducted in Belfast's urban area 

on 103 soil samples collected from a surface of 285 km2.  

Provision of detailed data on the influence of contaminant source over PTEs 

bioaccessibility, the element distribution within soils, and adequate soil sampling 

technique designed for bioaccessibility testing were identified as key factors in this 

research work that need extensive investigation. In pursuing these controlling 

factors over PTEs bioaccessibility, this study is also intended to provide useful 
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information to refine and improve the human health risk assessment process where 

oral exposure to soil contaminants is the primary pathway.  

1.1 Research Aim and Objectives 

This research aimed to investigate how oral bioaccessibility of PTEs in urban soils is 

affected by contaminant source and sampling techniques. The diverse geology, 

historical and current land use may provide an opportunity to extrapolate these 

findings to other regions with similar geochemistry and soil properties.  

To support the main aim of this research, several objectives were addressed: 

1. Collect information about geology, historical land use, and soil contaminant 

concentration to determine the boundary of the study area and select the 

locations of Tellus samples. This was achieved by performing an 

exploratory and spatial investigation of the Belfast Metropolitan area 

geochemistry and historical land use, as described in Chapter 3.  

2. Set up and validate the Unified BARGE method in QUB laboratory to 

undertake bioaccessibility testing on the selected Tellus samples. The 

validation of UBM in QUB laboratory is presented in Chapter 3, while the 

bioaccessibility results of the 103 soil samples are provided in Chapter 4.  

3. Create maps with bioaccessible concentrations of As, Cr, Cu, Ni, Pb, V, and 

Zn to present spatial distribution across the Metropolitan Area of Belfast. 

These results are also shown in Chapter 4.  

4. Identify the influence of contaminant source over PTEs bioaccessibility 

using statistical techniques and historical maps to determine the 

controlling factors in the urban area of Belfast. Results of correlation 

analysis, principal component analysis (PCA) and heatmap are presented in 

Chapter 5.  

5. Determine the solid phase distribution of the investigated PTEs to 

understand their mobility within soil components. Results of the heatmap 

are provided in Chapter 6.  

6. Perform statistical analysis on the bioaccessible data combined with the 

solid phase distribution results to determine the physico-chemical sources 

of the bioaccessible PTE. Results of the statistical analysis are also 

presented in Chapter 6.  
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7. Test different soil sampling protocols in the field (Copenhagen, Denmark) 

and in the laboratory (QUB) to identify the most suitable soil sampling 

techniques designed for bioaccessibility testing. The spatial maps of total 

and bioaccessible concentrations for As, Cr, and Cu and the statistical 

analysis are provided in Chapter 7.  

1.2 Structure of the Thesis 

This thesis is organised into 8 chapters which excludes the references and 

appendices.  

Chapter I. Introduction 

This chapter outlines the importance of the PhD and provides the aim, objectives 

and structure of the thesis (Figure 1-1).  

Chapter II. Literature Review 

In order to understand the rationale of this research, this chapter provides a 

summary of the international and UK contaminated land legislation, classification 

of contaminated land, the review of bioaccessibility and sequential extraction 

methodologies. This is followed by information focussed on the soil sampling 

techniques employed for bioaccessibility testing.  

Chapter III. Materials and Methods 

This chapter provides research information about the materials and techniques 

employed throughout this thesis. It presents and discusses the modification made 

to the UBM and validation completed in the QUB laboratory.  

Chapter IV. Results of Oral Bioaccessibility of PTEs across urban area of 

Belfast  

Chapter 4 presents summary statistics of total PTE and bioaccessible 

concentrations across the study area and determines if the data are normally 

distributed through different statistical methods such as QQ plots, frequency 

graphs, boxplots, scatterplot, coefficient of determination analysis. Maps of 

investigated PTEs were generated to represent the spatial distribution of PTE 

bioaccessibility.  
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Chapter V. Factors affecting Oral Bioaccessibility of PTEs across Urban 

Area of Belfast 

This chapter explores the statistical relationship between geochemical factors and 

anthropogenic influences over PTEs oral bioaccessibility. By linking the initial 

correlation analyses, with bioaccessibility data measured in different lithologies 

geology and developments zones, it was possible to draw conclusions that PTE 

bioaccessibility in the study area is controlled by a mixture of geogenic and 

anthropogenic sources (especially within the boundary of Belfast developed pre 

1963), and principally by geogenic sources in the area developed post 1963.  

Chapter VI. Solid-phase distribution and oral bioaccessibility of PTEs in the 

metropolitan area of Belfast 

The data obtained in this chapter were applied to determine whether a relationship 

exists between the distribution of PTEs among soil components and their total and 

bioaccessible concentrations. These data also provide useful information about the 

soil components in which the available PTEs are found and the concentrations of 

non-extractable PTEs in soils. 

Chapter VII. Sampling protocol for Bioaccessibility testing. Collstrup site, 

Denmark 

The research carried out in this chapter aims to apply and optimise the most 

appropriate sampling techniques in the field and sample preparation in the lab to 

identify any errors that occurred during soil sampling and assess the best conditions 

to sample for bioaccessibility testing. This work was conducted on a Chromated 

Copper Arsenate (CCA) contaminated site in Denmark.  

Chapter VIII. Conclusions and Future work 

This chapter restates the main aim of the thesis and highlights/reviews the key 

points of the research work. Also, it provides ideas and concise guidance on future 

work.  
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Chapter 2:  Literature Review 

2.1 Introduction 

The Human Health risk assessment process relies on a collation of contaminated 

land legislation documents and data to determine if unacceptable risks are present 

on a specific site. When a pollutant linkage is identified, the current guidance uses 

soil generic assessment criteria to quantify the risks posed to receptors. However, 

often this relies on total contaminant concentrations in soil, which are assumed 

100% bioavailable to humans and may overestimate the risks to human health. Oral 

bioaccessibility is used to measure the proportion of contaminants dissolved in the 

simulated human digestive solutions and available for absorption into the 

bloodstream. Bioaccessibility data can be used in the Detailed Quantitative Risk 

Assessment to refine the risks and improve decision making in contaminated land 

risk assessment. However, the Chartered Institute of Environmental Health (CIEH, 

2009) reports the importance of using lines of evidence in the risk assessment 

process in addition to bioaccessibility testing, to understand the factors that affect 

PTEs bioaccessibility, especially in urban soil where contamination originates from 

a combination of geogenic and anthropogenic sources.  Therefore, this research 

work addresses the underlying need for understanding controlling factors over PTEs 

bioaccessibility in urban environments, facilitating more robust and confident use 

of bioaccessibility testing in the HHRA. 

In order to determine the basis for this research, this chapter summarises the 

contaminated land legislation available worldwide but with a primary focus on the 

UK legislative framework (Sections 2.4 - 2.5). This is followed by the role of 

bioaccessibility testing in the risk assessment process and the controlling factors 

over contaminant bioaccessibility (Sections 2.9 - 2.10). Finally, soil sampling 

techniques recommended for bioaccessibility testing are discussed, along with their 

advantages and limitations (Section 2.11).  

2.2 Importance of Soil 

Soil is one of the essential resources for all forms of life on this planet. The 

formation of soil is a long process that can take decades or millennia to form 

(paedogenesis) being generally based on the alteration of inorganic materials 

(minerals and rocks) and organic compounds (decomposition of flora and fauna).  
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Soil protection, maintenance, and restoration are essential to ensure the support 

of ecosystems, food security and a sustainable future. It is estimated that 95% of 

the global food supply is directly or indirectly produced on soils (FAO, 2015).  

Healthy soils should be a worldwide top priority because they sustain food 

production, provide essential nutrients to biodiversity, act as a filter and barrier for 

contaminants.  

In the last centuries, poor agricultural practices, rapid industrialisation, and 

urbanisation have negatively impacted the quality of soils. The typical well-known 

soil pollutants are heavy metals, persistent organic pollutants (POPs) and emerging 

pollutants like pharmaceutical and personal care products (Sobti et al., 2018). The 

release of these contaminants in groundwater, soil, dust and the transfer of 

pollutants in the food chain can sometimes cause significant risks to human health. 

Dispersion of contaminants to the soil via anthropogenic activities represents a 

primary concern, and it determined responsible authorities to establish laws to 

protect the soil worldwide. In 2000, the UK Government estimated between 50 000 

and 100 000 hectares of contaminated sites (Hellawell, 2000), while In Europe, 

annually, 6.5 billion euros are invested in managing contaminated land (EEA, 2019), 

and 2.5 million potentially contaminated sites in Europe require to be investigated. 

In the USA, through the "EPA's Brownfields & Land Revitalization Program" (EPA, 

2002) were estimated 450 000 brownfields nationwide whose redevelopment 

could increase residential property values 5-15.2% near brownfield sites (Haninger 

et al., 2017). 

2.3 Expansion of urban areas: Importance of redevelopments of 

new areas or brownfield sites 

To date, 55% of the world population lives in urban areas, a percentage which will 

be anticipated to increase to 68% by 2050 (UNDESA, 2018). In 1950 the globe's 

urban population counted around 750 million, while in 2018, it was estimated at 

4.2 billion (UNDESA, 2018). The rapid growth of population, the progressive shift of 

human population from rural to urban areas and the lack of available green spaces, 

especially in areas where there is a high demand for residential and commercial 

properties, led to the necessity of redevelopment of brownfield sites. A "Brownfield 

site" is defined as any land or premises which has previously been used or 

developed, although it may be partially occupied or utilised. It may also be 

abandoned or contaminated and not necessarily available for immediate usage 
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without intervention (Alker et al., 2010). In the United Kingdom, the term 

"brownfield" is often used interchangeably with "previously developed land" (PDL) 

defined in the National Planning Policy Guidance (Ministry of Housing, 2012) which 

only applies in England.  

In the last centuries, the industrial revolution has left whole areas in brownfield 

conditions that require environmental cleanup laws designated to efficient 

remediation.  The United Kingdom is considered one of the first industrialised 

countries in the world, and to date, the UK has more than 400 000 hectares of 

contaminated land (DIT, 2015). 

Brownfield sites are commonly characterised, but not exclusively, by the presence 

of waste material resulting from the site's historical use, a proportion of which 

becomes part of the soil matrix. Typical pollutants found on contaminated 

brownfield land include heavy metals, oils and tars, chemical substances such as 

solvents, gases, asbestos and radioactive substances (GOV.UK, 2020a).  During the 

preliminary risk assessment, the areas that need to be tested can be identified even 

from the desk study and review of historical maps.  

In England, Regulation 4 of the Town and Country Planning (Brownfield Land 

Register) Regulations 2017 requires local Planning Authorities to issue brownfield 

land registers identifying land suitable for residential and mixed-use developments 

(Ministry of Housing, 2017). 

In 2019, the Campaign to Protect Rural England (CPRE) reported that the 18 000 

sites covering over 26,000 hectares of land classified by local planning councils in 

Brownfield Land Registers would provide enough land for at least 1 million 

households (CPRE, 2019). The redevelopment of suitable brownfield sites can go a 

long way towards delivering the homes that the country needs in places people 

want to live. The redevelopment of these contaminated sites must represent a 

priority for developers over greenfield land (undeveloped land). Economically, this 

facilitates job growth, use of existing infrastructure and improves and protects the 

environment (CPRE, 2019). However, before land to be used, it has to be safe and 

not pose risks to Human Health and other living creatures.  
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2.4 Contaminated Land Legislation worldwide, UK, Northern 

Ireland 

Contaminated Land legislation comprises a series of laws designed to protect the 

natural and human environment. Sometimes, it cuts across several types of law, 

including civil, administrative, and criminal law. It includes a wide range of often 

interlinked issues such as nature conservation, pollution prevention, urban 

planning and environmental management (Brandon, 2012).  

2.4.1 Worldwide 

The recent  Environmental Law dates from the 1960s and early 1970s (Bates & 

Tucker, 2010) when governments of certain countries such as the UK, USA, Australia 

and several European countries (especially Germany) started to respond to growing 

environmental issues with detailed legislation that targeted specific pollution 

problems (Fisher et al., 2013).  To date, there are several international groupings of 

countries whose regional and bilateral agreements have relevance to the topic of 

site contamination or provide future guidance and measures on this subject. On 

this basis, the following regional law-making bodies are referred to: The United 

Nations Economic Commission for Europe (UNECE) founded in 1947; the European 

Community (EC) created 1957 and later European Union (EU) formed in 1993; the 

Commission for Environmental Cooperation for North America (CEC) created in 

1994; the Association of Southeast Asia Nations (ASEAN) formed in 1967; the South 

Pacific Regional Environment Programme (SPREP) established in 1982; and the 

African Union founded in 2002 (Brandon, 2012). 

 

2.4.2 European Union policy 

Currently, there is no formal agreement anywhere in the world on soil protection. 

However, the European Union has been the most active in the area of soil 

protection since 1972, when the Committee adopted a Charter for Soil Protection 

(DEFRA, 2011). This document highlighted the importance of soil protection against 

deterioration caused by human activities and promoted the rehabilitation of 

damaged soils.  In 2006, The European Commission (EC) introduced The Soil 

Thematic Strategy, which seeks to conserve soil by avoiding more deterioration and 

promotes restoration of deteriorated soil, ensuring its productive usage. The Soil 

Thematic Strategy included a proposal for a Soil Framework Directive aimed at 

supplying soil safety regulations that would be applicable throughout European 
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Union nations (EC, 2006). However, this proposal was withdrawn in 2014 due to a 

minority of Member States blocking further progress on the proposed Directive.  

Within the Soil Thematic Strategy, it was proposed that All EU Member States 

should decide on how best to protect soil, to use it sustainably in their territory and 

to establish an inventory of their potentially contaminated sites, i.e. "sites which 

pose a significant risk to human health and the environment" (EC, 2019). 

On 13th February 2012, the European Commission released a policy report on the 

implementation and progress made on the Soil Thematic Strategy (EC, 2012). This 

report presented soil degradation trends in Europe and worldwide and future 

challenges for protection. On the 17th of January 2014, The Seventh Environment 

Action Programme came into effect, acknowledging that soil degradation is a 

significant problem. The policy notes that by 2020 in the EU, the land should be 

managed sustainability, the soil is adequately protected, and the remediation of 

contaminated sites represents a priority for its Member States using "a targeted 

and proportionate risk-based approach within a binding legal framework" (EC, 

2013). 

 

2.4.3 United Kingdom 

In the United Kingdom, Part IIA of the Environmental Protection Act 1990 was 

implemented to provide a better way to investigate and remediate contaminated 

land. This legislation came into force in 2000 in England and Scotland, and in 2001 

in Wales (CLAIRE, 2020). The legislative framework is governed by the Environment 

Agency in England (EA, 2020) in Wales by Natural Resources Wales (Natural 

Resources Wales, 2020) and in Scotland by the Scottish Environment Protection 

Agency (SEPA, 2000). Under Part IIA, Section 78A (2) "Contaminated Land" is legally 

defined as any "land which appears to the LOCAL AUTHORITY in whose area it is 

situated to be in such a condition, by reason of substances in, on or under the land 

that: 

a) SIGNIFICANT HARM is being caused, or there is a SIGNIFICANT POSSIBILITY of 

such harm being caused or (where) 

b) SIGNIFICANT POLLUTION OF CONTROLLED WATER is being, or there a 

SIGNIFICANT possibility of such pollution being." (GOV.UK, 2020b).  

https://en.wikipedia.org/wiki/Environmental_Protection_Act_1990
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The regulatory guidelines explain that significant harm to a person includes health 

effects such as death, disease, serious injury, genetic mutation, birth defects, or 

reproductive function impairment. 

Local authorities are responsible for creating a "contaminated land register" and 

applying the polluter pays principle, whereby the person or organisation who 

caused or permitted the contamination is responsible for the remediation. If the 

person or organisation is not identified, then the responsibility falls to the current 

owner of the land. Nevertheless, owners and tenants of domestic properties are 

not generally responsible for these charges. 

Whilst Part 2A was successfully enacted in England, Wales, and Scotland, a coherent 

regulatory structure was not officially established in Northern Ireland (NI). Although 

NI is politically integrated with the UK, the Northern Irish government is not strictly 

obliged to adopt legislation available in the rest of the UK.  

In Northern Ireland, the Contaminated Land Regime is carried out in the Part III of 

the Waste and Contaminated Land order 1997 (Northern Ireland Assembly, 1997) 

which was implemented in 1997, but Part III has not yet been enacted. This regime 

is similar to Part IIA enacted in England (2000), Scotland (2000) and Wales (2001). 

However, as this has not yet been enacted, this means that NI governmental and 

local authorities have no obligation to seek out and deal with contaminated sites 

properly. Currently, in Northern Ireland, contaminated land is dealt with through 

the planning regime, which recommends completing risk assessments for lands 

potentially affected by contamination. If pollutant linkages are identified through 

the presence of source, pathway, and receptors, then quantitative risk assessments 

are needed. Where risks are found to be unacceptable, then remediation measures 

will be put in place when redevelopment occurs. 

The Northern Ireland Environment Agency (NIEA) is the authority that deals with 

various contamination sources, particularly those involving land or waterways that 

have harmed or could harm the environment (DAERA-NI, 1997).    

In 2019 the NIEA produced a report evaluating the risks of not having a 

Contaminated Land Regime in force in Northern Ireland. This evaluation used a 

qualitative methodology based on various site scenarios for monitoring land 

impacted by contamination. The assessment identified potential financial, 

environmental and human health risks of not having Part III in operation in 
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Northern Ireland, based on six scenarios outlined in a document published by 

DAERA-NI in 2019. However, a timetable for enforcement of the regime in Northern 

Ireland has not been established, and further updates will occur in due time 

(DAERA-NI, 2019). 

2.5 Contaminated Land classification 

Part 2A and related statutory guidance documents support the principle of defining 

contaminant (or pollutant) linkages.  A contaminant linkage only exists when a 

pathway or route of exposure occurs between pollution source and receptor 

(DEFRA, 2012). DEFRA provides guidelines on a specific list of health effects that 

must be attributed to the contamination present on the land; however, creating 

these connections with certainty cannot always be possible. DEFRA acknowledges 

that the perception of harms being caused to the receptor can be arguably among 

local authorities and between individuals and can be a matter of professional 

judgement.   

Land contamination comprises four categories according to the potential exposure 

risks that exist for the pollutant linkages at a site. These classifications outlined in 

the DEFRA, 2012 Part 2A statutory guidance are related to the risk severity and 

exposure probability. Category 1 represents the most significant risk level, and 

there is a Significant Possibility of Significant Harm (SPOSH), and category 4 is the 

least likely to cause serious harm to human health (Figure 2-1).  

Category 1 – Based on scientific evidence and similar conditions elsewhere that 

resulted in significant harm, local authorities should assume that there is a high 

probability of significant harm to human health, or if harm has already occurred, 

the land shall be classified as Category 1 risk level. In these conditions, remedial 

actions should be implemented. 

Category 2 – Land should be included in Category 2, where available data and 

expert opinion concludes that there could be a significant potential of significant 

harm but no direct evidence that similar land, situations, or levels of exposure have 

caused harm previously.  Local authorities can provide a solid ground to justify land 

remediation under the Category 2 classification if contaminant linkages are found 

but acting on a precautionary basis.  
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Category 3 –Category 3 should be assigned to land if the authority determines that 

a significant probability of significant harm to human health is not expected to exist 

under Part 2A. However, lower priority risk may still be present, which may require 

intervention. For example, land that hosts invasive species such as Japanese 

knotweed that are known to compromise buildings' structural integrity may receive 

a Category 3.  

Category 4 – This classification applies where no contaminant linkage and risk are 

present on the land. The significant possibility of significant harm is low and 

remedial actions are not necessary.  

 

 

 

 

 

 

 

 

 

2.6 Risk Assessment 

During the redevelopment of contaminated sites, responsible authorities must 

ensure that all risks are identified and managed in such a manner that the land is 

safe for new use. In this context, suitable risk assessments and remediation 

strategies (if necessary) should support all the decisions taken regarding the new 

site use.  

2.6.1 Management of Land Contamination from CLR11 to 

LCRM 

In 2004 the Environment Agency published the Model procedure for Risk 

Assessment of Contaminated Land (CLR11), which was developed to provide a 

technical basis for the application of the risk management process when dealing 

with land affected by contamination. Practically all contaminated land in the UK is 

Figure 2-1. The Significant Possibility of Significant 
Harm (SPOSH) – Categories 1 to 4 (human health). 

Risk is unacceptable 

Risk is negligible 

1 

2 

3 

4 
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managed based on the principles set out in CLR11. There are three stages of risk 

management: Risk Assessment, Options Appraisal, and Implementation of the 

remediation strategy (Figure 2-2). Each stage has 3 tiers to work through, and in all 

cases, it has to start with a Preliminary Risk Assessment (Environment Agency, 

2004).  

 

              

Figure 2-2. The Process of Contaminated Land Risk (CLR) Management 
(Environment Agency, 2004). 

On the 8th October 2020, CLR11 ”Model procedures for the Management of 

contaminated land (CLR11)” (Environment Agency, 2004) was withdrawn and 

replaced by the updated Land Contamination Risk Management (LCRM) 

(Environment Agency, 2020). Although the content and purpose of LCRM and 

CLR11 remain relatively the same, LCRM is intended to be more user-friendly for 

both experts and first-time users. It offers guidance on the type of reports required 

and documentation to be included. These reports require to be produced by a 

Suitably Qualified Professional (SQP), which needs to have a recognised 

appropriate qualification, sufficient experience with risk management and the type 
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of contamination, and to be a member of a relevant professional organisation 

(Environment Agency, 2020).  

Within Northern Ireland, land affected by contamination is dealt through a practice 

guide developed by the Department of Agriculture, Environment and Rural Affairs 

(DAERA-NI, 2019b). This guidance document follows the UK risk-based approach as 

presented in the Land Contamination Risk Management (Environment Agency, 

2004). 

The LCRM uses 3 stages risk-based approach, and each stage is broken down into 

tiers or steps which are summarised in Figure 2-3.  

 

              

Figure 2-3. The Process of Land Contamination Risk Management (LCRM), 
(Environment Agency, 2020). 

As the main aim and data investigations of this thesis fall into the first stage of the 

LCRM, then the Risk Assessment and associated 3 tiers will be discussed in more 

detail in section 2.6.1.1.  
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2.6.1.1 Stage 1: Risk Assessment (RA) 

During the Risk assessment process, any hazards present on the site are identified 

through the Conceptual Site Model (CSM) and the source-pathway-receptor (S-P-

R) approach. The risks are estimated and evaluated to decide whether there is 

potential for unacceptable risk. Only a Suitable Qualified Person (SQP) can conduct 

a land contamination risk assessment. The first stage of the risk assessment, as 

outlined in the LCRM contains 3 tiers:  

2.6.1.1.1 Tier 1: Preliminary Risk Assessment (PRA) 

This is the first tier of the risk assessment process, which aims to review desk-based 

information and a preliminary walkover survey of the site to develop a conceptual 

site model (CSM) which identifies potential risks and uncertainties. If a contaminant 

linkage is identified, which can cause a significant possibility of harm to the 

receptor, then further actions will be implemented.  

2.6.1.1.1.1 Conceptual Site Model and the Source-Pathway-Receptor 

approach 

A Conceptual Site Model (CSM) represents the characteristics of the site in a 

diagrammatic illustration (Figure 2-4) or written format that shows potential 

relationships between contaminant sources (S), pathways (P) and receptors (R) 

(Environment Agency, 2020). Each of these components (the source, pathway, or 

receptor) can exist independently, but they only create a risk where they are linked 

together.  All RA stages are based on CSM and are updated and refined as new 

information is found as risk assessment progresses.  

 

 

Conceptual Site Model 

Source 

Contaminated soil 

Pathway 

Soil ingestion 

Receptor 

Residents 

Figure 2-4. Conceptual Site Model with an example of the Source-Pathway-
Receptor scenario.  
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A risk exists only where there is a linkage between the source, pathway and 

receptors defined as pollutant linkage and the Environment Agency (2020) 

describes these elements as following:   

• Contaminant Source is a substance that is in, on or under the land and has 

the potential to cause harm or to cause pollution of controlled waters. 

• Receptor in general terms, is something that could be adversely affected 

by a contaminant, such as people, an ecological system, property or a water 

body. 

• Pathways - a route or means by which a receptor can be exposed to, or 

affected by, a contaminant via inhalation of windblown dust and rising 

vapours, ingestion of soil or dust and dermal contact.  Figure 2-5 is 

extracted from the CLEA report (Environment Agency, 2009a) and 

represents the potential exposure pathways and the migration of 

contaminants. However, some exposure pathways were not included, such 

as consumption of other home-grown produce, poultry, meat, eggs, or 

diffusion of contaminants through the private water supply.  

 

Figure 2-5. Illustration of the potential exposure pathways in the CLEA (Environment 
Agency, 2009a) 

The same contaminant can be linked to two or more receptors by different 

pathways, or different contaminants can affect the same receptors. Pollutant 

linkages may vary over time due to the ongoing migration of contaminants or if the 

land use is changed. An example of a Conceptual Site Model is presented in Table 

2-1, which shows possible relationships between contaminants sources, pathways, 

and receptors.  
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Table 2-1. Example of a Conceptual Site Model in a tabular format (Wilding, 
Gregory, RSK, 2017). 

Source Pathway Receptor Potential 

Pollutant 

linkage 

Made ground 

with unknown 

concentrations 

of 

contaminants 

 

Direct contact (soil ingestion, 

dermal contact, homegrown 

produce ingestion) 

Future 

residents 

Yes 

Dust generation and fibre 

inhalation 

Yes 

Permeation of water supply pipes Yes 

Leaching Groundwater 

in principal 

aquifer 

Yes 

Root uptake Vegetation Yes 

Gases from 

off-site landfill 

Migration and subsequent 

accumulation to asphyxiate or 

explosive concentrations 

Future 

residents 

and their 

property 

Yes 

Residual soil 

and 

groundwater 

impact from 

former 

petroleum / 

chlorinated 

hydrocarbons 

tanks 

 

Volatilisation and migration to 

properties 

Future 

residents 

Yes 

 

Lateral migration 

Principal 

aquifer 

Yes 

 

2.6.1.1.2 Tier 2: Generic Quantitative Risk Assessment (GQRA) 

The second tier of the Risk assessment is carried out if the pollutant linkage was 

identified in the preliminary risk assessment. GQRA uses data of the contaminants 

(identified in the CSM) analysed in the soil and water samples recovered from the 
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site and compares with Generic Assessment Criteria (GAC) to estimate the risks. 

Also, at this stage, ground investigations are undertaken to see if pathways to 

groundwater exist. If the total measured contaminant concentrations exceed the 

generic screening values designed for the specific land use, then it will be 

investigated in more detail in the next tier. Otherwise, the risk assessment process 

stops at this stage. Examples of GAC are explained in Section 2.7.3.  

2.6.1.1.3 Tier 3: Detailed Quantitative Risk Assessment (DQRA) 

DQRA is the final tier of risk assessment, which, in comparison with the GQRA is 

based on a more detailed approach to identify the information required before the 

site investigation. At this phase, the characteristics of the S-P-R relationships are 

examined through the site-specific assessment criteria (SSAC), which can be 

developed using the CLEA model (see section 2.7.1). These consider the site 

conditions which differ from the generic assumptions. Some of the common 

deviations from the generic assumption include bioaccessibility based estimates of 

the bioavailability of the contaminants in the soil.  This measures how much 

receptors are exposed to a particular contaminant through the ingestion (oral 

bioaccessibility testing used throughout this thesis), inhalation and dermal 

pathway. However, when site-specific data are used, it is essential to provide a full 

and defendable justification through detailed data interpretation. 

2.7 Threshold values of soil contaminants designed for Human 

Health 

2.7.1 CLEA model  

The Contaminated Land Exposure Assessment (CLEA) model developed by the 

Environment Agency is a software used to derive Soil Generic Assessment Criteria 

(GAC) or can be modified to derive Site Specific Assessment Criteria (SSAC) for 

different generic land uses scenarios. The CLEA model is a spreadsheet developed 

using Microsoft Excel, which is an “application used to estimate the exposure to 

chemicals from soil sources by adults and children living, working and/or playing on 

affected land” (Jeffries, 2009). The model also calculates and compares average 

daily exposure (ADE)/Health Criteria Values (HCV) ratios. It contains default 

assumptions about factors such as exposure duration, land uses scenarios, receptor 

sensitivity and contaminant properties. The model often assumes that 

contaminants are 100% bioavailable (60% for Pb), representing a particular interest 
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for this research, as contaminant uptake is rarely 100% of contaminant intake 

(explained in more detail in section 2.9.1). If necessary, during detailed quantitative 

risk assessment, adjustments can be made to the CLEA model to suit various site-

specific exposure scenarios; however, this decision relies upon specialist knowledge 

and additional data acquired through research and site investigations.  

The latest version is v1.071 and can be downloaded for free from the website of  

Environment Agency (2015) with a user handbook (Jeffries, 2009) which has not 

been updated with CLEA 1.071.  

2.7.2 CLEA Generic land uses scenarios  

CLEA 1.071 model uses six generic land uses scenarios (Table 2-2), including 

residential with/without homegrown produce, allotments, commercial and two 

public open spaces near residential areas (green space close to housing) and parks 

(a public park). The first four land-use scenarios were considered when SGVs were 

derived in 2009 (Environment Agency, 2009b). The two public open space scenarios 

were detailed and used to derive C4SLs in 2014 (CL: AIRE, 2014).  

Table 2-2. Generic Land uses scenarios and other characteristics used in the CLEA 
Model (Environment Agency, 2009a).   

Generic Land Use 

Scenario 

Sensitive 

receptor 

Exposure Duration Building type 

Residential 

w/wo Homegrown 

Produce 

Young child  

(0-6 years) 

6 years Two-storey 

small terraced 

house 

Allotments Young child 

(0-6 years) 

6 years No building 

Commercial Working adult 

(16-65 years) 

49 years Three-storey 

office 

POSresi Young child 

(3-9 years) 

6 years No building 

POSpark Young child 

(0-6 years) 

6 years No building 
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2.7.2.1 Residential with homegrown produce (RwHP) 

This generic scenario assumes a traditional residential property comprising of a 

two-storey small terraced house constructed on a ground-bearing slab with a 

private garden consisting of lawn, flowerbeds, and a small fruit and vegetable 

patch. Also, it is presumed that occupants are parents with young children who 

make constant use of the garden area (Environment Agency, 2009a).  The critical 

receptor is considered a child (female) aged from 0 to 6 years (Table 2-2).  

Exposure pathways on a RwHP:  

• Direct soil and dust ingestion 

• Home-grown produce consumption 

• Consumption of soil attached to home-grown produce 

• Dermal contact with soil and indoor dust 

• Inhalation of indoor and outdoor dust and vapour 

 

2.7.2.2 Residential without homegrown produce (RwoHP) 

This generic scenario is similar to RwHP excluding fruit and vegetable patches, and 

implicitly their consumption is excluded from the exposure pathways. 

2.7.2.3 Allotments 

This generic scenario assumes an open space plot (about 250 m2) that is usually 

made available by local authorities to tenants to cultivate fruit and vegetables for 

their own consumption. There are typically multiple plots on the site, and the total 

area may occupy more than one hectare. It is believed that the residents are 

parents or grandparents and that young children (age 0-6 years) make occasional 

accompanied visits to the plot (Environment Agency, 2009a). 

Exposure Pathways (no tracked back dust) on allotments: 

• Soil and dust ingestion 

• Consumption of home-grown produce 

• Consumption of soil attached to home-grown produce 

• Dermal contact with soil 

• Outdoor inhalation of dust and vapours 
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2.7.2.4 Commercial 

There are also different types of workplace and work-related activities. This generic 

scenario assumes a standard commercial or light industrial property comprising a 

three-storey building in which personnel spend most of their time indoors and are 

engaged in office-based or relatively light physical work (Environment Agency, 

2009a). The critical receptor is considered a female adult aged 16-65 years (Table 

2-2). 

Exposure Pathways on commercial: 

• Soil and dust ingestion 

• Dermal contact with soil and dust 

• Inhalation of dust and vapours 

 

2.7.2.5 Public Open Space near residential (POSresi) 

POSresi generic scenario is defined in the C4SLs report (CL: AIRE, 2014), which 

includes predominantly grassed area, and it is located in the proximity to residential 

housing with up to 50% bare soil. This generic scenario is used regularly by children 

age class 4-9 (critical receptor), and exposure duration is 6 years. POSresi is close 

enough to residential areas to allow potential tracking of soil into the home.  

Exposure pathways on POSresi:  

• direct soil and indoor dust ingestion 

• skin contact with soil and dust 

• inhalation of vapours outdoors and inhalation of soil-derived dust indoors 

and outdoors 

 

2.7.2.6 Public Open Space park (POSpark) 

The C4SLs report (CL: AIRE, 2014) defines a public park as an open space area 

designated for recreational use that is generally owned and managed by the local 

authority. POSpark is predominantly a grassed area up to 25% bare soil. It is 

expected that POSpark will be used for a wide variety of activities such as family 

visits and picnics, children’s play area, informal sporting activities and dog walking. 

The critical receptor is considered young children, age class 0-6 years. Soil is not 

tracked back into the home due to the distance between the house and park. 
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2.7.3 Soil Generic Assessment Criteria  

The first step in human health risk assessment from contaminated land relies on 

referring to soil assessment criteria (SAC). SAC are scientific risk-based soil 

assessment criteria and represent concentration values of a contaminant in soil, 

typically specific to an intended use (e.g., residential or commercial) used for 

screening potential impacts on human health. They can be generic or site-specific 

and can provide an indication of the chemical concentration in soil that represents 

a certain level of risk to health. The Generic Assessment Criteria (GAC) values are 

based on generic worst-case exposure scenarios and typically assumes 100% 

bioavailability (except Pb, 60%) of contaminants. In the UK, they are intended for 

use during the generic quantitative risk assessment process to evaluate the need 

for remediation or further assessment of land before development. Within the UK, 

there are different types of SAC (Figure 2-6), such as Soil Guideline Values (SGVs), 

Generic Assessment Criteria (GAC), Suitable for Use Levels (S4ULs) and Category 4 

Screening Levels (C4SLs) which are all derived using CLEA Model.  

 

 

2.7.3.1 Soil Guideline Values (SGV) 

SGVs were published by the Environment Agency since 2002 and intended to be 

used during the generic quantitative risk assessment (Environment Agency, 2002). 

They represent an indication about the chemical contamination in soil below which 

the long-term human health risks are known to be tolerable or negligible. SGVs are 

derived from health criteria values (HCVs). HCVs are derived from available toxicity 

2002-2010 
Soil Guideline Values  

(SGV) 
Environment Agency 

2010 
Generic Assessment Criteria 

(GAC) 
CL:AIRE 

2015 
Suitable for Use Levels 

(S4ULs) 
LQM/CIEH 

2009 
Generic Assessment Criteria 

(GAC) 
LQM/CIEH) 

2014 
Category 4 Screening Level 

(C4SL)  
DEFRA 

Soil Assessment Criteria in the UK 

Figure 2-6. History of the published Soil Assessment Criteria in the UK.  
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data for a contaminant of concern and are defined as tolerable thresholds of 

chronic toxin exposure at or below which significant health effects are not likely to 

happen (Environment Agency, 2009b). The SGVs were published for a limited 

number of substances, for standard land uses (residential, commercial, allotments), 

using a defined set of exposure parameters. If SGVs are exceeded, it does not 

necessarily represent a piece of evidence that significant harm to human health will 

occur, and responsible authorities will require further data obtained through site-

specific investigations to identify contaminant pathways. The SGVs fall well within 

category 4 of the Part 2A (Figure 2-7).  Soil guideline values are calculated using 

CLEA model, which “estimates exposure to chemicals from soil sources by adults 

and children living or working on land affected by contamination over long periods 

of time and compares this estimate to the established health criteria values” 

(Jeffries, 2009).  

2.7.3.2 Generic Assessment Criteria (LQM/CIEH, 2009)  

Generic Assessment Criteria (GAC) were published by Land Quality Management 

(LQM) and Chartered Institute of Environmental Health (CIEH) in 2009 (Nathanail 

et al., 2009). They represent screening criteria used in the preliminary assessment 

of the risk to human health from long-term exposure to soil contaminants. GAC fall 

within category 4 (Part 2A) (Figure 2-7) and are widely used in risk assessments for 

the redevelopment of land and represented an indication of chemical pollution in 

soil below which the long-term human health risks are presumed to be tolerable or 

minimal. These Generic Assessment Criteria were published for a large number 

(80+) of contaminants and standard land uses (residential, commercial) using a 

defined set of exposure parameters similar to the SGVs. These are derived in the 

same ways as the SGVs, using CLEA model and HCVs (Nathanail et al., 2009). 

Currently, GAC were withdrawn and replaced by the Suitable 4 Use Levels (See 

section 2.7.3.5).  

2.7.3.3 Generic Assessment Criteria (CL: AIRE, 2010) 

In 2010, the Contaminated Land Applications in Real Environments (CL: AIRE) 

published Generic Assessment Criteria (GAC) for 35 substances for the standard 

land uses. Similar to GAC (LQM/CIEH), they fall within category 4 (Part 2A) (Figure 

2-7) and represent an indication of chemical concentration in soil below which the 

human health risks in the long term are considered to be tolerable or minimal.  
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2.7.3.4 Category 4 Screening Levels (C4SLs) 

C4SLs were published by Defra in 2014 and represent screening criteria designed to 

be used under the Part 2A regime to evaluate land that falls within category 4 (CL: 

AIRE, 2014) (Figure 2-7). They are derived to offer an indication of the soil 

contaminant below which the long-term human health risks are considered to be 

low (“more pragmatic than SGVs, but still precautionary”) using updated 

toxicological data.  C4SLs were calculated similarly to SGVs/GAC using the CLEA 

model; however, they are based on Low Levels of Toxicological Concern (LLTC) 

instead of HCVs. CL: AIRE (2014) describes LLTC as “an intake level that remains 

sufficiently protective of health and doesn’t reach an intake level that may be 

defined as SPOSH”.  

C4SLs were derived for 6% SOM, six substances (Arsenic, Benzene, Benzo(a)pyrene, 

Cadmium, Chromium and Lead) and six land uses (Residential with home-grown 

produce, Residential without home-grown produce, Allotments Commercial, POS 

(Resi), POS (Park)). Except for lead, all other C4SLs are higher than previous 

SGV/GAC. Exceedance of C4SLs does not necessarily mean that a site is unsuitable 

for use or would be classed as Part 2A; it just requires more site-specific DQRA to 

be undertaken.  

2.7.3.5 Suitable 4 Use Levels (S4ULs) 

The S4ULs were published by the LQM/CIEH in 2015, which have been updated 

from the previous GAC released in 2009 (Nathanail et al., 2009).  The assessment 

criteria are based on HCVs representing tolerable or minimal levels of risks, and 

they were produced for 89 substances, including metals, BTEX and other 

hydrocarbon fractions, PAHs, phenols, and chlorinated solvents, and other VOCs, 

pesticides, and explosives. Similar to C4SLs, the S4ULs were calculated using the 

CLEA Model for six standard land uses, including residential with/without 

homegrown produce, allotments, commercial and two public open spaces near 

residential housing and parks. S4ULs fall within category 4 (Part 2A) but are more 

precautionary than C4SLs (Figure 2-7).  
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All the soil generic screening criteria assume that 100% of the measured 

contaminant will be bioavailable or have the ability to cause harm (except C4SLs for 

Pb, which assumes 60% bioavailability). Table 2-3 summarises the S4ULs and C4SLs 

for the investigated elements in this study, As, Cr, Cu, Ni, Pb, V, and Zn, for six land 

use scenarios.  

Table 2-3. S4ULs and C4SLs of arsenic, chromium, copper, lead, nickel, vanadium, 
and zinc in six land use scenarios.  

 S4ULs or *C4SLs  

Six Land use scenarios (mg kg-1) 

Elements RwHP RwoHP Allotments Commercial POSresi POSpark 

As 37 40 43 640 79 170 

Cr 910 910 18000 8600 1500 33000 

Cu 2400 7100 520 68000 12000 44000 

Ni 130 180 230 980 230 3400 

*Pb *130 *180 *230 *980 *230 *3400 

V 410 1200 91 9000 2000 5000 

Zn 3700 40000 620 730000 81000 170000 

 

Within the UK, several professional bodies (CIEH, 2009; BS ISO, 2018) 

acknowledged that the use of bioavailability/bioaccessibility in the risk assessment 

process would refine the human health risks and avoid substantial costs spent on 

unnecessary remediation while also preserving natural soil resources.  
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Figure 2-7. Part 2A categories and the place of C4SL, SGV, GAC, S4ULs.   
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Several studies (Appleton et al., 2013, 2012; Appleton and Adlam, 2012; Appleton 

and Cave, 2018; Hiller et al., 2017; Zuluaga et al., 2017; McIlwaine et al., 2017) have 

demonstrated that in urban areas, PTEs may originate from geogenic or 

anthropogenic sources which control the mobility and bioaccessibility of 

contaminants in soils.   

Therefore, it is essential to characterise the risks through a detailed quantitative 

risk assessment using site-specific information to determine the mobility of PTEs 

in soil.   

In urban areas, sources of Potentially Toxic Elements may originate from both 

geogenic and anthropogenic sources (Appleton and Adlam, 2012; Zuluaga et al., 

2017; McIlwaine et al., 2017). While geogenic PTEs are controlled by the parent 

material (Appleton and Adlam, 2012), the anthropogenic sources in urban areas 

may originate from industrial activities, traffic (leaded fuel), waste disposal and 

domestic combustion of fuel (McIlwaine et al., 2017).  

Urban areas are expanding rapidly in an urgent need for developing new areas for 

economic activities or residential places. The reuse of brownfield sites represents 

an essential aspect of the UK government to promote sustainable land use. 

However, a good understanding of the contaminant origins in soils may lead to a 

more accurate risk assessment and hence time-saving and remediation costs.  

This research provides a repository of bioaccessibility results for an urban area, 

elucidates the sources of these PTEs and investigates the effect of differing PTE 

sources on their bioaccessibility, such as geogenic and anthropogenic 

contamination in urban areas. 

2.8 Study area Belfast 

Belfast is the capital of Northern Ireland with a rich history in linen production (early 

18th century) and shipbuilding activities (late 18th century) (Lynch, 2001). During the 

industrial revolution, Belfast was an important manufacturing centre for rope 

works, bleachers, glass manufacturers, tobacco factories and distilleries (Royle, 

2007). Belfast is currently a city developed around service provision that accounts 

for the majority of employment and output (DETINI, 2006). The Belfast 

metropolitan area is a group of council zones comprising four commuter towns, 

Lisburn, Bangor, Newtownabbey, and Carrickfergus (Figure 2-8), which largely 
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corresponds with the boundary of the study area discussed in more detail in 

Chapter 3.  

 

Figure 2-8. Maps showing a) Location of Belfast within Northern Ireland, b) 
Simplified bedrock geology (Bedrock geology derived from data provided by GSNI 
(Crown Copyright)) 

This city has diverse bedrock geology and rich industrial history, which may have 

left behind contaminated soil, making Belfast the ideal study area to investigate the 

influence of these factors on the PTEs bioaccessibility.  

2.8.1 Geology 

The Caledonian Orogeny brought together the geological foundations of Ireland 

and Northern Britain, known as the Caledonides. The Caledonides, like other 

orogenic belts, are made up of a mix of suspect terranes, each having its own 

stratigraphic and structural, metamorphic, and igneous history (Young and Donald, 

2013; Mitchell, 2004). Northern Ireland crosses three of the seven suspect terranes 

that together form Ireland's Caledonian Orogen (Bluck et al., 1992). These are 

known as the Central Highlands (Grampian) Terrane, the Midland Valley Terrane, 

and the Southern Uplands-Down-Longford Terrane, from north to south. 

At the local level, Belfast geology is quite diverse, with Silurian Greywacke and 

Silurian shale present from the Northeast toward the south part of the study area 

followed by the Permo-Triassic sandstones (known as Sherwood Sandstones 
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composed of red-bed sediments such as sandstone and silty sandstone) and 

mudstones in the centre. Cretaceous sandstone, chalk and Tertiary basalts cover 

the North and Northwest area of the city (Mitchell, 2004), primarily in Counties 

Antrim. Silurian greywacke was found to have some geogenic controls over As 

concentrations in soil, while the Tertiary basalts are known to contain Cr, Ni and V 

in Northern Irish soils (Palmer et al., 2014; Cox et al., 2017; McIlwaine et al., 2016). 

Geochemical and petrographical investigations showed that lava from basalt 

formations is composed of fine-grained olivine basalt (olivine tholeiites) made up 

of plagioclase feldspar, olivine, augite, and opaque minerals (Lyle, 1980, 1985). 

Several Palaeogene intrusions are present within the study area. GSNI’s 1:250000 

bedrock geology map was used to define a simplified version of the Belfast bedrock 

geology presented in Figures and Chapter 3.  

Superficial geology in Belfast is represented by the till, glacial sands and gravel, and 

alluvial deposits in the proximity of the Lagan River (Cooper, 2017).  

2.8.2 Land use 

In urban areas, PTEs in soil come from a wide range of sources and are not 

necessarily related to the underlying geology and often, the previous or the current 

land use may determine their concentrations. Many studies investigated the 

concentrations of PTEs in urban soils and found that traffic (Andersson et al., 2010), 

industrial processes (Birke and Rauch, 2000), presence of the ports (Argyraki and 

Kelepertzis, 2014), domestic and industrial coal combustion, metal smelting (Giusti, 

2013), and reuse of contaminated soil as fill (Glennon et al., 2014) lead to the 

accumulation of heavy metals in soil.  

In the Belfast urban area, McIlwaine et al., 2017 investigated the relationship 

between PTEs concentrations and historical urban developments and concluded 

that elements present in soil are associated with different eras of urbanisation. 

Also, soil pollution may be found within shallow soil which is related to diffuse 

contamination from traffic, domestic fuel combustion and industrial processes.  

As, from a human health perspective, not the total concentration of contaminant 

in soil will determine the risk, but the element soil fraction that is dissolved and 

absorbed into the body (bioavailable fraction) following soil ingestion, it is 

important for human health risk assessment that we understand the 

bioaccessibility of PTEs in urban soils.  
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Several studies have investigated the PTEs bioaccessibility in urban environments 

with consideration to different sources of contamination. Smith et al., 2011 

compared Pb bioaccessibility in peri-urban contaminated soils around Australia and 

New Zealand and found the highest bioaccessible values in the shooting range soils 

and the lowest in the gossan (ferruginous rock) soils. In Glasgow, London and 

Swansea urban areas, the median of As bioaccessibility was found 19-28%, and 

arsenic is likely to be derived from anthropogenic sources such as industrial non-

ferrous smelters or iron foundries (Appleton et al., 2012b). In Northampton and 

Lincolnshire,  As median bioaccessibility was 5-9% which is likely to be derived 

predominantly from Jurassic and Cretaceous ironstones and associated parent 

material (Appleton et al., 2012b). In Bratislava, Hiller et al., (2017) reported mean 

bioaccessible values of 59.9% for Pb, 43.8% for Cu and 33.6% for Zn.  The presence 

of these elements in urban soil in Bratislava is mainly associated with 

anthropogenic sources such as intensive traffic, coal combustion, chemical 

engineering, and a municipal waste incinerator. In Northern Ireland, Ni, V and Cr 

are found at elevated concentrations in soils which often share common geological 

origins.  Palmer et al., 2014 found low bioaccessible fractions of Cr, Ni and V in 

basalt bedrock with median values of 1.5%, 9% and 10%, respectively, while the 

highest bioaccessible nickel was observed in sedimentary rock types (median 15%).  

In the Belfast metropolitan area, most industrial activities were significantly 

reduced around 1950 (Lynch, 2001).  In the UK, Pb used in paint and petrol were 

banned for consumer use since 1990, and to date, Public Health England reported 

a reduction of 98% of Pb emission to air (Public Health England, 2017).  

Metals do not degrade and therefore are likely to remain in soil. However, as 

illustrated in the studies discussed above, PTE mobility and bioaccessibility are 

affected by the source of contamination. In this study, two periods of urbanisation 

are considered of Belfast pre1963 where the most industrial activities took place 

and the post1963 development zone, which are described in Chapter 3.  Using the 

geology and land use information, this research will determine the oral 

bioaccessibility of As, Cr, Cu, Ni, Pb, V and Zn in soils from the urban area of Belfast 

and use this along with total concentration data and data from CISED extractions 

to investigate the likely source of PTEs and relate this to their bioaccessibility.  This 

information will provide additional lines of evidence for using bioaccessibility 
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testing in urban soils that will refine and streamline human health risk assessments 

of PTEs in urban areas. 

2.9 Bioavailability and Oral Bioaccessibility  

The UK Contaminated land risk assessment framework (Environment Agency, 2004) 

recommends using the information on contaminant bioavailability and oral 

bioaccessibility to support lines of evidence approach when determining exposure 

risk from the source-pathway-receptor model. Oral bioaccessibility is only 

considered where oral soil exposure is the relevant risk pathway and interpreted in 

combination with all appropriate exposure information and site-specific available 

data. The bioaccessibility data are used in the Detailed Quantitative Risk 

Assessment (DQRA) (see section 2.6.1.1.3) in the situation when in vitro testing 

costs less than the site remediation. In the short term, bioaccessibility testing may 

be more costly than using soil generic screening values, but in the long term, it may 

offer flexibility in terms of future land use (Rothstein et al., 2006).  

Several case studies across the UK (NERC, 2012; Nathanail et al., 2006; Nathanail 

and Smith, 2007) have shown multiple benefits of using bioaccessibility data during 

the DQRA process.  Bioaccessibility data offer more accurate human health risk 

communications, re-use of the site material and reduction of CO2 emissions, 

significant cost savings as unnecessary remediation was not carried out while also 

preserving natural resources. For example, Nathanail et al. (2006) and  Nathanail & 

Smith (2007) used bioaccessibility testing in DQRA on residential sites with elevated 

arsenic concentrations in garden soils. The bioaccessibility data showed less than 

2% As bioaccessibility and concluded that tolerable daily exposure limits for chronic 

As exposure were not being exceeded. This eliminated residents' concerns 

regarding the possible health risks associated with exposure to As in their backyard, 

but it also maintained the price in the local housing market. In a case study 

conducted by the Natural Environment Research Council (NERC, 2012), it was 

estimated saving of £3.75 million in remediation costs while using bioaccessibility 

testing in the DQRA for the redevelopment of a contaminated former coal mining 

site. The bioaccessibility testing showed As and hydrocarbons present in the soil 

were not highly bioaccessible, leading to the conclusion that significant risks were 

not present on the site. In the same case study document, NERC presents a housing 

development project where £7 million was saved in remediation costs by applying 

bioaccessibility testing. It concluded that future residents will not face singificant 
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health risk from soil contaminant exposure and delays in the development plans 

were avoided. 

2.9.1 Refining human health risk assessment through in vitro 

Oral bioaccessibility  

The presence of PTEs in soil does not necessarily mean a direct risk to human 

health, and therefore relying on total contaminant concentration can sometimes 

lead to overestimating risk. The oral ingestion scenario is the most common route 

of exposure; however, not all contaminants that arrived in the digestive system 

become available for absorption and able to cause harm (Wragg et al., 2011). Many 

naturally occurring metals have a human bioavailability of less than 100%, and 

other soil conditions (e.g., pH, SOM) can also affect the dissolution of contaminants 

in the digestive solutions which are discussed in section 2.9.4.2. Moreover, the 

release of contaminants into digestive solutions can be influenced by the individual 

state fed or fasted that can affect conditions in the stomach. The fasted state is 

more likely to mobilise metals and therefore represents the most conservative 

approach.  

Therefore, in the DQRA, understanding the risks from soil contaminant exposure is 

refined through a site-specific investigation using bioaccessibility testing, which 

simulates the digestive system. The bioaccessibility data are then used in the CLEA 

model to derive new soil assessment criteria for the specific site. 

Depending on the discipline, the terms bioavailability and bioaccessibility can differ; 

therefore, in the following sections, their meaning will be explained in the context 

of human health risk assessment of soil contaminants. 

Bioavailability in the context of human health is the fraction of a chemical that is 

absorbed through the gastrointestinal system, the pulmonary system and the skin 

and becomes available to the target tissue (without first being metabolised). 

Oral bioavailability is the proportion of an ingested dose (intake dose) of a chemical 

that is absorbed from the intestine into the body and reaches the systemic 

circulation (Figure 2-9). 

Oral bioaccessibility represents the degree to which a chemical is released from 

soil into digestive solutions and thereby becomes available for absorption. Thus, 
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bioaccessibility represents the limit between the ingested contaminant before it 

becomes bioavailable (Denys et al., 2012; Cave et al., 2011) (Figure 2-9).  

 

Figure 2-9. Pathway of an ingested contaminant in the human body. Illustration of 
the fraction pollutant (red colour) detached from the soil particles and transported 
through the intestinal epithelium wall into the systemic circulation and different 
target organs. Image adapted from Cave et al., 2011. 

The oral bioaccessible fraction of a soil contaminant is the proportion that is 

solubilised in the human digestive system and available for absorption into the 

systemic circulation and different target organs. The bioaccessible fraction is 

calculated using Equation 1.  

Equation 1. Bioaccessible fraction. Cb represents the bioaccessible concentration of 

contaminant (mg/kg), and Ctot is the total concentration of contaminant (mg/kg) 

BAF(%)=
Cb (

𝑚𝑔
𝑘𝑔

)

Ctot (
𝑚𝑔
𝑘𝑔

)
 x 100%           (Eq.1) 

Risk assessment based on the bioaccessible fraction may be overestimated to some 

extent compared to the bioavailable data because not all soluble contaminants will 

become bioavailable. As it is presented in Figure 2-9, some bioaccessible 

contaminants will be excreted without being absorbed or metabolised. However, 

using the bioaccessible data in the risk assessment process instead of the total 

contaminant concentration still represents a precautionary approach and a better 

estimation of the risks posed by the contaminants.  
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Oral bioaccessibility is measured in vitro in a controlled laboratory setting with 

methods designed to simulate the human digestive system. The advantages of 

using in vitro bioaccessibility testing compared to extensive in vivo bioavailability 

studies with animals are numerous: they are less expensive, performed in a shorter 

time, and remove ethical concerns related to the use of animals to test 

bioavailability of contaminants in soil (Cave et al., 2011;  Oomen et al., 2003). 

Toxicological studies are rarely obtained using human subjects (USEPA, 2012a). 

Referring to the example of Health Criteria Values (HCVs), these are often 

developed involving primarily animal studies with species that may not reflect 

human physiology or toxicokinetic (Wragg et al., 2011; Environment Agency, 

2009b) 

In vitro methods are developed to effectively simulate in a controlled setting, the 

biochemistry of the human digestive system; however, bioaccessibility methods 

should first be validated against in vivo animal studies to ensure their 

representativeness to bioavailability (Wragg et al., 2011).  

2.9.2 Review of Bioaccessibility tests available across the world 

Several in vitro methods have been developed across the world to determine the 

bioaccessibility of contaminants in soil. Table 2-4 outlines the main physiologically 

based methods developed to mimic the human digestive system.  Other non-

physiological sequential and simple extraction methods are being used to estimate 

bioavailability, including the United States Environmental Protection Agency 

technique, which measures the bioaccessibility of Pb in soil (USEPA, 2012b).  

However, such a method can only measure the soluble contaminant fraction rather 

than assessing its bioaccessibility under the human physiologically based 

conditions.  

In the last two decades, across the globe, extensive research work has been carried 

out to develop and validate a standard in vitro bioaccessible method to simulate 

the human digestive system (Oomen et al., 2003; Denys et al., 2012; NERC, 2012; 

BS ISO, 2018; Caboche, 2009; Wragg et al., 2011; Wragg et al., 2011; Swartjes, 2011; 

Wragg and Cave, 2003; Van De Wiele et al., 2007; Ruby et al., 1993; Scheckel et al., 

2009; Rodriguez et al., 1999; Minekus, 2015). After extensive research work 

validating a bioaccessibility method against in vivo studies (Caboche, 2009; Denys 

et al., 2012) and evaluation through international inter-laboratory trials (Wragg et 
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al., 2009, 2011a), the Bioaccessibility Research Group of Europe (BARGE) succeeded 

to develop and harmonise the use of a Unified Bioaccessibility Method (UBM) to 

inform policy and improve the human health risk assessment process. Moreover, 

in 2018 the UBM received and ISO accreditation (BS ISO, 2018).  

Table 2-4. Overview of some physiologically based methods used internationally for 
in vitro bioaccessibility measurements. Information collected and updated from 
Wragg et al., 2011; Palmer, 2015 and references mentioned in the table.  

Method Method 
Specifications 

Country of 
Origin and 
Reference 

Fasted or Fed 
State Model 

Physiologically 
Based Extraction 
Technique (PBET) 

1h Gastric phase at pH 
at 1.3-4.0. 
4h Intestinal phase at 
pH 7.0. 
37⁰C. 

United States of 
America 
Ruby et al., 
1993, 1996  

Fed and fasted 
states possible 
 

Ghent University 
Simulator of the 
Human Intestinal 
Microbial Ecosystem 
(SHIME) 

3h Gastric incubation 
of nutritional medium 
at pH 4.0 or 2.0 under 
fasted state. 
5 h Intestinal phase at 
pH 6.5. 
37⁰C. 
 

Belgium 
Molly et al., 
1993; 
Van de Wiele et 
al., 2015; 

Fed and fasted 
states possible 

Ruhr-Universität 
Bochum Method, 
DIN 19738 

2h Gastric in dilute 
hydrochloric acid at 
pH 2.0. 
6h Intestinal phase at 
pH 7.5. 
37⁰C. 
 

Germany 
Rotard et al., 
1995 

Fed and fasted 
states possible 

The Netherlands 
Organisation for 
Applied Scientific 
Research (TNO) 
gastro-Intestinal 
Model (TIM) 

Only dynamic model 
with continuous fluid 
additions to model 
chemical changes that 
occur throughout 
digestion process. 
Continuously 
decreasing gastric pH. 
Gradual transfer of 
digestate to three 
different intestinal 
compartments at 
variable pH; 
Peristaltic motion 
imitated. 
37⁰C; 

Netherlands 
Minekus et al., 
1995, 2015 

Fed and fasted 
states possible 

Ohio State 
University In Vitro 

1 h Gastric phase at 
pH 1.8. 

United States Fed and fasted 
states possible 
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Gastrointestinal 
Method (OSU-IVG) 

1h Intestinal phase at 
pH 5.5. 
37⁰C 

Rodriguez et al., 
1999 

Dutch National 
Institute of Public 
Health and the 
Environment (RIVM) 
Method 

5 min Saliva phase at 
pH 6.5. 
2h Gastric phase at pH 
1.07. 
2h Intestinal phase at 
pH 7.8 and 8.0.  
37⁰C 

Netherlands 
Oomen et al., 
2003 

Fasted state 

Unified 
Bioaccessibility 
Research Group of 
Europe Method 
(UBM) 
BS ISO 17924:2018 

10 sec Saliva phase at 
pH 6.5 
1h Gastric phase at pH 
1.0 
4h Intestinal phase at 
pH 7.4 and 8.0. 
37⁰C 

United 
Kingdom 
BARGE, 2012;  
BS ISO, 2018 

Fasted state 
but fed state 
model also 
possible 

  

2.9.3 The BARGE Unified Bioaccessibility Method (UBM) 

The UBM evolved and has been adapted from the existing in vitro method RIVM 

(Oomen et al., 2003) (Table 2-4) because it was considered the most representative 

of the physicochemical conditions in the human gastrointestinal (GI) tract. 

Modifications made to the RIVM ensured adequate conservatism and applicability 

in a wide range of geological conditions and different countries (BARGE, 2012). 

In vivo validation of the UBM using a juvenile swine model for As, Cd, Pb and Sb in 

soil has been undertaken as part of a PhD thesis completed in 2009 (Caboche, 2009) 

and validation published by Denys et al. (2012). This work received extensive 

investment and coordination from the INERIS (France), UK NERC and the British 

Geological Survey (BGS). The UBM has as been validated to estimate the in vivo 

bioavailability of As, Pb, Cd and Sb; however, Caboche (2009) and Denys et al. 

(2012) concluded that the method was suitable only for arsenic, lead and cadmium, 

and not for antimony.  

Another aspect of the UBM validation was the reproducibility of the method; 

therefore, seven laboratories from Europe and North America participated in an 

interlaboratory trial to evaluate the accuracy of the UBM for As, Cd, and Pb 

bioaccessibility. Wragg et al., in  2009 and 2011a, published the results of the trial 

and reported that benchmark suitability criteria were achieved for As in both 

phases, gastric (G) and gastrointestinal (GI). Cd performed best in the G phase with 

three of four criteria and only one in the GI phase. Pb met only two of four criteria 
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in the G phase and none in the GI phase. This may be due to minor variations in 

how UBM was implemented among laboratories, resulting in these Pb results 

differences. However, Pb repeatability within the laboratory was acceptable.  

However, to date besides As, Pb and Cd, the UBM has been successfully applied to 

assess the oral bioaccessibility of other elements such as Cr Cu, Ni, Zn, V (Cox et al., 

2013; Palmer et al., 2014; Mehta et al., 2020, 2019).  

2.9.3.1 UBM from development to publication BS ISO 17924:2018  

After comparing bioaccessibility methods for a variety of soils, in 2005, BARGE 

agreed to use a single method, “The BARGE Unified Bioaccessibility Method 

(UBM)”, with defined gastrointestinal criteria to measure bioaccessibility. Since 

then, the UBM has been internationally cited and widely applied by researchers in 

different disciplines, including environmental sciences, toxicology, public health, 

medical sector and commercial laboratories to determine the human health risks 

from soil contaminants, mine waste, food and dust ingestion (Mehta et al., 2020, 

2019; Palmer, 2015; Palmer et al., 2015, 2014; Barsby et al., 2012; Wragg et al., 

2011; Denys et al., 2012; Appleton et al., 2012b). After thirteen years of testing, 

validation and evaluation of the method accuracy, the UBM has become a British 

and International Standard method known as BS ISO 17924:2018 (BS ISO, 2018). 

Since the development, validation, and publication of the ISO standard, the UBM 

use in the human health risk assessment process is now recognised internationally.  

2.9.4 Factors controlling bioaccessibility  

Soil properties and multiple physicochemical factors influence the contaminant 

bioaccessibility in the human digestive tract. Soil composition, contaminant source, 

soil to solution ratios in the gastrointestinal tract and nutritional state of an 

individual are some examples of factors that can affect the oral bioaccessibility and 

bioavailability of contaminants.  

2.9.4.1 Internal Factors: Influence of Human behaviours and 

Physiology 

2.9.4.1.1 Exposure Frequency 

When the oral soil exposure pathway is considered during human health risk 

assessment, it is important to determine the exposure frequency and the harm that 

contaminants can cause. Soil may enter in the digestive system intentionally or 

incidentally, and children are more likely to ingest significant quantities of soil than 
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adults. Children spend more time outside coming in direct contact with soil and 

have a higher likelihood of mouthing behaviour (pica behaviour) (Ljung et al., 2007; 

Guney et al., 2010).  

Adults are exposed to soil contaminants through incidental soil ingestion. The 

consumption of improperly washed vegetables with attached soil, the exposure of 

soil residues remained after washing, and ingestion of mucous containing 

contaminated dust captured by the lungs represent some of the pathways of soil 

contaminants entering into the human digestive system (Juhasz et al., 2011a).  

2.9.4.1.2 Fed versus fasted state 

An individual’s nutritional status may have variable effects on PTEs in vitro 

bioaccessibility or in vivo bioavailability. The presence of food can alter the 

chemistry of the digestive system by changing pH (higher in the stomach in a fed 

state) and the release of reactive enzymes that may influence the solubility of PTEs 

in the stomach and upper intestine (Cave et al., 2011).  

 Several studies showed that the presence of food might influence PTEs 

bioaccessibility. Scheckel et al., 2009; Tahiri et al., 2000 found that Pb bioavailability 

decreased in the presence of food due to the formation of Pb complexes with the 

organic matter, while Basta et al., 2007 observed that Arsenic bioaccessibility 

increased in the presence of food; however, this depended on the soil type. Most 

of the bioaccessibility techniques (Table 2-4) can be adapted to the fed and fasted 

state model. The UBM used in this research work is applied to fasted state 

conditions to ensure a conservative approach. 

The soil to solution ratio didn’t show a significant effect over PTEs (As, Ni, Cr and 

Cd) bioaccessibility in the study conducted by HAMEL et al., 1998. Although, more 

recent research works using the UBM extraction showed that As bioaccessibility 

decreased when more soil was added into simulated digestive solutions (Juhasz et 

al., 2011b), Ljung et al., 2007 modelled in vitro the effects of the pica behaviour, 

and the results showed a decrease in the bioaccessibility of  As, Cd, Cr and Pb. 

However, both studies concluded that soil pH, contaminant source, clay content, 

and organic matter would have a more significant effect on PTEs bioaccessibility 

rather than variable solid to liquid ratios.  
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2.9.4.2 External factors in the soil Environment  

Outside of the human body, oral bioaccessibility and bioavailability of a 

contaminant are affected by the soil physico-chemical conditions and the 

contaminant source (Selinus et al., 2005). Some of these soil properties, including 

pH, soil organic matter, clay minerals, solid-phase partitioning and soil ageing, have 

been described by Cave et al. (2011) as factors that may influence the 

bioaccessibility of As and other contaminants. Often, factors associated with high 

mobility of PTEs in the environment are anticipated to contribute to an increase in 

vitro oral bioaccessibility. Several studies (Palmer et al., 2014; Cox et al., 2013; 

Appleton et al., 2012b; Wragg et al., 2007) concluded that factors affecting oral 

bioaccessibility of PTEs are not universal but rather unique depending on the soil 

type and contaminant source.  

2.9.4.2.1 pH  

Soil pH is defined as one of the most important criteria to control the mobility of 

PTEs in the environment and, therefore, also bioavailability (Hursthouse, 2001; 

Alloway, 2013). The divalent cations of contaminants are, in general, less absorbed 

and thus more bioaccessible in acidic soils compared to neutral or alkaline soils 

(Cave et al., 2011). Several studies have shown an increase in the bioaccessibility of 

Pb (Yang et al., 2003) and Cd (Tang et al., 2006) in acidic soils, while As 

bioaccessibility was observed to increase with increasing pH ( Tang et al., 2006). 

Other parameters such as the solubility of organic carbon, clay content and the 

sorptive capacity of iron oxides and aluminium oxides are also influenced by pH and 

are discussed in the next sections.  

2.9.4.2.2 Soil Organic Matter (SOM) 

Soil organic matter (SOM) plays a significant role in providing important nutrients 

for plants and living organisms. It increases water infiltration, helps in reducing 

compaction and crusting and serves as a reservoir for water retention. The 

presence of SOM influences PTE behaviour in the soil. Selinus (2015)  describes the 

mechanisms that control bioaccessibility of contaminants in the presence of soil 

organic matter, which includes the cation exchange capacity (CEC), the formation 

of chelates that determine the mobility and protection of some metal ions and the 

retention of contaminants in the solid forms of humus. Cobalt, copper, mercury, 

nickel and lead show particularly high affinities to SOM (Adriano, 2001). Besides the 

direct complexation of contaminants by the organic carbon, several studies (Rose 
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et al., 1990, Lindsay, 1991, Baker et al., 2003, Chen et al., 2003) showed that the 

redox conditions of the Fe oxides could lead to the dissolution of the host oxides 

and release the adsorbed contaminants. Moreover, organic matter may compete 

with contaminants for adsorption sites causing the migration from the oxide matrix 

to more accessible forms (Wragg, 2005; Dixit and Hering, 2003).  Gardening 

practices, including the addition of organic matter to enhance soil fertility, has been 

shown to increase bioaccessibility of arsenic (Wragg, 2005).   

Considering all these effects of the SOM on PTE, it can be affirmed that SOM acts 

both as a sink of contaminants and also as an enhancer of element mobility if in a 

soluble form (Selinus, 2013).  

2.9.4.2.3 Mineral constituents 

Soil is mainly composed of inorganic components whose interaction with 

contaminants control the oral bioaccessibility of PTEs. Several studies conducted 

on soils from mining areas (Davis et al., 1993, 1997) found that Arsenic 

bioaccessibility was limited by the encapsulation in insoluble soil matrices, which 

limited the solubility of the contaminant. While Ruby et al. (1996) outlined the 

mineralogical factors and physico-chemical processes that affect the 

bioaccessibility of As and Pb (Figure 2-10).  

 

Figure 2-10. Mineralogical factors affecting the bioavailability of lead (Ruby et al., 
1996).  
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Across the UK soils, several studies investigated the bioaccessibility of As in Jurassic 

ironstones (Cave et al., 2003; Palumbo-Roe et al., 2005; Wragg, 2005; Cave et al., 

2007; Wragg et al., 2007; Zagury, 2007). These studies found a strong correlation 

between the total arsenic and total iron content; however, there was no significant 

correlation between the bioaccessible arsenic and the total iron. Palumbo-Roe et 

al. (2005) concluded that bioaccessible arsenic in these soils is mainly contained 

within calcium iron carbonate, while non-bioaccessible arsenic is bound with less 

reactive phases of highly crystalline iron oxides.  

These studies illustrated the important role of two mineral groups represented by 

clays and oxides of iron, manganese and aluminium, which have shown a significant 

control over the bioaccessibility of PTEs. These minerals are principally derived 

from weathering processes of rock minerals and are finely grained (<2um) with a 

large reactive surface area. The features of these minerals favour the binding of 

contaminants and therefore control their bioaccessibility.  

2.9.4.2.4 Geology and land use 

Besides the chemical dynamics in the surrounding soil environment, sources of 

trace elements can also affect PTE oral bioaccessibility. Series of studies indicate 

that PTEs from geogenic sources may be less bioaccessible compared to those 

originating from anthropogenic contamination due to solid phases in which they 

exist (Wragg et al., 2014; Appleton et al., 2012b; Barsby et al., 2012; Cave et al., 

2007). In addition, Palmer et al. (2015) found a high level of Pb in soil located in the 

proximity of urban areas in Northern Ireland, which had a higher Pb bioaccessibility 

than Pb originating from rural source domains. All these studies suggest that oral 

bioaccessibility of PTEs is not mainly controlled by the total trace element 

concentrations in soil, especially in soils where contaminants originate from 

geogenic sources.  

2.10 The solid phase distribution of PTEs using CISED extraction 

Sequential selective chemical extractions are often utilised to characterise the 

distribution of elements within the solid phases of soil and sediments (Li and 

Thornton, 2001). In 2004, Cave et al. (2004) developed a non-selective method 

coupled with chemometric analysis recognised as the chemometric identification 

of substrates and element distributions (CISED) method. The primary advantages 

of CISED are: (1) rapid and simple extraction process, (2) overcoming non-selectivity 
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and redistribution of trace elements, (3) partitioning of elements not dependent on 

their response to the extraction reagents, and (4) findings support directly the in 

vitro bioaccessibility tests (Cox et al., 2013; Mehta et al., 2020, 2019). 

As discussed in the previous sections, the oral bioaccessibility of PTEs in soil can be 

influenced by the adsorption of contaminants to different solid phases. Measuring 

the physico-chemical forms of contaminants in soil can provide information on the 

possible redistribution of contaminants under different environmental soil 

conditions. Also, the physico-chemical data on contaminants can represent a 

supplementary line of evidence for the bioaccessibility testing when used in the 

human health risk assessment from soil ingestion scenario (Cave et al., 2011). 

In this study (Chapter 6), the UBM has been successfully combined with the CISED 

method to measure the sequential selective chemical extraction and understand 

the conditions in which contaminants are bioaccessible.  

2.11 Soil sampling techniques for bioaccessibility testing 

Soil is a combination of organic matter, water, air (soil gas), living organisms, and 

heterogeneous mineral particles, varying in size from several centimetres to less 

than a micron (Boudreault et al., 2012). Contaminants can belong naturally or not 

to soil and be unevenly distributed among the various sizes and types of soil 

particles. Therefore, a representative soil sample must include each of these 

heterogeneous elements to minimise/eliminate the sampling errors. When 

characterising contaminant concentrations, the optimal representative sample will 

have the same concentration as the original sample. Procedures for obtaining 

representative samples from particulate matrices were studied for some time in 

the minerals industry, and the first comprehensive sampling theories have been 

developed by Pitard, 1993; Gy, 1998; Smith, 2001; Gerlach et al., 2003. Gy’s 

sampling theory delineates seven classes of sampling error in addition to the 

uncertainty introduced by the analytical method: fundamental error, grouping and 

segregation error, long-range Heterogeneity error, Periodic Heterogeneity error, 

Increment Delimitation Error, Increment Extraction Error, and Preparation Error 

(USEPA, 1999).  
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2.11.1 Soil sampling and preparation for bioaccessibility testing 

2.11.1.1 Soil Sampling  

Sampling such a complex mixture of mineral particles, organic matter, water, air 

and soil organisms, there is a need to apply a range of complementary standards to 

ensure that suitable results are obtained for the intended purposes. The ISO 17924 

accreditation for bioaccessibility testing suggests using the draft ISO 18400-104 

(ISO/DIS 18400-104, 2016) as a guide when deciding where and how to sample 

while considering site variability. 

ISO 18400 series (BS ISO 18400-100, 2017) is the umbrella standard that describes 

all sampling standards within the scope of “three levels approach” and their 

relationship (Figure 2-11). 

  

Figure 2-11. “Three-level approach” for sampling standardisation. ISO18400 

The relevant standards for the scope of this study are selected from Level 1, which 

include the ISO 18400-104 standard.  
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2.11.1.2 Representative and sufficiently representative samples as 

described in ISO 18400-104 

Soil as a whole cannot be analysed; therefore, soil samples are taken and 

investigated in a way to be representative of the entire investigated area. The 

results for the samples analysed allow estimation of relevant properties of the total 

soil volume under investigation (or that part of interest) to a sufficiently reliable 

degree, in accordance with the sampling objectives. 

Regardless of the purpose of the investigation, a conceptual site model (CSM) (see 

section 2.6.1.1.1.1) should be developed which is designed to support the decision-

making process of managing contaminated land and groundwater on a large scale 

(Environment Agency, 2004). The basis of a CSM is to examine what sources are 

likely to be present on the site and through which pathways, receptors might be 

exposed to these sources of contamination. The sampling strategy, especially when 

average soil concentrations in elements are of interest, should be based on 

appropriate and practical statistical methods. 

2.11.1.3 Types of samples identified in ISO 18400-104 

2.11.1.3.1 Disturbed samples 

Disturbed samples are suitable for most applications, except for some physical 

measurements, analysis of volatile substances, and microbiological tests for which 

undisturbed samples may be required. Disturbed samples can be taken as single 

spot samples or as spatial composite samples, depending on the purposes of the 

investigation (ISO 18400-104, 2016). To investigate soil conditions, disturbed 

samples (ISO 11074, 2015) were used in this study. 

2.11.1.3.2 Spot (single) samples 

Spot samples are collected as a single increment or created from a limited number 

of increments of material that lies in direct contact. Spot samples are required in 

situations when information about the distribution of a contaminant over a defined 

area or with depth is needed. They are essential for estimating the degree of 

heterogeneity of a specific area or detecting limits of anomalies. In general, 

information arising from spot (single) samples will be quite precise. To characterise 

an investigated site, a large number of spot samples might be necessary. 

Single samples are required also around known or suspected sources of 

contamination, hotspots, or anomalous locations (ISO 18400-104, 2016). 
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2.11.1.3.3 Spatial (composite) samples 

Depending on the purpose of the work and the objectives of the investigation, 

spatial composite samples may be required. In some situations, the use of 

composite samples can lead to dilution or loss of components and thus to the risk 

of not detecting contamination. Nevertheless, composite samples can enhance the 

representativeness of the samples and can be considered in particular cases. 

Composite samples may be formed in the field by mixing increments from not exact 

locations or spot samples. Alternatively, individual samples can be combined and 

thoroughly mixed in the laboratory, which was completed in this study (see Chapter 

7, section 7.4.4). The composite sample represents the mean quality of the area 

sampled. 

Composite sampling is often used where a sample is required to measure soil 

quality for agricultural purposes, waste characterisation of a stockpile or when 

investigating contaminated sites under carefully specified conditions.  

More precisely, the use of composite samples may be considered where: 

— there is homogeneous distribution. 

— there is a heterogeneous distribution over a small distance, but over a 

considerable distance, the distribution is homogeneous. 

— the components are non-volatile or semi-volatile. 

Composite samples provide average results with no information on variability or 

sampling uncertainty unless the composite sampling is replicated, which was 

performed in this study. Whether the composite samples are formed in the field or 

in the laboratory, only increments from the same soil stratum should be mixed (ISO 

18400-104, 2016). 

2.11.1.3.4 Recommendations for the application of composite samples 

Composite samples are often used to minimise the number of analyses required. 

Data resulting from composite samples can neither reflect extreme values nor local 

variations. If the number of increments is too high, anomalies can become 

distorted. Composite samples are typically used to characterise a population in 

total. However, if the results are intended to be considered representative, then 

the increments also should have been combined proportionally. 
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Although the combination of multiple spot samples into a “composite sample” for 

analysis can increase the probability of identifying the widespread contamination, 

it is also possible that the mixing process will dilute the hot spot concentration to 

below detection and thereby provide a false indication about of the site’s 

contamination. Any values used to assess the presence of contamination should be 

revised downwards to allow the verification of this dilution effect (ISO 18400-104, 

2016). 

2.11.2 Soil Preparation 

Before the laboratory analysis, the sample mass must be reduced to a suitable 

amount for analysis while remaining representative of the original sample. The 

quality of data strongly depends on the subsampling method used because 

improper subsampling procedures can lead to results that have significant biases 

and large uncertainties. According to the UBM protocol (Denys et al., 2012; BARGE, 

2012), soil samples must be analysed for total metal concentrations at <2mm 

particle size, after which they are sieved to <250um and extracted for 

bioaccessibility testing. Starting with the first stages of site investigation, the 

questions related to the uncertainties were about the errors that occurred during 

field soil sampling and soil preparation in the laboratory. 

Oral bioaccessibility is measured on the <250um particle fraction, which is 

considered to adhere to people's hands, remained attached to unwashed 

vegetables, and is therefore taken in during ingestion and inhalation. However, 

there is another way of exposure mainly reported through young children (Stanek 

et al., 1998; Hennighausen, 2004) who exhibit mouthing behaviour “hand to 

mouth” knowing such “pica behaviour” (the intentional ingestion of large amounts 

of soil), which most generic assessments do not consider this exposure pathway.  

If a sample is crushed before analysis, this is likely to influence the results 

negatively. Cave et al., 2011 specify that soil samples for the UBM test should not 

be crushed to reduce their size and heterogeneity (a physical act known in the 

literature as comminution) because this may enhance the release of contaminants 

that would not be bioaccessible under normal circumstances. 

Sieving the sample to a specified particle size can reduce the soil matrix's 

heterogeneity in terms of particle distribution. However, sieving may remove 
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contaminant content that should be measured, leading to an unrepresentative 

concentration within the sample (Hiroz, 2008). 

Several studies compared different homogenisation methods, including riffle 

splitting and coning and quartering and grab sampling (Schumacher et al., 1990; 

Gerlach et al., 2002; Gerlach, 2015). In almost all the cases, the riffle splitter 

performed the best, giving the smallest error despite the tendency for loss of fine 

particles.  

2.11.2.1 Soil Particle size 

The greater the range of particle size, the more difficult it can be to obtain a 

sufficiently representative sample because of the tendency for segregation of 

different particle sizes during sampling and subsequent handling.  

Soil particles play an essential role in the mobility and bioavailability of soil heavy 

metals due to the high contents of metal oxides, SOM, and clay minerals (Rashad 

et al., 2014; Rinklebe et al., 2016; Shaheen and Rinklebe, 2014; Wang et al., 2014).   

These soil contents may determine the partitioning of metal(loid)s in the various 

soil particle size fractions (Bhattacharyya and Gupta, 2008). Generally, 

anthropogenic PTEs accumulate in fine soil particles due to the increase in of 

specific surface area (Gong et al., 2014; Zhang et al., 2013), while the contents of 

geogenic PTEs seem to show no apparent differences among the various soil 

particle size fractions (Ajmone-Marsan et al., 2008). Therefore, in this study 

(Chapter 7) will be analysed the metal(loid) content in <2mm and <250um to 

determine the effect of the particle size on total and bioaccessible concentrations.  

2.12 Summary of the Literature Review 

Conducting an accurate assessment for the human health risks (HHRA) of 

contaminated land requires the application of adequate policy and guidance, also 

it implies a good understanding of the limitations of the procedures used during 

the entire process. HHRA often relies on total soil PTE concentrations, which can 

overestimate potential health risks. It does not generally provide an indication of 

the bioavailable fraction when the oral exposure pathway is considered. As shown 

by the case studies presented in this chapter, the use of bioaccessibility testing in 

the DQRA is cost-effective, providing substantial savings on unnecessary 

remediations. Besides the financial benefits, the use of bioaccessibility testing in 
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the HHRA provides sustainable solutions for planning and development of 

contaminated land.  

However, before applying bioaccessibility testing in the DQRA, it has to be decided 

whether it is suitable for the type of contamination found on a specific site. The 

origin of contaminants, whether from geogenic sources or anthropogenic 

contamination, leads to differing bioaccessibility and therefore, these factors must 

be considered during the risk assessment process. Previous research (Cox et al., 

2013a; Palmer et al., 2014; Barsby et al., 2012) conducted on Northern Irish soils in 

rural areas demonstrated that the source of contamination and the solid phases in 

which the contaminants exist, play a significant role in the bioaccessibility of PTEs. 

Following from these findings, the current study aims (Objectives no. 3-6) to 

investigate how the PTEs bioaccessibility may be influenced by the contamination 

source in the urban area of Belfast. Moreover, the current guidance ISO 18400-104 

(ISO/DIS 18400-104, 2016) used to prepare soil samples for bioaccessibility method 

will be tested to assess the best techniques required for the UBM (Objective 7 of 

this study).  
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Chapter 3:  Materials and Methods 

3.1 Introduction 

This chapter presents the material and methods employed throughout this thesis 

to characterise the oral bioaccessibility of seven Potentially Toxic Elements (PTEs) 

As, Cr, Cu, Ni, Pb, V, and Zn across metropolitan area of Belfast. Soil samples used 

in this investigation were retrieved from the Geological Survey of Northern Ireland 

(GSNI) Tellus archive. The sample selection ensured representativeness of the 

geology and land use in the study area and provided a wide range of PTEs total 

concentrations. Oral bioaccessibility of investigated PTEs was performed using the 

Unified BARGE Method (UBM).  

The standard procedure of the UBM method setup was modified by the author and 

adapted to the equipment and facilities available within Queen’s University Belfast 

(QUB) laboratory implying relatively low costs compared to the standard procedure 

at the British Geological Survey (BGS). The validation of the UBM setup at QUB 

laboratory was completed through the statistical agreement of the bioaccessible 

results obtained from the soil guidance material BGS102. Quality Control (QC) & 

Quality Analysis (QA) of the UBM validation are also presented in this chapter. 

The controlling factors over PTEs bioaccessibility were first identified and selected 

based on the literature review and then investigated by applying different statistical 

techniques to the bioaccessibility results. The spatial representation and 

distribution of PTEs bioaccessibility data were completed using maps created in 

ArcGIS software.  

Metal partitioning in soil was determined using a non-specific sequential extraction 

with Chemometric Identification of Substrates and Element Distributions (CISED), 

and the extraction was conducted at Cranfield University, Environmental analytical 

facility (UK). CISED data were processed in MATLAB, and the outputs were 

represented in a heatmap performed in R software.  

3.2 Tellus Geochemical survey 

The Northern Ireland Tellus Survey, managed by the GSNI, was conducted between 

2004 and 2007 and comprised an analytical survey of stream waters and sediments, 

rural and urban soils, and an airborne geophysical survey. The Tellus project 

followed the G-base protocol (Johnson, 2005) created by the BGS, which provided 
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details about the sampling, health and safety, quality control and quality assurance. 

This research work focuses on the inorganic soil samples; therefore, the rest of the 

information will cover this type of samples. Details about the field and analytical 

methods used during Tellus Survey are described in Smyth (2007).   

3.2.1 Preparation and analysis of Tellus inorganic samples 

Across Northern Ireland, 7,900 inorganic soil samples were collected at a density of 

1 sample per 2 km2 in rural areas, and a higher density in urban areas with 4 samples 

per km2 as can be observed in Figure 3-1. In rural areas, samples location sites were 

taken “at least 100 m from roads, buildings, railways, and electricity pylons” 

(Johnson, 2005). Urban samples were collected where possible from locations of 

undisturbed ground (e.g., domestic gardens, allotments, parks, recreational areas, 

or roadsides). The urban survey was conducted in the metropolitan area of Belfast 

and Londonderry (Figure 3-1).  

 

Figure 3-1.Tellus inorganic soil sample locations across Northern Ireland 

Each sample consisted of a composite sample formed out of five auger flights taken 

from the corners and centre of a 20m by 20m grid. The soil samples were collected 

from two depths: Shallow samples “A” 5-20cm below ground level (after superficial 

vegetation, litter and the root zone were removed) and Deep samples “S” taken 

from below sample A to a depth of 50cm. Samples were first air-dried before being 



Chapter 3. Materials and Methods   

52 
  

transported to the sample store and then oven-dried at 30⁰C over a 2-3 day period. 

All samples were stored in paper bags at the GSNI sample store. 

Before the analysis, soil samples were disaggregated before being sieved to less 

than <2mm fraction.  The cone and quartering method was used to reduce the 

sample to a suitable size.  

Shallow samples were analysed at the SGS Laboratories (Toronto) for 55 elements 

by either inductively coupled plasma optical or atomic emission spectrometry (ICP-

O/AES) and ICP-MS (mass spectrometry) following an aqua regia digestion. 

Additionally, shallow samples were analysed at the British Geological Survey for 11 

major element oxides and 41 trace elements by pressed pellet x-ray fluorescence 

spectrometry (XRFS) (Smyth, 2007).  

Deep soil samples were analysed for elements of interest using ICP-MS followed by 

both aqua regia digestion and multi-acid digestion (Smyth, 2007). 

Dry pressed pellet XRFS is thought to provide more accurate data on total trace 

element concentration as it detects insoluble forms of trace elements that are not 

typically mobilised during aqua regia or multi-acid digestion (BSI/ISO, 2011; Smyth, 

2007). In contrast, ICP analysis following an aqua regia digestion will detect only the 

solubilised elements during the extraction process. ICP data obtained from the 

multi-acid digestion is known in the literature as near-total concentration, and it 

mobilises trace elements further than aqua regia digestion would do. 

McIlwaine et al. (2015) compared the Tellus element concentrations data obtained 

by both techniques XRFS and aqua regia digestion followed by ICP analysis and 

found similar results for both methods. However, the authors concluded that ICP 

might be affected by the chemical form of the element and its solubility in the acid 

extraction, compared to XRFS, which may be affected by the soil matrix such as 

organic matter content. In this research work, data obtained from the XRFS analysis 

will be employed for further investigations.  

3.3 Study area and sample selection 

3.3.1 Study area: Belfast Metropolitan area 

The Metropolitan area of Belfast has been chosen as a study area because this city 

has multiple resources in terms of geochemistry and historical land use. The 

available information provides the best background to investigate the PTEs 
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bioaccessibility and their controlling factors in urban soils. The study's boundary 

comprises all inorganic soil samples collected from the urban area (Figure 3-2 b), 

and it largely corresponds with the Metropolitan Area of Belfast, which was defined 

during the Tellus programme (Knights, 2007). Belfast Metropolitan areas comprise 

the main city and its satellite towns such as Carrickfergus, Newtownabbey, Bangor 

and Lisburn as identified during the Northern Ireland Census of 2001 (NISRA, 2004) 

(Figure 3-2 a). The land use classification in the study area was defined using Corine 

Land Cover 2018 seamless vector data (EEA, 2018).  

a)  b)  

Figure 3-2. Maps showing a) The administrative boundaries of Belfast Metropolitan 
area; b) Tellus sample locations across the study area.  

3.3.1.1 Land Use Pre / Post 1963 

McIlwaine et al. (2017) showed that different years of urbanisation in Belfast 

influenced the total concentration of PTEs in soil. In this research work, two eras of 

urbanisation were considered for the study area of pre1963 and post1963 

(described in Chapter 2, Section2.8.2). To construct these historical boundaries, the 

author digitised the historical map of the 5th edition (1919-1963) derived from the 

original surveying scales of six-inch to one mile provided by the Ordnance Survey of 

Northern Ireland (OSNI, 2015).  

The selection of this year 1963 was made for several reasons: most of the heavy 

industrial activities were diminished around this period of time (Lynch, 2001), since 

1969, lead pipe and leaded paint have been forbidden for use in new homes 

(Brockett, 2019), the land use survey was completed in 1963, and this historical 

map was the only one available which covered the desired period of time necessary 

for this research work. Figure 3-3 shows the boundary of Metropolitan area of 
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Belfast developed pre and post 1963, and it has as main objective to investigate the 

controlling factors of the historical land use over PTEs bioaccessibility. The results 

of this investigation are presented in Chapter 5.  

 

Figure 3-3. Map showing the boundary of the Belfast Metropolitan area developed 
pre 1963 within the current study area boundary.  

3.3.1.2 Geology 

Within the study area, bedrock geology was defined using GSNI’s 1:250000 bedrock 

geology map, and a simplified version of this was produced by the author and 

presented in Chapter, Section 2.8.1 and Figure 3-4. The study area's major 

geological formations are Silurian Greywacke and Silurian shale present from the 

Northeast toward south part of the study area. These are followed by the Permo-

Triassic sandstones (known as Sherwood Sandstones) and mudstones in the centre. 

Cretaceous sandstone, chalk, and Tertiary basalts cover the city's North and 

Northwest areas (Mitchell, 2004). 
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3.3.2 Sample selection  

A total of 103 soil samples were selected from the Tellus Survey to investigate the 

controlling factors over PTEs bioaccessibility in Belfast's urban soil (Figure 3-4). The 

sample selection strategy aimed to cover different bedrock geology, land use, a 

wide range of PTEs concentrations and ensure that the samples used for 

bioaccessibility testing are representative of the study area. 

 

Figure 3-4. Map of the study area showing the simplified bedrock geology and the 
103 Tellus soil sample selected for this research.  

In the study data set of 103 samples were included five rural samples located in the 

eastern part of the study area between Belfast (W), Holywood (N), Bangor (E) and 

Newtownards (S)(Figure 3-2, Figure 3-4). The rationale for choosing these samples 

was to determine any diffuse pollution influences from the surrounded urban areas 

and compare them with soil samples located on similar bedrock geology (e.g., 

greywacke) but with different land use (e.g., pre1963). This comparison can provide 

potential differentiation between geogenic and anthropogenic sources of 

contamination, and it is detailed in Chapter 5.  

3.3.2.1 Soil sub-sampling and preparation for bioaccessibility testing 

The dataset of 103 samples was retrieved from the Tellus Surveys soil archives 

located at the GSNI in Belfast, where soil samples are available at <2mm particle 

size. Each sample weighed approximately 300g, and at QUB laboratory, they were 
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stored at room temperature in polythene bags in cardboard boxes before 

conducting the bioaccessibility extraction. The UBM protocols require that soil 

samples be sieved at <250um, which was performed using a 250um sieve with 

200mm diameter purchased from the Controls Group company (Controls Group, 

2016). 

The suitable amount of soil required for the UBM extraction was obtained by 

applying the coning and quartering method to obtain a representative sample from 

the stored bulk soil. This sub-sampling method consists of consolidating the soil 

sample into a cone and gently flattening the top, and by using a clean stainless-steel 

shovel/trowel, then the mound was divided into four even quarters. One pair of the 

opposing segments were discarded, and the two remaining quarters were used to 

form another flat-topped cone to repeat this process until the required sample was 

obtained.  

3.4 Potentially Toxic Elements investigated 

This research work investigates the oral bioaccessibility of seven PTEs present in 

shallow soils of the metropolitan area of Belfast, including Arsenic (As), Chromium 

(Cr), Copper (Cu), Nickel (Ni), Lead (Pb), Vanadium (V), and Zinc (Zn). These PTEs 

were selected because of their elevated total concentrations, the information they 

provide on their source in urban soils (McIlwaine, 2015) and that they are regularly 

extracted using the UBM (Hamilton et al., 2015).  

3.4.1 Arsenic (As) 

Arsenic is a naturally occurring element in the Earth’s crust chemically classified as 

metalloid (having both metal and non-metal properties).  When arsenic is combined 

with other elements such as oxygen, chlorine, and sulphur, it is referred to as 

inorganic arsenic, while combined with carbon and hydrogen, it is called organic 

arsenic.  

Naturally occurring arsenic in soil generally varies from 1 to 40 mg kg-1, and the 

average concentration in world soils is reported 6.83 mg kg-1 (Kabata-Pendias, 

2010). Inorganic arsenic is present mostly in minerals and ores containing copper 

or lead. When these ores are heated in the smelters, most arsenic is released and 

enters the air as fine dust (ATSDR, 2007). In Northern Ireland, elevated 

concentrations of arsenic are found in metamorphic rocks of the Dalradian group, 
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Lower Palaeozoic bedrock of County Armagh, and within pyritised layers in 

Carboniferous bedrock in County Fermanagh (Young and Donald, 2013).  

In industry, arsenic is usually used in the manufacture of ceramics, electronics, glass 

and cosmetics, while its use in pesticides, herbicides and wood preservation 

treatments was reduced in recent years due to its toxicity. Reimann and de Caritat 

(1998) reported that anthropogenic sources of As in soil might be due to coal 

combustion, sulphide ore roasting and smelting, pig and poultry sewage and some 

phosphate fertilisers. The arsenic toxicity depends on its speciation, where arsenite 

As (III) found in anoxic environments is more toxic than arsenate As (V) present in 

oxic environments. Inorganic arsenic is carcinogenic to humans affecting numerous 

organs via inhalation, absorption through the skin and primarily by ingestion of 

contaminated drinking water or soil. Long-term exposure may result in lung 

tumours, skin cancer and multisystem disease (Ratnaike, 2003).  

In Belfast soil, the Tellus urban survey reveals that arsenic ranges between 1.2 and 

6.59 mg kg-1 (Figure 3-5). The highest concentrations are observed around the 

Belfast city centre, corresponding with the development zone associated with 

elevated total arsenic (McIlwaine et al., 2017). Also, high arsenic levels are observed 

near Carrickfergus in the north part and Lisburn city in the south part of the study 

area.  

 

Figure 3-5. Map showing spatial distribution of total As concentrations (mg kg-1) 
across the study area. The map legend was generated using the Quantiles 
classification method.  
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3.4.2 Chromium (Cr) 

Chromium (Cr) is a chemical element abundant in the Earth’s crust (Emsley, 2011), 

especially in mafic igneous rocks and argillaceous sediments (Kabata-Pendias, 

2010). The average concentration in the world soil is 59.5 mg kg-1, while in the 

ultramafic soils, concentrations can reach up to 3000 mg kg-1 (Kabata-Pendias, 

2010).  

Cr is generally found in the natural environment in the form of trivalent chromium 

(Cr III), usually present in many fresh vegetables, fruits, meat and often added to 

vitamins as a dietary supplement. The second form is hexavalent chromium (CrVI) 

which often is produced by industrial processes, and its presence can indicate 

anthropogenic contamination (ATSDR, 2012a). Cr(VI) is known to be toxic 

compared to Cr (III), but in the presence of organic matter, it can be reduced to Cr 

(III) (Paterson et al., 2003).  Hexavalent chromium is classified as a human 

carcinogen due to chronic inhalation exposure and can damage the respiratory 

tract and irritate the lungs (ATSDR, 2012a).  

Chromium is used as the main additive in stainless steel production and chromate 

plating, while in the chemical industry, Cr (III) salts are used in the tanning of leather 

(Brown et al., 1997) and during paper manufacture (Kabata-Pendias, 2010).  

In the study area, total chromium ranges between 94-827 mg kg-1, with the highest 

concentrations present in the north, Belfast City Centre, and the south (Figure 3-6). 

Basalt rocks, present along the western part of the study area, are known to contain 

chromium, nickel, and vanadium naturally. Previous research works conducted in 

rural areas within Northern Ireland reported low Cr bioaccessibility compared to 

other elements (Cox et al., 2013; Palmer et al., 2014).  
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Figure 3-6. Map showing the spatial distribution of total Cr concentrations (mg kg-

1) across the study area 

3.4.3 Copper (Cu)  

Copper (Cu) is an essential element for all living organisms, including plants, 

animals, and humans. It occurs naturally in rocks, soil, water, sediments, and air. 

Copper deficiency in humans can cause anaemia, skeletal defects, central nervous 

system disorder, while at very high concentrations, Cu is acutely toxic, causing a 

number of adverse health effects, including liver and kidney damage, 

developmental toxicity and other side effects (ATSDR, 2004).   

The average Cu concentrations in the Earth’s crust is about 55 mg kg-1, with high 

concentrations identified in mafic igneous rocks.  In soil, copper can become 

strongly attached to the organic matter and other components such as carbonates, 

oxyhydroxides of Fe and Mn, clay and sand (Kabata-Pendias, 2010).  

For more than 6000 years, copper was extensively mined and processed, and 

currently, it is primarily used as metal or alloy in the production of pipes, wires, 

electronic products and in the manufacture of vehicles (Albanese et al., 2015). In 

agriculture, copper compounds were commonly used in the production of fertilisers 

and pesticides (Kabata-Pendias, 2010; El Hadri et al., 2012; ATSDR, 2004).  

In urban areas,  sources of Cu include coal combustion, tyre wear, and automobile 

emissions (Kim and Fergusson, 1994). In Belfast urban soils (Figure 3-7), the total 

copper ranges from 25.9 to 1149.4 mg kg-1, with the highest levels measured in the 

city centre and the northern part of the city near Carrickfergus and Newtownabbey.  
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Figure 3-7. Map showing spatial distribution of total Cu concentrations (mg kg-1) 
across the study area 

3.4.4 Lead (Pb) 

Lead (Pb) is a heavy metal that is extracted from its principal ore Galena (PbS). The 

average Pb concentrations in world soil are reported to be 27mg kg-1 (Kabata-

Pendias, 2010). The use of Pb has been prohibited in most countries because of its 

toxicity; however, it is still used in some commercial products such as automotive 

batteries, electronic equipment manufacturing, solders (metal joints), alloys and 

chemicals (Levin et al., 2008).   

In the UK, lead pipe and leaded paint were banned for use in new homes since 1969 

(Brockett, 2019), and its use in petrol was prohibited since mid-1980. These 

restrictions resulted in a significant decrease in Pb concentrations in the 

atmosphere (Kabata-Pendias, 2010). Other anthropogenic sources of Pb are 

represented by abandoned industrial lead sites, such as old mines or lead smelters, 

sewage sludge, dust and wastes generated after the deterioration of lead-based 

paint on the walls, windows and doors of a house, used car batteries, open waste 

burning and lead exhaust from leaded petrol (ATSDR, 2017). 

The exposure pathways through which people are exposed to Pb are represented 

by dust inhalation and ingestion through hand-to-mouth behaviour, especially in 

small children, through drinking water leaching from lead-containing pipes and 

faucets found in the plumbing of older buildings and solders. As well, Pb may be 
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tracked into homes from exterior soil contaminated by historical use of lead in paint 

(exterior sources), petrol, or industries (old smelters) (ATSDR, 2017).  

Lead is a toxic metal with no safe blood level threshold for children. It may cause 

irreversible neuropsychological damage in infants and children, cardiovascular 

effects, renal disease and reproductive toxicity (ATSDR, 2017; Goyer, 1993). 

Therefore, awareness and prevention of lead exposure should represent a top 

priority for local authorities, service providers and public officials in order to 

eliminate any Pb hazards before exposure occurs.  

In Belfast's metropolitan area, Pb concentrations range from 11.3 to 3466.9 mg kg-

1 (Figure 3-8). High levels of Pb are spread throughout the entire study area. 

However, the highest concentrations are observed in inner-city soil close to the 

docklands, potentially because of the accumulation that occurred during previous 

smelter activities, lead from petrol, or demolition and restoration of homes 

decorated with leaded paint. 

 

Figure 3-8. Map showing spatial distribution of total Pb concentrations (mg kg-1) 
across the study area 

3.4.5 Nickel (Ni) 

Nickel (Ni) is a naturally occurring element in the Earth’s crust with an average 

concentration in the world soil of 29 mg kg-1. However, Ni content in soil may 

depend on the local geology or anthropogenic input; for example, nickel 

concentrations increase significantly in ultramafic soils with average reported 

values of 1400 to 2000 mg kg-1 (Kabata-Pendias, 2010). 
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Nickel is mainly used in stainless-steel production, electroplating, batteries, and in 

combination with other metals to form alloys (Kabata-Pendias, 2010). It can be 

released to the atmosphere by windblown dust, volcanoes, fuel oil combustion, 

municipal incineration and industries involved in the production of steel and other 

alloys. Some nickel quantities released into the environment end up in soil or 

sediments where it forms complexes with particles containing iron or manganese 

(ATSDR, 2005a).  

Nickel plays a vital role as a cofactor in critical enzymes, facilitates the intestinal 

absorption of iron (Nielsen, 1982) and may have a role in endocrine gland function. 

Allergic reactions to nickel are the most common harmful health effects, and 

approximately 10-20% of the population is sensitive to Ni (ATSDR, 2005a).    

Sources responsible for the presence of nickel in urban soils include automobiles, 

emissions from smelters, residual oil and natural gas burning power plants, 

municipal waste incinerators, and marine vessel traffic (ATSDR, 2005a).  

Nickel found in soils from the Belfast metropolitan area has total concentrations 

ranging from 24.9 to 372.2 mg kg-1 (Figure 3-9).  The dispersion of Ni concentrations 

corresponds largely with those observed for chromium (Figure 3-6) with the highest 

levels present in the north and west (where basalt bedrock is present), Belfast City 

Centre and the southern part of the study area.  

 

Figure 3-9. Map showing spatial distribution of total Ni concentrations (mg kg-1) 
across the study area 
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3.4.6 Vanadium (V) 

Vanadium (V) is a naturally occurring element and widely distributed in the world 

soil with an average of 129 mg kg-1 (Kabata-Pendias, 2010). Natural sources of 

atmospheric vanadium include continental dust, volcanic emissions, and marine 

aerosols. Vanadium is commonly found at elevated concentrations in both mafic 

igneous rocks and argillaceous sedimentary rocks. These rock types (Figure 3-4) are 

found in the north and towards the southwest of the study area, where the highest 

chromium (Figure 3-6) nickel (Figure 3-7) and vanadium concentrations are present 

(up to 446.7 mg kg-1) (Figure 3-10). 

Vanadium is widely used within the steel industry in producing rust and heat-

resistant alloys as well as high-strength alloys (Kabata-Pendias, 2010; ATSDR, 

2012b). Soil pollution by V is mainly associated with industrial sources caused by 

emissions from oil refineries, power plants using vanadium rich fuel and coal, and 

phosphorite treating factories (ATSDR, 2012b; Połedniok and Buhl, 2003).  

In terms of vanadium toxicity, it is reported to be low, causing local irritation of the 

respiratory tract following inhalation and oral exposure inducing gastro-intestinal 

discomfort symptoms (ATSDR, 2012b; Barceloux, 1999).  

 

Figure 3-10. Map showing the spatial distribution of total V concentrations (mg kg 
-1) across the study area 

3.4.7 Zinc (Zn) 

Zinc is among the most common elements in the Earth’s crust, with average 

concentrations in soil of 70 mg kg-1 as reported by Kabata-Pendias (2010). It is 
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present in air, soil, water and is found in all foods.  It plays an essential role in many 

biological processes, including the structural constituent and regulatory cofactor of 

different enzymes and protein synthesis (Alloway, 2008).  

Sphalerite (ZnS) is the most common zinc mineral found in metamorphic igneous 

and sedimentary rocks. Sources of zinc in soil are mainly controlled by the rock 

parent material and environmental pollution. As a result of mining, smelting of ores 

containing Zn, Pb, Cd, steel production, coal combustion and waste burning, zinc is 

released into the environment and accumulates in soil (Alloway, 2008).  

Zinc is a crucial nutrient in human and animal diet and plays an important role in 

the function of essential enzymes, membrane metabolism and proteins. Therefore, 

daily zinc levels are recommended for men of 11mg/day and women 8mg/day 

(Institute of Medicine, 2001). 

Zinc deficiency has been associated with adverse effects in humans and animals, 

including dermatitis, anorexia, growth retardation, slow wound healing, reduced 

reproductive capacity and immune function, and depressed mental function; zinc 

deficiency in mothers has been linked with increased occurrence of congenital 

malformations in infants (Cotran et al., 1989; ATSDR, 2005b). Although zinc has very 

low toxicity in humans, overexposure to Zn leads to adverse effects, including 

nausea, vomiting, pain and cramps.  

Zinc concentrations in Belfast's metropolitan area (Figure 3-11) range from 41.3 mg 

kg-1  to 6721 mg kg-1, with the highest levels observed in the city centre and 

dockland area, potentially due to historical urban activities in these areas.  
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Figure 3-11. Map showing the spatial distribution of total Zn concentrations (mg kg 
-1) across the study area 

3.5 The Unified Barge Method 

The Unified BARGE Method (UBM) was used to measure the bioaccessible 

concentrations of PTEs across metropolitan area of Belfast. The UBM extraction 

comprises two general steps represented by the Gastric (G) and Gastro-Intestinal 

(GI) phase, for which are used simulated digestive fluids including saliva (S), gastric 

(G) fluid, duodenal (D) and bile (B) fluid. These fluids simulate the three 

compartments of the human digestive system: mouth, stomach, and small 

intestine. The entire procedure is available on the BARGE website (BARGE, 2012).  

3.5.1 UBM setup and modifications made at QUB 

One of the objectives (Objective 2) of this PhD was to set up and validate the UBM 

method at Queen’s University Belfast (QUB) laboratory. The author received a one-

week training (February 2016) on how to perform the UBM offered by the British 

Geological Survey commercial staff and under the supervision of Dr Mark R. Cave.  

At QUB laboratory, the author adapted the UBM test to the facilities and equipment 

available within the institution, and during March-August 2016, the UBM was 

successfully installed and validated.  

Several modifications were made from the standard BGS procedure in order to 

reduce equipment acquisition and complete the UBM set up at lower costs.  
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3.5.1.1 Oven for sample incubation at 37⁰C instead of water bath used 

at the BGS.  

The standard UBM procedure available at the BGS uses a custom-fabricated 

extraction device with an electric motor incorporated inside a water bath heated 

at 37⁰C by an immersion circulating heater Figure 3-12 (a). The end-over-end 

rotating paddle can hold 20 Polycarbonate centrifuge tubes (60mL). The design and 

fabrication of this type of equipment imply high costs for custom manufacturing 

and access to the technical expertise required to install and maintain the device.   

This research work assessed whether a low cost commercially available device that 

uses heated air for sample incubation at 37⁰C represents a suitable alternative for 

the custom fabricated water bath used in the standard UBM procedure and at the 

BGS. The heating device used for sample incubation was a Binder oven (BINDER, 

2016) with an LCD controller for time programming and adjustable temperature 

from +10⁰C to +300⁰C. The samples were end-over-end rotated at 30 ± 2 RPM 

(Revolutions Per Minute)  using a Heidolph Reax 2 overhead shaker (Sigma Aldrich, 

2016) with adjustable speed from 20 to 100 RPM and able to hold 20 test tubes 

(50mL).  

a)  b)  

 

Figure 3-12. a) Water bath with incorporated end-over-end rotator (BGS). b) 
Temperature controlled oven with an end-over-end shaker incorporated inside 
(QUB).  

3.5.1.2 Polypropylene centrifuge tubes (50mL) instead of 

polycarbonate centrifuge tubes (60mL) 

For soil extraction, polypropylene centrifuge tubes of 50mL were used because they 

fitted the centrifuge instrument available at QUB instead of the 60mL 

polycarbonate centrifuge tubes used at BGS (Figure 3-13 a, b). The ratio of soil to 

solution was respected and adapted. The UBM standard procedure performs the 

Oven door 

Shaker end-
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Temperature 

control 37⁰C 
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extraction on 0.6g of soil with 58.5 mL total volume of simulated digestive solutions 

(Saliva: 9mL; Gastric: 13.5mL; Duodenal:27mL; Bile: 9mL) while at the QUB, the 

extraction was completed on 0.4g of soil with a total of 39 mL digestive solutions 

(Saliva: 6mL; Gastric: 9mL; Duodenal:18mL; Bile: 6mL).  

a)                     b)  

Figure 3-13. a) Polypropylene centrifuge tubes of 50mL used at QUB; b) 
Polycarbonate centrifuge tubes of 60mL used at BGS 

3.5.1.3 Sample holder 

The centrifuge tubes have a round bottom (Figure 3-13), which needed to be stable 

and secure during the extraction procedure. Therefore, in collaboration with the 

QUB civil engineering laboratory, the author has designed a wooden rack (Figure 

3-14) to securely hold the samples during preparation prior the UBM extraction.  

a)  b)  

Figure 3-14. Holders for UBM test tubes. a) Wooden rack used at QUB; b) Rubber 
circled holders used at BGS. 

3.6 Unified Bioaccessibility BARGE method extraction steps 

3.6.1 Laboratory Quality Control during UBM extraction 

Before the extraction process, the author strictly followed the quality control (QC) 

procedures applied in the BGS laboratory and additional required laboratory rules 

available at the QUB. Balances, pH meter and pipettes were checked daily and 

calibrated for accuracy. The balance was calibrated before soil sample 

measurements using certified single weights from 1mg to 10g (Ohaus, 2017). The 

pH of UBM digestive solutions and extracts were monitored using a Thermo 

0.4g of soil 

Polypropylene  
centrifuge tubes 50mL 
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Scientific™ Orion Star™ A211 Benchtop pH Meter (Thermo Scientific, 2017) with a 

Triode pH electrode (temperature module built-in). This instrument's calibration 

was performed daily prior to the UBM procedure using three standard buffer 

solutions at pH 2.00, 4.00, and 7.00 (Thermo Scientific™ Orion™).  Between each 

measurement, the pH electrode was rinsed with deionised water and dried with a 

clean laboratory-grade paper to prevent cross-contamination of samples and 

ensure measurement precision. At the end of the UBM extraction, all labware were 

cleaned, acid-washed with 20% HNO3, rinsed with deionised water and dried in a 

fan assisted oven at 20⁰C.  

3.6.2 Preparation of digestive fluids 

Digestive solutions of simulated saliva (S), gastric (G), bile (B) and duodenal (D) fluid 

were prepared one day prior to their use to facilitate the stabilisation of enzymes 

and pH. Each digestive fluid (S, G, D or B) consists of two solutions of inorganic and 

organic solution prepared separately in 500mL glass volumetric flasks. Additional 

solids (described in BARGE, 2012) were weighed directly into non-reactive screw-

top Nalgene bottles (2L).  Inorganic and organic solutions were added to these 

bottles to create the final digestive solution (S, G, D or B) (Figure 3-15). The 

complete list of reagents required to prepare UBM digestive solutions and the 

protocol can be viewed in more detail and downloaded from the BARGE website 

(BARGE, 2012).  

 

Figure 3-15. Preparation of the simulated saliva fluid out of inorganic and organic 
solutions.  
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Before the extraction procedure, final solutions of simulated digestive fluids (2L) 

must be kept for at least one hour at 37⁰C in the oven used to incubate the samples. 

After this step, the pH of solutions is checked and adjusted if required using either 

37% HCl or 1M sodium hydroxide (NaOH). The pH values of digestive solutions 

should be in the range as follows, Saliva 6.5±0.5, Gastric pH 1.1±0.1, Duodenal pH 

7.4±0.2, and Bile pH 8.0±0.2.  

3.6.3 Extraction procedure 

The UBM test was performed on 0.4g (at QUB laboratory) of dried and sieved 

<250um soil. Two bioaccessible extracts are obtained for each solid sample: one at 

the end of the G phase and the other at the end of the GI phase. Therefore, the 

sample was weighed in duplicate in two Polypropylene centrifuge testing tubes 

labelled with the sample name and the extraction phase. For example, Tellus 

sample “570004” was labelled for the stomach phase “570004 STOM” and for the 

stomach and intestinal phase “570004 STOM+INT”.  

The Heidolph Reax 2 overhead shaker incorporated in the laboratory oven can 

accommodate up to 20 testing tubes. To meet QA and QC requirements for the 

UBM, each batch of samples (no.20) contained one blank, one reference material 

(BGS102), eleven unknown samples from which six unknown samples were 

performed in duplicates. For example, if the sample “570004” was chosen to be 

performed in duplicate, then it was additionally labelled for the stomach phase 

“570004 Dup STOM” and for the stomach and intestinal phase “570004 Dup 

STOM+INT”. An MS Excel template was assigned for each batch of samples where 

were recorded soil sample weights, pH values and the volumes of HCl and NaOH 

added to adjust the sample extract pH. Blank samples underwent the same process 

as the soil samples in order to check that there was no contamination of the 

digestive solutions from either the testing tubes or the reagents used in the 

procedure. 

However, depending on the level of analyst experience carrying out the UBM, the 

author recommends limiting 10 testing tubes (see Figure 3-16) per batch for 

beginners and to increase up to 20 testing tubes for more experienced staff.  
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Figure 3-16. Setting of the equipment and materials used for UBM extraction of soil 
samples at QUB laboratory. From left to right: pH meter, glass volumetric flasks 
(500mL) used to prepare inorganic and organic solutions, non-reactive screw-top 
Nalgene bottles (2L), rack holder of polypropylene testing tubes (50mL), scale.  

3.6.3.1 Gastric Digestion phase 

For each polycarbonate centrifuge tube: 

1. Add 0.4g of soil sample to 50mL centrifuge tube with screw top lid. 

2. Add 6mL of saliva (S) solution by pipette, cap the centrifuge tube, and quickly 

shake by hand for 10 seconds. 

3. Add 9mL of gastric (G) fluid by pipette.  

4. Check pH and adjust to 1.2±0.5 using 1M NaOH or 37% HCl and record all 

volumes of acid or base additions in the daily MS Excel spreadsheet. 

5. After adding S and G fluids, each individual sample was stored in the preheated 

laboratory oven at 37⁰C to maintain a stable temperature, while steps 1-4 were 

repeated for the rest of the samples from the same batch.   

6. When the preparation of all the samples was finished (steps 1-5), the tubes 

were securely placed in the end-over-end shaker in the preheated laboratory 

oven at 37⁰C and commenced the end-over-end mixing for 1 hour.  

7. After 1 hour, stop the G phase rotation, remove the tubes from the laboratory 

oven, check each sample's pH, and record the value in the MS Excel 

spreadsheet. If the pH is higher than 1.5, the respective sample will be 

discarded and re-extracted later. 

8. If the pH was ≤ 1.5, then the samples were centrifuged for 15 min at 4500g. 
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9. Collect 10mL of supernatant by pipette to a 15mL Sarstedt Polypropylene 

screw top centrifuge conical tube prelabelled with corresponding sample 

inventory and batch number.  

10. Acidify the extract by pipette with 0.2mL 67% HNO3 for sample preservation 

before ICP-MS analysis.  

3.6.3.2 Gastro-Intestinal Digestion phase 

While the samples from the Gastric (G) phase (step 5) were end-over-end rotated 

for one hour, commence the preparation of samples for the Gastro-Intestinal (GI) 

phase. The GI extraction was performed following the below steps:  

1. Follow steps 1-7 from the G phase.  

2. If the samples from after the G phase had pH values ≤1.5, add by pipette 

18mL of Duodenal (D) fluid.  

3. Add by pipette 6mL of Bile (B) fluid. 

4. Check pH and adjust if required to 6.3±0.5 using 1M NaOH or 37% HCl and 

record all volumes of acid or base additions in the daily MS Excel 

spreadsheet. 

5. After adding D and B fluids, each individual sample was stored in the 

preheated laboratory oven at 37⁰C to maintain a stable temperature, while 

steps 1-4 were repeated for the rest of the samples from the same batch.   

6. When the preparation of all the samples was finished (steps 1-5), the tubes 

were securely placed in the end-over-end rotator in the preheated 

laboratory oven at 37⁰C and commenced the end-over-end mixing for 4 

hours.  

7. After 4-hour end-over rotation, stop the GI phase, remove the samples, and 

record their pH.  

8. Centrifuge the samples for 15 min at 4500g.  

9. Extract 10mL of supernatant by pipette to a 15mL tube prelabelled with 

corresponding sample inventory and batch number.  

10. Acidify the extract by pipette with 0.2mL 67% HNO3 for sample 

preservation before ICP-MS analysis.  

3.7 UBM sample analysis 

PTE concentrations in the UBM extracts were analysed by ICP-MS using Rhodium 

as an internal standard at the Institute For Global Food Security (IGFS, QUB). The 
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ICP-MS bioaccessible results were provided in ugL-1 and were corrected and 

calculated to mg kg-1 of soil using Equation 2. During the calculation, several factors 

were considered: the soil sample weights (to two decimal places), the volumes of 

HCl and NaOH added to adjust the pH of the extracts, and the volumes of HNO3 

added to preserve the extracts prior to ICP-MS analysis.  

Equation 2. Calculation of bioaccessible concentrations (mg kg-1) 

𝐶b [𝑚𝑔 𝑘𝑔-1] = {𝐶e [𝜇𝑔 𝐿-1] x V x Df / W}/1000  (Eq.2) 

Where: 

Cb = bioaccessible concentration in the soil (mg kg-1) 

C = measured concentration of the contaminant e in the diluted extract solution 

(𝜇gL-1) 

V = volume of fluid used during extraction including any pH adjustments (mL) 

Df = Dilution factor applied to the extract solution prior to analysis (dilution 1 for 

the UBM extracts) 

W = total soil weight (0.4g). 

Trace element concentrations detected at or below the Limit of Detection (LOD) 

were reported as half the LOD.  However, when trace elements were detected in 

blanks, at or above the LOD, then these concentrations were subtracted from all 

samples in the respective batch.  

Using the PTE UBM bioaccessible concentrations and the total concentrations, 

Equation 3 was used to calculate the bioaccessible fraction (BAF) for both phases.  

Equation 3. Calculation of the Bioaccessible Fraction (%BAF) 

𝐵𝐴𝐹 [%] = 𝐶𝑏[𝑚𝑔 𝑘𝑔−1]/Te[𝑚𝑔 𝑘𝑔−1] x 100  (Eq.3) 

Where: 

Cb = bioaccessible concentration in the soil (mg kg-1) 

Te = total concentration of the contaminant e measured in the soil using XRFS 

method 



Chapter 3. Materials and Methods   

73 
  

To ensure a conservative approach for human health risk assessment, the final BAF 

results are reported as the highest bioaccessible concentration measured either in 

the gastric or gastro-intestinal phase. 

3.8 Data Quality analysis and validation of the UBM setting up at 

QUB 

Each batch of 20 tubes included one blank solution, one certified soil BGS102 

(Hamilton et al., 2015) and eleven unknown soil samples (of which six were 

extracted in duplicate).  

Bioaccessibility data from the BGS102 extracted in the QUB laboratory was used to 

assess the performance of UBM for elements of interest (As, Cr, Cu, Ni, Pb, V, and 

Zn) by calculating the percentage bias between the QUB measured results and 

results reported by Hamilton et al. (2015), using the formula in Equation 4.  

Equation 4. Bias 

𝐵𝑖𝑎𝑠(%) =
(�̄�BGS102 QUB (i)− 𝐵𝐺𝑆102(𝑖))

𝐵𝐺𝑆102(𝑖)
 x 100%  (Eq. 4) 

Where: 

(i) = PTE investigated. 

X̄ BGS102 QUB = is the mean of the bioaccessible concentrations (mg kg-1) for a 

particular PTE (i) measured in the BGS102 across all batches extracted in the QUB 

laboratory.  

BGS102 (i) = bioaccessibility concentration (mgkg-1) of a particular PTE (i) reported 

for the soil reference material. 

Duplicate samples were used to determine the precision of the UBM extraction 

through the measure of the Relative Standard Deviation, which was calculated 

using Equation 5: 

Equation 5. Relative Standard Deviation (RSD) 

𝑅𝑆𝐷(%) =
𝑆

�̄�
x 100  (Eq. 5) 

Where: 

S= the standard deviation of the unknown sample and its duplicate 
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x̄ = is the mean of the unknown sample and its duplicate 

3.8.1 BGS102 performance 

Hamilton et al. (2015) provide details of the bioaccessibility values measured at BGS 

for BGS102 for fifty-five elements. Data were produced over approximately 5 years 

and collected over a range of 60 separate analytical batches per element (Hamilton 

et al., 2015). The soil guidance material BGS102 has also been included in all sample 

batches used in an inter-laboratory trial of the UBM conducted across seven 

international laboratories (Wragg et al., 2011). The bioaccessible results were 

reported for arsenic, cadmium and lead and will be used for comparison with the 

findings of BGS102 in this study.  

The reproducibility of these measurements was recorded as relative standard 

deviation (RSD) for both gastric (STOM) and gastro-intestinal phases 

(STOM+INT).RSD for the gastric phase was reported as follows: 27 elements (Mg, 

Al, Si, P, Ca, Cr, Mn, Co, Ni, As, Rb, Sr, Y, Ba, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, 

Er, Tm, Yb) had RSD ≤10%; between 10 and 20% RSD for 10 elements (Li, K, V, Fe, 

Cu, Zn, Cd, Lu, Pb, U); and RSD ≥20% for 19 elements (Be, B, S, Ti, Ga, Se, Zr, Nb, 

Mo, Ag, Sn, Sb, Cs, Hf, Ta, W, Tl, Bi, Th). Only two elements (Mg, Rb) met the 

RSD≤10% criteria in the gastro-intestinal phase. This weak reproducibility is 

potentially due to the alkaline conditions of this phase, precipitating out the 

majority of elements (Hamilton et al., 2015). 

However, Hamilton et al. (2015) highlighted the necessity of further work on an 

inter-laboratory trial to increase confidence in the reported certified elements. 

Therefore, the validation of the UBM in QUB laboratory and the use of BGS102 

during the bioaccessibility extraction provides also additional research data for the 

verification of the reference values reported by Hamilton et al. (2015).  

Using the combined information from the inter-laboratory trial of the UBM (Wragg 

et al., 2011) and the bioaccessibility performance data of the soil guidance material 

at the BGS (Hamilton et al., 2015), the following RSD values are proposed for the 

bioaccessibility testing validation:  

• RSD ≤10% denotes good repeatability over evaluated measurements for 

the G phase, and wider tolerance was allowed for the GI phase of ≤20% 

(Hamilton et al., 2015; Palmer, 2015) 
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• RSD≤20% is acceptable repeatability and good reproducibility when 

comparing bioaccessibility data between laboratories (Wragg et al., 2011). 

• RSD >30% represents poor repeatability. 

3.8.1.1 Bias BGS102 

The performance of bioaccessible concentrations for the seven PTEs investigated in 

this study was determined by calculating the percentage bias using Equation 4. 

Figure 3-17 shows the percentage bias results, including gastric and gastro-

intestinal phases determined using the average bioaccessible values of elements 

measured in the BGS102 at QUB laboratory against the published values of BGS102 

(Hamilton et al., 2015).  

For the gastric phase Figure 3-17 (a), elements such as V (-1%) , Cr (5%) and Ni (5%) 

displayed good reproducibility (Bias ≤ 10%), while Cu, Zn, As, and Pb indicated 

acceptable performance (Bias ≤ 20%) of 11%, -15%, 16%, 10% respectively.  

Bioaccessibility data produced for the gastro-intestinal phase Figure 3-17 (b) 

indicated good performance for Ni (4%), while Cu (-11), Pb (-20), V(-12), and Zn(-

17) displayed acceptable reproducibility, and only two elements As, and Cr showed 

high Bias values of 21% and -33% respectively.  

a) b)  

Figure 3-17. Percentage Bias calculated for the bioaccessibility of elements 
measured in the BGS102 extracted at QUB compared to BGS102 standard. a) Gastric 
phase (STOM); b) Gastro-intestinal phase (STOM+INT). 

However, as shown in Table 3-1, the bioaccessibility values obtained for the BGS102 

extracted at the QUB laboratory are comparable with the concentrations of As and 

Pb reported in an inter-laboratory trial of the UBM conducted in seven international 

laboratories (Wragg et al., 2011). As well, in 2017, Mehta et al. (2020, 2019) 

performed the bioaccessibility extraction using the UBM from QUB laboratory 
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under the supervision of the author of this PhD thesis. The bioaccessibility test was 

completed in two different batches on soils collected from abandoned mine sites 

in Italy, and the BGS102 performance was published in Mehta et al. (2019) and 

outlined in Table 3-1. 

Table 3-1. Mean gastric (STOM) and gastro-intestinal (STOM+INT) bioaccessible 
concentrations (mg kg-1) measured in BGS102 soil guidance material in different 
laboratories.  

Ele

men

t 

Hamilton et al. 

(2015) 

(n=60) 

mg kg-1 

Wragg et al. (2011) 

(n=7) 

mg kg-1 

QUB Cocerva 

(2021) 

(n=10) 

mg kg-1 

QUB Mehta et al. (2019) 

(n=2) 

mg kg-1 

 STOM STOM 

INT 

STOM STOM 

INT 

STOM STOM 

INT 

STOM STOM 

INT 

As 3.90 3.3 4.52 5.38 4.53 3.99 3.17 2.54 

Cr 36.70 13.1 NA NA 38.63 8.82 35.76 6.19 

Cu 8.60 8.7 NA NA 7.63 7.71 8.66 NA 

Ni 13 10.5 NA NA 13.69 10.92 12.70 9.86 

Pb 15.30 1.9 12.80 3.11 16.76 1.53 15.35 NA 

V 6.10 3.4 NA NA 6.04 2.98 6.67 2.23 

Zn 41.3 9.5 NA NA 35.01 7.88 NA NA 

 

3.8.1.2 Relative Standard Deviation for BGS102 

The precision of the UBM extraction at QUB has been verified by comparison with 

the RSD reported for BGS102 (Hamilton et al., 2015) and data reported in an inter-

laboratory trial (Wragg et al. 2011). Table 3-2 shows that at QUB for the gastric 

phase, all investigated elements displayed an RSD of < 20%, which is in good 

agreement with RSD values reported for the standard BGS102. The inter-laboratory 

trial (Wragg et al.,2011) reported higher RSD for As (28%) and Pb (46%), indicating 

higher variability between laboratories.  

The gastro-intestinal phase at QUB demonstrated good reproducibility for As (5%) 

and acceptable agreement for Cu (17%) and Ni (12%) compared with certified 

values reported for BGS102. Four elements, Cr (46%), Pb (129%), V (39%) and Zn 

(45%), did not meet the repeatability criteria as the RSD was >20%. However, 

Hamilton et al. (2015) also reported low repeatability for Cu (22%), Pb (23%), and 

Zn (25%), while the inter-laboratory trial (Wragg et al.,2011) showed weak RSD for 

As (44%) and Pb (141%).  
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Table 3-2. Mean bioaccessible concentrations (mg kg-1) for the BGS102 soil 
reference material extracted at the BGS and QUB laboratory, standard deviation, 
percentage relative standard deviation and bias for the elements arsenic (As), 
chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), vanadium (V), and zinc (Zn). 

STOM STOM+INT 

Ele

men

t 

S.D 

QUB 

(n=10) 

%RSD 

QUB 

(n=10) 

%RSD 

Hamilton 

et al. 

(2015) 

(n=60) 

%RSD 

Wragg 

et al. 

(2011) 

(n=7) 

 

S.D 

QUB 

(n=10) 

%RSD 

QUB 

(n=10) 

%RSD 

Hamilton 

et al. 

(2015) 

(n=60) 

%RSD 

Wragg 

et al. 

(2011) 

(n=7) 

 

As 0.70 16 9 28 0.20 5 12 44 

Cr 5.06 13 7 NA 1.16 46 18 NA 

Cu 1.17 15 12 NA 1.08 17 22 NA 

Ni 1.45 11 10 NA 1.26 12 11 NA 

Pb 2.72 16 19 46 1.97 129 23 141 

V 1.08 18 15 NA 1.16 39 14 NA 

Zn 3.87 11 11 NA 3.36 45 25 NA 

 

The slightly higher uncertainty values associated with the performance of BGS102 

within this thesis are thought to be due to the reduced number of UBM extraction 

data points n=10, compared to Hamilton et al. (2015), where the study was 

performed on approximately 60 measurements. However, the comparison of the 

BGS102 bioaccessibility results extracted at QUB with the values reported in the 

inter-laboratory trial (Wragg et al.,2011) indicates that the variability in data for 

BGS102 reported at different laboratories may be due to several factors such as the 

necessity of high purity reagents used to prepare extraction fluids,  soil to solution 

ratio, different extraction procedures, and pH (Wragg et al.,2011; Oomen et al., 

2003). The most important influencing factor on the variability of the 

bioaccessibility results reported for the BGS102 across different laboratories is 

probably related to the wide pH tolerance (Wragg et al.,2011).   

3.8.2 Duplicate performance of unknown soil samples 

The performance and accuracy of the UBM extraction performed in QUB laboratory 

were finally checked by calculating the RSD for the six unknown samples extracted 

in duplicate during each batch.  
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Table 3-3 shows the RSD calculated for 28 samples performed in duplicate for the 

seven PTEs investigated in this study. The gastric phase showed good repeatability 

criteria of RSD ≤10% for all elements while the gastro-intestinal phase performed 

well for four elements As (6%), Cu (10%), Ni (10%), and V (10%), while Cr (16%), Pb 

(14%), and Zn (19%) displayed an acceptable performance. However, the alkaline 

conditions in the gastro-intestinal phase may precipitate some of the elements, and 

this effect has been reflected in the RSD values reported in other studies of Wragg 

et al. (2011),  Hamilton et al. (2015), Mehta et al. (2020, 2019).  

The performance of duplicates shown in Table 3-3 demonstrates that UBM at QUB 

laboratory has been set up correctly, validated against the bioaccessible values for 

elements published in other studies (Wragg et al., 2011;  Hamilton et al., 2015), and 

that soil samples were correctly homogenised and prepared (Section 3.3.2.1) prior 

the bioaccessibility extraction.  

Table 3-3. Mean relative standard deviation for unknown samples performed in 
duplicates during UBM extraction for gastric (STOM) and gastro-intestinal 

(STOM+INT) phases. “✓✓” denotes elements with ≤10% RSD, “✓” 10–20% RSD 
(Wragg et al., 2011; Hamilton et al., 2015).  

Element Measurements %RSD 

STOM 

Accept 

based on 

RSD? 

%RSD 

STOM+INT 

Accept 

based on 

RSD? 

As 28 3 ✓✓ 6 ✓✓ 

Cr 28 4 ✓✓ 16 ✓ 

Cu 28 4 ✓✓ 10 ✓✓ 

Ni 28 4 ✓✓ 10 ✓✓ 

Pb 28 5 ✓✓ 14 ✓ 

V 28 4 ✓✓ 10 ✓✓ 

Zn 28 5 ✓✓ 19 ✓ 

 

3.9 CISED extraction 

A non-specific sequential extraction with Chemometric Identification of Substrates 

and Element Distributions (CISED) was used in this research work to assess metal 

partitioning in soil samples. The advantages of this method are multiple but not 

limited to: (1) no extraction reagent is considered to be completely specific to its 

target phase, resulting in the use of a non-specific reagent at increasing 
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concentrations, (2) limiting the re-adsorption and re-distribution of elements 

among phases; therefore each solution will contain different proportions of the 

component in the respective soil sample, (3) all the elements are dissolved 

congruently within any given physico-chemical component (Cave et al., 2004).  

3.9.1 CISED extraction steps 

Approximately 2 g of <250um soil was accurately weighed into a 50mL 

Polypropylene centrifuge tube. 10mL of extraction solution containing 0 to 5 M 

HNO3 (Table 3-4) was then added. Samples were mixed for 10 minutes using a 

Heidolph Multi Reax shaker with a carousel attachment for 12 test tubes, after 

which samples were centrifuged for 5 min. The extraction solution was then 

recovered using a pipette, filtered with a 0.45 μm 25 mm nylon syringe filter and 

diluted four times with 1% HNO3.  Extracted solutions were stored in a clean 15mL 

Sarstedt Polypropylene centrifuge tube prelabelled with corresponding sample 

inventory at 4⁰C before analysis. This process was then repeated sequentially for 

the soil pellet with the increasing strengths of HNO3 extraction solution used twice 

(as shown in Table 3-4) until 14 extracts (10mL) were processed.   

The extractant solutions used in this method were deionised water, HNO3, H2O2 and 

their concentrations are shown in Table 3-4. In the last eight extractions (E7 to E14 

), H2O2 was added at increasing amounts (before making up to 10mL volume) to 

accelerate degradation of the organic matter and enhance the dissociation of the 

Fe-Mn oxides (Filgueiras et al., 2002; Cave et al., 2004).   

Each 10mL sequential solution from the CISED test was analysed for both major (Ca, 

Fe, K, Mg, Mn, Na, S, Si, P) and trace (Al, As, Ba, Cd, Co, Cr, Cu, Hg, Li, Mo, Ni, Pb, 

Sb, Se, Sr, V, Zn) elements using an Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS, NexION® 350D ICP-MS, Perkin Elmer). The ICP-MS was calibrated using a 

mixture of both major and trace elements mentioned above, and extracts were 

spiked with four internal standards: Sc, Ge, Rh, and Bi.  

For data quality control, blank solutions and soil reference material (BGS102) were 

included during the extraction.  
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Table 3-4. Sequential extraction steps. M: molar, HNO3: nitric acid, H2O2: hydrogen 
peroxide 

Extraction 

number 

Solution 

number 

Concentration 

(M) 

Deionised 

water 

(mL) 

Volume 

HNO3 

(mL) 

Volume 

H2O2 

(mL) 

Total 

volume 

(mL) 

E1-E2 1 0.00 10.0 0.00 0.00 10.00 

E3-E4 2 0.01 0.00 10.00 0.00 10.00 

E5-E6 3 0.05 0.00 10.00 0.00 10.00 

E7-E8 4 0.10 0.00 9.75 0.25 10.00 

E9-E10 5 0.50 0.00 9.50 0.50 10.00 

E11-E12 6 1.00 0.00 9.25 0.75 10.00 

E13-E14 7 5.00 0.00 9.00 1.00 10.00 

 

3.9.2 Modelling 

The solid phase distribution of heavy metals and metalloids was processed in 

MATLAB (MATLAB® Version R2015a) using a self-modelling mixture resolution 

(SMMR) algorithm developed by Cave et al. (2004). The algorithm output is based 

on three main data matrices identified as profile (PRF), distribution (DST), and 

composition (CMP). The PRF shows the overall amount (mg/kg) of each modelled 

soil component (e.g., Na-Si, Ca, Al-Fe-Si, Fe-Al-Mg) in all individual 14 extractions. 

The DST output provides information about each element's concentrations (mg kg-

1) in the identified soil components, while the CMP represents the proportion of 

element (%). Using the PRF and DST data, the single element concentration (mg kg-

1) was then calculated.  

The final output of the MATLAB® algorithm, containing modelled soil components 

and element distribution data, were then visualised as a heatmap produced in 

RStudio as previously described by Wragg et al. (2014); Cox et al. (2013); Cipullo et 

al. (2018); Mehta et al. (2019, 2020); Tardif et al. (2019).  Briefly, CMP data of each 

element (%) and the PRF of each soil sample (mg kg-1) were arranged in a data 

matrix and imported in R studio. The hierarchical clustering used for the heatmap 

was produced using mean centred data and scaled with Euclidean distance and 

linkage using Wards’ method (Ward., 1963) and the “Agnes” function in the cluster 

package (Maechler et al., 2016) from R studio (Version 1.2.5033, ©2009-2019 

RStudio, Inc.).    
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The clustering results were plotted to create the heatmap using the following 

packages ggplot2, reshape2, grid, and ggdendro (Wickham, 2007; Kahle and 

Wickham, 2013).  

The heatmap is presented in Chapter 6, where it shows the CISED results for all soil 

samples. The hierarchical clustering combined with chemical profile and solution 

extraction data were used to classify the components into six unique soil phases: 

pore water, carbonates, site-specific component, clay related, intergrown Fe oxide 

with clay, and Fe oxide.  

3.10 Statistical and spatial analysis 

All data employed throughout this research work was initially visualised, 

rearranged where necessary, explored and statistically analysed using Microsoft 

Excel 2016 (Microsoft, 2016). Spatial and statistical trends were identified through 

the maps created by the author using the ArcGIS software ArcMap version 10.4.1 

(ESRI, 2016). Most statistical analyses and statistical outputs were produced using 

the R software version 1.2.5033 (R Core Team, 2019). The solid phase distribution 

of heavy metals and metalloids was processed in MATLAB® Version R2015a 

(MATLAB®, 2015).  

3.10.1 Statistical analysis 

3.10.1.1 Normality 

The normal distribution of data (also known as Gaussian distribution) is a bell-

shaped curve that is defined by the mean and standard deviation of the dataset 

(LIMPERT et al., 2009). When the data present outliers causing strongly right skews, 

the data are log-transformed (Filzmoser et al., 2009). If the log transformation 

results follow the normal distribution, then data are assumed to be log-normal 

(Reimann et al., 2008). A normal approach to test the normality of the data is using 

a histogram to compare if this follows a normal probability curve. Examples of 

histograms of using raw (untransformed) data and log-transformed data were used 

in Chapter 4 to characterise the normal distribution of the Tellus data for the 

investigated PTEs. As well, Q-Q (quantile-quantile) plots were produced and 

presented in Chapter 4 to plot the theoretical distributions by plotting their 

quantiles against each other (Thode, 2002). The Q-Q outputs allowed the 

identification of any skewness in the data or the presence of multiple “kinks” that 

represent different populations within data. 
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3.10.1.2 Linear Regression  

Linear regression aims to determine the relationship between two variables by 

fitting a linear equation to observed data. One variable is an explanatory variable, 

and the other is considered a dependent variable. For example, in this study, we 

want to relate the total concentrations of PTEs to their bioaccessibility 

concentrations using a linear regression model.  

A modeller should first determine whether there is a relation between the variables 

of interest before fitting a linear model to observed data. This does not necessarily 

imply that one variable causes the other but that there is some significant 

association between the two variables. A scatterplot can be a helpful tool to 

determine the strength of the relationship between two variables. A linear 

regression line has an equation of the form: 

Y = a + bX (Eq. 6) 

Equation 6. The equation for the Linear Regression line. 

Where: 

“X” is the explanatory variable 

“Y” is the dependent variable 

“b” is the slope of the line  

“a” is the intercept.  

3.10.1.3 Pearson Correlation Coefficient 

Pearson correlations were performed to identify associations between variables 

and determine how are they related.  

The numerical measure of association between two variables is called correlation 

coefficient labelled “r”, reflecting the degree of linearity. This produces a value that 

ranges from -1, which indicates a perfect negative correlation and +1, indicating a 

positive correlation between two variables.  Correlations were performed between 

total and bioaccessible PTE to identify the relationship between these two 

variables, as well as between different PTEs to determine any associations. Results 

of correlation analysis are presented in Chapters 5 and 7.  
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3.10.1.4 Coefficient of Determination 

The coefficient of determination or R squared (R2) measures how good one variable 

is a predictor of the second variable. It is represented as the percentage of variation 

explained by the relationship between two variables.  

In this research work (Chapter 4 and 7), R2 was calculated to determine how the 

total concentration of a PTE can be a good predictor for the Bioaccessibility of this 

specific PTE. The coefficient of determination produces a value from 0 to 100%, 

where the highest R2 is, then the better is the prediction. For example, an R2 = 0.81 

means the relationship between the two variables explains 81% of the data 

variation. However, it is important to retain that R2 can be influenced by the outlier 

values highlighted in Chapter 4 when scatterplots were used to determine the 

relationship between total and its PTE bioaccessible concentrations.  

3.10.2 Compositional data 

Tellus geochemical data used in this study is compositional in nature. This means 

that all elements analysed in a sample depend on the concentrations of other 

elements that are typically reported in mg kg-1 or parts per million. Therefore, no 

element concentration is independent of other elements, and Reimann et al. (2012) 

suggest “opening” the data before the multivariate statistical analysis. Three 

common used methods applied to transform data appropriately are the centred 

log-ratio (clr) transformation, additive log-ratio (alr) transformation and the 

isometric log-ratio (ilr) transformation (Reimann et al., 2008). 

The compositional data within this research work was transformed using the clr 

transformation before the multivariate data analysis because it was identified as an 

appropriate method to retain a direct relationship with the original values 

(Reimann et al., 2008). The clr transformation uses the geometric mean to divide 

all elements calculated before completing a log transformation (Aitchison, 1982) 

and allows the retention of the relationship with the dataset's original variables. 

This transformation was performed in R using the function within robCompositions 

package (Templ et al., 2020).  

3.10.2.1 Cluster Analysis 

Cluster analysis has been used in this study to split data under investigation into a 

number of groups (clusters) that show similarities in terms of characteristics and 

behaviour. This technique uses the distance measured between observations to 
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determine the number of groups present in the dataset. According to Reimann et 

al. (2008), “a good cluster outcome will have the samples within a cluster as similar 

as possible while the differences between clusters have to be as large as possible”. 

The cluster analysis produced in Chapters 4, 5, 6 and 7 used the Ward method 

(Ward, 1963) to determine the hierarchical clusters of the dataset and h-clust 

function from the base R stats-package was used for partitional cluster analysis, 

which elucidated the main controls over PTE concentrations.  

3.10.2.2 Principal Component Analysis PCA 

Principal Component Analysis is a multivariate statistical method used to visualise 

large datasets where several variables are present. It simplifies the dataset’s 

interpretation with large numbers of variables and reduces the number of 

important components (Reimann et al., 2007). PCA method plots geochemical data 

in multivariate space, and it captures the direction of the maximum variability. The 

axis becomes Principal Component (PC), which explains most of the variability, and 

the next PC describes the highest amount of the remaining variance (Reimann et 

al., 2008).  The typical visual representation of the PCs is the biplot, which 

simultaneously contains the PCs' scores and loadings. The scores define the 

relationship between each of the observations and the PCs. In contrast, the loading 

describes the interaction between the original variables and the PCs (Reimann et 

al., 2008).  

Examples of the PCA biplots can be found in Chapters 5 and 7, where they provide 

information on the PTEs with the most considerable variation between samples 

and, therefore, influence the principal components. The position and distance 

between variables show how they correlate, while their distance in the direction of 

the PCs shows their influence on that PC. For example, PTEs highly expressed in 

some samples and not expressed in others will have a lot of variation and influence 

on the PCs, while PTEs with similar transcription patterns will cluster together. 

The interpretation of the PCA data can be supplement by creating maps with PCs 

scores. This spatial representation allows visualising of PC distributions across the 

study area.  

3.10.2.3 Box and whisker plots  

Boxplots have been used in this study to summarise the distribution of data. The 

boxes of these plots provide information about the median values and the 25th and 
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75th percentile, while the whiskers extend by 1.5 times length from the box 

towards minimum or maximum values. Any values beyond the whiskers are 

classified as outliers (Reimann et al., 2008).  

Boxplots in this study were created using the ‘boxplot’ function from the base R 

graphics package, and examples of this analysis can be located in Chapters 4, 5, 6 

and 7.  

 

3.10.2.4 Heatmaps 

A heatmap is a data visualisation technique representing the values of various 

components in a variety of samples using intensity of colour. Hierarchical clustering 

can be used to group samples or components, allowing data clusters or variations 

over a dataset to be easily visualised.  The heatmaps used throughout this study 

were created using Ward method (Ward., 1963) and ggplot2, reshape2, grid, and 

ggdendro packages (Wickham, 2007; Kahle and Wickham, 2013).  

One example of a heatmap is provided in Chapter 5, where the BAF data of the 7 

PTEs investigated is presented according to the geology and development zones. 

The second example of a heatmap is presented in Chapter 6 for the CISED data, and 

it was described in more detail in section 3.9.2.  

3.11 Summary  

This chapter presented the materials, statistical techniques and software used 

throughout this thesis. It presents and discusses the modification made to the UBM 

and validation completed in the QUB laboratory. Details about the study area, 

including geology, development zone and Tellus geochemical data for the 

investigated PTEs, are also provided. The combination of this information will 

represent the main tools in the subsequent chapters to investigate the controlling 

factors over PTEs bioaccessibility. However, specific methods, techniques and study 

area used to identify the most appropriate soil sampling techniques for 

bioaccessibility testing are presented in Chapter 7. 
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Chapter 4:  Oral Bioaccessibility of PTEs across 

Urban Area of Belfast 

4.1 Introduction 

Previous research work (McIlwaine et al., 2017) conducted in the urban area of 

Belfast found elevated concentrations of PTEs which are controlled by a 

combination of geogenic and anthropogenic sources. At some locations, total PTEs 

exceed the threshold values (Nathanail et al., 2015) designed to characterise the 

health risks associated with exposure to contaminated land, which in most cases 

assume that contaminants are 100% bioavailable to humans. The most common 

exposure pathway is the soil ingestion scenario. Therefore, for an accurate human 

health risk assessment, it should be accounted the PTE fraction that is dissolved and 

absorbed in the body (bioavailable fraction) and not its total concentrations. The in 

vitro bioaccessibility testing is currently applied to measure the contaminant 

fraction dissolved in the simulated human digestive system (oral bioaccessible 

fraction) and give a conservative bioavailability estimation (Denys et al., 2012).  

Across Northern Ireland, extensive oral bioaccessibility studies of PTEs have been 

undertaken in rural environments, but fewer were completed in urban areas. This 

work which comprises a number of 103 Tellus soil samples collected from the 

metropolitan area of Belfast (Appendix A 4.1), builds on previous bioaccessibility 

research works completed in rural areas of Northern Ireland (Barsby et al., 2012 (n= 

91 samples) and Palmer, 2015 (n= 54 samples)). The urban subset data are 

compared with total and bioaccessible concentrations of PTEs observed in rural 

areas to see how the PTEs bioaccessibility in Belfast differs from across the rest of 

Northern Ireland. 

This chapter starts by presenting a summary statistic of total and UBM results of 

103 Tellus soil samples for As, Cr, Cu, Ni, Pb, V, and Zn in soils within the urban area 

of Belfast (Table 4-1, Table 4-15). For all 7 PTEs, the total concentrations in the study 

subset (n=103) were observed to be higher than the full urban dataset (n=1166), 

reflecting the fact that study subset incorporates a number of samples with 

elevated concentrations that were specifically selected to allow an assessment of 

any potential risks that PTEs in soil may pose to humans.   
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Boxplots of individual PTEs for the G and GI phase (Bioaccessibility (mg kg-1) and 

BAF (%) are illustrated in Figure 4-1; Figure 4-6; Figure 4-11; Figure 4-21; Figure 

4-16; Figure 4-26; Figure 4-31. The highest oral bioaccessible concentrations for all 

PTEs occurred in the G phase, while the BAF of the two samples presented higher 

values for As and Cr in the GI phase. Therefore, the G phase data will be illustrated 

for all PTEs in accordance with the best practice to ensure human health risk 

assessment is not underestimated. The PTEs maximum BAF values across urban 

area of Belfast decreased in the order of Pb (106.2%) > As (86.9%) > Zn (77.5%) > 

Cu (67.83%) > Ni (46.3%) > V (23.85%) > Cr (5.9%). This is followed by probability 

distributions for the raw and logarithmically transformed data sets for total and 

bioaccessible concentrations Figure 4-2; Figure 4-3; Figure 4-7; Figure 4-8; Figure 

4-12; Figure 4-13; Figure 4-22; Figure 4-23; Figure 4-17; Figure 4-18; Figure 4-27; 

Figure 4-28; Figure 4-32; Figure 4-33.  

Coefficient of determination R-squared (R2) was calculated to determine how one 

variable can be a predictor of the second one. The results have been represented 

as scatterplots in Figure 4-4; Figure 4-9; Figure 4-14; Figure 4-24; Figure 4-19; Figure 

4-29; Figure 4-34. These findings are followed by maps showing the spatial 

distribution of total and bioaccessible concentrations of As, Cr, Cu, Ni, Pb, V, and Zn 

across urban area of Belfast in Figure 4-5; Figure 4-10; Figure 4-15; Figure 4-25; 

Figure 4-20; Figure 4-30; Figure 4-35.  

This chapter provides an initial understanding of the distribution of bioaccessible 

PTEs within Belfast soils and how these are similar and/or different from other 

settings. As well, these outcomes will allow further investigation into potential 

sources of PTEs contamination in subsequent chapters. 

4.2 Oral bioaccessibility results 

4.2.1 Arsenic 

Comparison of total As measured by XRFS from the Tellus full rural dataset (n=6862) 

with total As from the full urban database (n=1166) (Table 4-1) shows that overall 

urban As concentrations are higher than total As concentration from rural areas. 

The median and mean concentrations in rural areas are 8.7 (median) and 10.28 

(mean) mg kg-1, while in urban area they are 12.7 (median) and 16.7 (mean) mg kg-

1, respectively. This indicates a potential anthropogenic contribution to total arsenic 

present in urban soils. Within the urban data subset, total As concentrations range 
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between 1.2 and 65.9 mg kg-1 with median and mean values of 12.7 and 16.7 mg 

kg-1, respectively (Table 4-1).  

 Total mg kg-1 

 

As 

Full  

Rural dataset 

n= 6862 

1Rural  

Study subset 

n=91 

Full  

Urban dataset 

n=1166 

3Urban  

Study subset 

n=103 

Min   1.20 1.20 

25%ile 6.50 6.02 8.20 9.10 

Median 8.70 8.30 10.10 12.70 

Mean 10.28 10.24 11.20 16.70 

75%ile 11.70 11.28 12.60 18.75 

Max   65.90 65.90 

Table 4-1. Statistical summary of total As concentrations (mg/kg) for Tellus Rural 
dataset 1 (Barsby et al., 2012) and Urban dataset. 

The As bioaccessible concentrations in urban area of Belfast were broadly similar 

for G and GI phases (Table 4-2 and Figure 4-1 a).  They ranged from 0.30 mg kg-1 to 

34.90 mg kg-1 (G) and from 0.10 to 22.80 mg kg-1 (GI) with a median concentration 

of 2.20 (median G) and 2.30 (median GI) mg kg-1.  Mean As bioaccessibility for rural 

soils in Northern Ireland measured by Palmer, 2015 were 0.91 for G and 1.11 mg 

kg-1 for GI phase, while Barsby et al. (2012) found mean values of bioaccessible 

arsenic of 1.79 (G) and 1.55 (GI) mg kg-1. In the current study, the mean values are 

approximately three times higher than in rural areas, with 4.32 mg kg-1 measured 

in the G phase and 3.80 mg kg-1 for the GI phase (Table 4-2). The reason for the 

increase in bioaccessibility in the urban dataset compared with the rural dataset 

will be investigated further by considering bedrock geology and land use in 

subsequent chapters. 

However, the median of bioaccessible arsenic measured in Belfast metropolitan 

area, which is 2.20 mg kg-1 (G), was found to be lower compared to other 

anthropogenically contaminated cities across the UK such as Glasgow, 

Northampton, London, and Swansea, where the medians for bioaccessible As are 

2.5 mg kg-1, 2.9 mg kg-1, 5.9 mg kg-1, and 42 mg kg-1 respectively (Appleton et al., 

2012).   
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Table 4-2. Statistical summary of As for bioaccessible concentrations (mg kg-1) 
and BAF (%) G and G-I phase for rural Tellus Rural dataset 1 Barsby et al., 2012, 
2Palmer, 2015, and 3Urban dataset. 

Bioaccessible fraction (%BAF) values of As were generally higher in the G phase than 

GI phase (Table 4-2 and Figure 4-1 b).  One single anomaly was found in the dataset 

for the sample 570638 (See Appendix A 4.1), located close to Belfast's docklands 

area with a BAF of 81.3% in the G and 88.1% in the GI phase. This sample had the 

highest GI BAF in the study dataset and perhaps reflected a specific anthropogenic 

source. Hamilton et al. (2015) reported that arsenic, once released into the UBM 

solutions, didn’t tend to precipitate as other PTEs do, and it remains soluble even 

at higher pH conditions by forming anion species.  

However, the median and mean of As BAF are higher in the G phase 18.2% (median) 

and 21.9% (mean), respectively, while in the GI they are 17.5 (median) and 

19.8%(mean), respectively.  

The UBM protocol recommends reporting the highest BAF values measured either 

in the G or GI phase to ensure that assessment of human health risks is not 

underestimated. All other measurements were highest in the G phase; therefore, 

data from the G digestion will be illustrated for the rest of the study. 

a)  b)  

 Bioaccessible mg kg-1 %BAF 

 

As 

1Rural  

G 

n=91 

1Rural 

GI 

n=91 

2Rural  

G 

n=54 

2Rural 

GI 

n=54 

3Urban 

G 

n=103 

3Urban 

GI 

n=103 

3Urban 

G 

 

3Urban 

GI 

Min   0.19  0.20  0.30 0.10 8.00 5.30 

25%ile 0.64 0.59   1.23 1.20 14.51 12.90 

Median 1.09 1.01 0.67 0.86 2.20 2.30 18.21 17.50 

Mean 1.79 1.55 0.91 1.11 4.32 3.80 21.93 19.80 

75%ile 1.55 1.31   3.69 4.00 25.22 24.20 

Max   2.90  3.41  34.90 22.80 86.91 88.10 



Chapter 4. Oral Bioaccessibility of PTEs across Urban Area of Belfast  

90 
  

Figure 4-1. Boxplots for As Log Bioaccessibility concentration (a) and %BAF (b) in 
Gastric (G) and Gastro-Intestinal (GI) UBM extracts.  

The frequency plots for raw data (Figure 4-2a) show that both distributions for total 

arsenic concentrations and bioaccessible concentration (G phase) have a right 

skew, with a tail of higher concentrations (however, this is more pronounced for 

the bioaccessible data).  More than half of the samples have total concentrations 

of As between 1 and 30 mg kg-1, while the bioaccessible concentrations express the 

same tendency where most of the samples have bioaccessible concentrations 

between 0.3-10 mg kg-1.  Similarly, both Q-Q plots (Figure 4-2 b) show that the data 

are right-skewed, which is more obvious again for the bioaccessible data. This 

suggests a significant anthropogenic input causing a higher frequency of high 

contamination in some samples.  Non-normal distributions have also been reported 

in a previous study completed in rural areas in Northern Ireland (Barsby et al., 2012) 

where As displayed a left-skewed convex shape with both high values and low 

values ends falling below the diagonal line.  

a)  b)  

Figure 4-2. Frequency plots and normal probability plots for (a) total and (b) 
bioaccessible Arsenic concentrations, Gastric phase (n=103, units in mg kg-1) 

In order to reduce the skewness, the original data has been log-transformed. The 

results for the frequency distribution plot (Figure 4-3 a) show that total As log-

transformed data are much closer to a normal distribution, while log-transformed 

bioaccessible concentration data still shows a right skew. This indicates that the 

samples with higher total concentration also have a much greater BAF, causing their 

bioaccessible concentration to be significantly increased. 
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a)  b)  

Figure 4-3. Frequency plots and normal probability plots for log-transformed (a) 
total and (b) bioaccessible Arsenic concentrations, Gastric phase (n=103, units in mg 
kg-1) 

Total arsenic shows a good linear relationship with its respective bioaccessible 

concentration (Figure 4-4). The coefficient of determination R2 is 0.71, suggesting 

that the bioaccessibility of arsenic is predominantly controlled by total 

concentration.  Therefore, if the study dataset presents multiple sources of As, 

most of these appear to contribute approximately equally to bioaccessible As.  

However, a few samples (circled in Figure 4-4) clearly deviate from this trend.   

The high bioaccessibility points numbered 1, 2, 3, and 4 may be regarded as outliers 

and are also localised on the map (Figure 4-5), showing that these samples may 

coincide with anthropogenic sources within the study area. 

 

Figure 4-4. Plot of Arsenic total concentration versus Arsenic Gastric bioaccessible 
concentrations (mg kg -1) 

Figure 4-5 shows the bioaccessible distribution of arsenic across urban area of 

Belfast. The low bioaccessible values are represented as green circles, which appear 

throughout the study area, while the highest bioaccessible concentrations appear 

1 

2

3
4

y = 0.3694x - 1.8517 

R² = 0.7187 
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as orange and red circles.  The maximum level of bioaccessible arsenic is observed 

near Carrickfergus in the proximity of “AES Kilroot Power Station” on the north 

shore of Belfast Lough (appears as Point “1” on Figure 4-4Figure 4-5). Risks from 

oral As exposure may also exist near Glengormley, located in the western part of 

the study area (point “2”). In the city centre of Belfast and docklands area, a group 

of several samples (points “3 and 4”) can be observed with high bioaccessible 

concentrations that coincide with the development zone associated with elevated 

total As identified by McIlwaine et al. (2017). A few samples with high levels of 

bioaccessible arsenic were observed in Lisburn city located in the South part of the 

study area, where one sample is located in the proximity of “The Wallace High 

School Preparatory Department” (~111m away from the sample location).    

 

Figure 4-5. Map showing Spatial distribution of As bioaccessible concentration (mg 
kg -1), Gastric phase, across urban area of Belfast 

4.2.2 Chromium 

Table 4-3 shows that overall Cr soil concentrations are higher in urban areas than 

in rural areas. The median and mean values are 94.1 and 139.43 mg kg-1 in rural and 

164.3 and 181.0 mg kg-1 in urban areas. The higher concentrations measured in 

urban area might indicate a potential anthropogenic contribution to total Cr 

contamination, but also the prevalence of basalts in the study area will have an 

effect. 

Within the urban study subset, chromium ranged from 93.90mg kg-1 to 826.90 mg 

kg-1 with mean and median concentrations of 249.42 and 207.1 mg kg-1, respectively 

(Table 4-3). These values are much higher than the full urban dataset, reflecting 

1 

2

4
3
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that the study subset incorporates several samples with elevated concentrations 

that were explicitly selected to assess any potential risks that Cr in soil may pose to 

humans.  

Table 4-3. Statistical summary of total Cr concentrations (mg kg-1) for rural Tellus 
Rural dataset 1 (Barsby et al., 2012) and Urban dataset. 

Chromium bioaccessibility was the lowest among the other PTEs investigated in this 

study. The values for Cr in the G phase ranged from 0.88 mg kg-1 to 31.46 mg kg-1, 

which were higher than bioaccessible Cr measured in the GI phase 0.1 mg kg-1 to 

22.8 mg kg-1 with a median of 3.49 mg kg-1 (G) and 1.70 mg kg-1 (GI).  Mean Cr 

bioaccessibility measured in rural soils in Northern Ireland were 1.01 mg kg-1  (G), 

0.95 mg kg-1 (GI) (Palmer, 2015) and  1.79 mg kg-1  (G) and 1.21 mg kg-1 (GI) mg kg-1 

(Barsby et al., 2012) while in the current study the mean values are approximately 

three times higher of 4.51 mg kg-1  for G and 2.84 mg kg-1 for the GI phase (Table 4-4 

and Figure 4-6 a). This difference may indicate that other factors can influence 

chromium bioaccessibility in urban areas compared to rural areas.  However, this 

will be investigated further in subsequent chapters by considering bedrock geology 

and land use.   

 Total mg kg-1 

 

Cr 

Full  

rural dataset 

n=6862 

1Rural  

Study subset 

n=91 

Full  

urban dataset 

n=1166 

Urban  

Study subset 

n=103 

Min   37.5 93.9 

25%ile 56.7 67.85 115.9 157.4 

Median 94.1 96.6 164.3 207.1 

Mean 139.43 133.49 181.0 249.4 

75%ile 161.0 166.95 221.3 296.2 

Max   826.9 826.9 

 Bioaccessible mg kg-1 %BAF 

 

Cr 

1Rural  

G 

n=91 

1Rural 

GI 

n=91 

2Rural  

G 

n=54 

2Rural 

GI 

n=54 

3Urban 

G 

n=103 

3Urban 

GI 

n=103 

3Urban 

G 

 

3Urban 

GI 

Min   0.00  0.00  0.88 0.1 0.45 0.01 

25%ile 0.73 0.57   2.14 0.95 1.1 0.52 

Median 1.20 0.85 0.68  0.74  3.49 1.7 1.54 0.84 

Mean 1.79 1.21 1.01  0.95  4.51 2.842 1.77 1.21 

75%ile 2.24 1.68   4.74 3.15 2.01 1.36 
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Table 4-4. Statistical summary of Cr bioaccessible concentrations (mg kg-1) and BAF 
(%) in G and G-I phases for rural Tellus Rural dataset 1Barsby et al., 2012, 2Palmer, 
2015, and  3Urban dataset. 

The BAF values measured in the G phase ranged from 0.45% to 5.92%, while in the 

GI phase, BAF values were between 0.01% and 11.43%, indicating a low solubility 

of Cr in the digestive solutions. As in the case of arsenic, one single anomaly was 

found in the Cr bioaccessible dataset for the sample 570695 (See Appendix A 4.1) 

located close to the docklands area of Belfast, which had a BAF of 11.4% in the GI 

phase and 2% in the G phase and 14.1 mg kg-1 (GI).  

However, in all other samples, the BAF in the G phase was greater than the GI phase 

(Figure 4-6 b). The mean and median of Cr BAF in the G phase were 1.77% and 

1.54%, while in the GI, they are 1.21% and 0.84%, respectively. Therefore, data from 

the G digestion will be illustrated for the rest of the study. The Cr BAF measured in 

Belfast metropolitan area is approximately three times less (1.77% mean and 1.54% 

median) when comparing with the Cr BAF measured in Glasgow, where the mean 

and median for the Gastric phase were 5% (mean) and 3.2% (median) (Broadway 

et al., 2010). 

a)  b)  

Figure 4-6. Boxplots for Cr Log Bioaccessibility concentration (a) and %BAF (b) in 
Gastric (G) and Gastro-Intestinal (GI) UBM extracts.  

As shown in the frequency graph (Figure 4-7 a, b), both distributions for total 

concentrations and bioaccessible concentration (G phase) have a right skew, with 

a tail orientated towards higher concentrations. More than half of the samples have 

total Cr concentrations between 94 mg kg-1 and 600 mg kg-1, while the bioaccessible 

concentrations express the same tendency where most of the samples have 

bioaccessible concentrations between 1 mg kg-1- 25 mg kg-1. Similarly, both Q-Q 

Max   5.12  3.45  31.46 22.8 5.9 11.43 



Chapter 4. Oral Bioaccessibility of PTEs across Urban Area of Belfast  

95 
  

plots (Figure 4-7 a, b) show the data are right-skewed, which is more obvious for 

the bioaccessible data. This suggests a significant anthropogenic input causing a 

higher frequency of elevated contamination in some samples.  Non-normal 

distributions have also been reported in previous studies completed in rural areas 

in Northern Ireland (Barsby et al., 2012, Jordan et al., 2007), where Cr displayed a 

left-skewed convex shape with both high values and low values ends falling below 

the diagonal line. 

Frequency distribution plots for log-transformed data (Figure 4-8 a, b) show that 

total Cr concentration data are much closer to a normal distribution with just a few 

points that deviate from the main line. While in the rural areas, Cr log-transformed 

reported by (Jordan et al., 2007) showed the presence of a non-normal behaviour 

on the low and high values ends. In the current study, the log-transformed 

bioaccessible concentration data still shows a right skew, potentially indicating that 

the samples with higher total concentration also have a much greater BAF, causing 

their bioaccessible concentration to be significantly increased. 

a)  b)  

Figure 4-7. Frequency plots and normal probability plots for (a) total and (b) 
bioaccessible Chromium concentrations, Gastric phase (n=103, units in mg kg-1) 
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a)  b)  

Figure 4-8. Frequency plots and normal probability plots for log-transformed total 
and bioaccessible Chromium concentrations, Gastric phase (n=103, units in mg kg-

1) 

The coefficient of determination R2 calculated for Cr total and bioaccessible 

concentrations is low (R2 =0.27), suggesting that bioaccessibility of Cr is controlled 

not just by total concentration but by multiple sources within the study area. Figure 

4-9 show the presence of two groups (Group I: 1, 2, 3, 4, 5, 6 and Group II: 7, 8, 9, 

10, 11, 12) which may indicate different controlling factors over Cr bioaccessibility.  

When localised on the map (Figure 4-10), group 1 corresponds with the dockland 

area and through Belfast, which shows that these samples may coincide with 

anthropogenic sources. The second group circled on the correlation graph shows 

high total concentration but low bioaccessible concentrations. When localised on 

the map, points 7, 8, 9, 10, 11, and 12 correspond with areas where can be found 

basalt rocks.  

 

Figure 4-9. Plot of Chromium total concentration versus Chromium gastric 
bioaccessible concentrations (mg kg-1).  

1

 

2

 

3

 4

 

5

 6

 7

 

8

 

9

 

10

 

11

 

12

 

y = 0.017x + 0.2638 

R² = 0.2764 

 



Chapter 4. Oral Bioaccessibility of PTEs across Urban Area of Belfast  

97 
  

Chromium bioaccessible concentrations were low throughout the study area 

(Figure 4-10), particularly in soils overlying basalt bedrock which approached levels 

of maximum 10 mg kg-1. The highest bioaccessible values were registered in the city 

centre, which corresponds with the docklands area.  Also, high bioaccessibility was 

measured in the sample located in the proximity of the Kilroot Power Station 

(number 4 on Figure 4-10) and in one location in Lisburn city (number 5 on Figure 

4-10). Cr can exist in two different oxidation states: trivalent Cr (III) and hexavalent 

Cr (VI). While trivalent chromium is an essential nutrient, hexavalent chromium is 

toxic. As no speciation analysis was done to measure the Cr oxidation states in this 

study, the data shown represents a combination of Cr in all valence states.  If Cr (VI) 

was the main chemical species present, then a complete assessment should be 

conducted in areas of concern.  

 

Figure 4-10. Map showing Spatial distribution of Cr bioaccessible concentration (mg 
kg -1), Gastric phase, across urban area of Belfast. 

4.2.3 Copper 

Comparison with summary statistics of total concentrations of copper found in rural 

areas across Northern Ireland was lower than Cu measured in urban areas with a 

median and mean values of 31.60 mg kg-1 and 41.97 mg kg-1 (rural) and 48.75 mg 

kg-1 and 62.17 mg kg-1 (urban) (Table 4-5). This difference in total Cu concentrations 

may indicate an anthropogenic contribution to total copper accumulated in urban 

soils. 
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Table 4-5. Statistical summary of total Cu concentrations (mg kg-1) for rural Tellus 
Rural dataset 1Barsby et al., 2012, and Urban dataset. 

Total concentrations of Cu in the study area ranged from 25.90 mg kg-1 to 1149.40 

mg kg-1 with mean and median values concentrations of 128.94 mg kg-1 and 73.70 

mg kg-1. These values are much higher than the total urban dataset reflecting that 

the study subset incorporates some samples with elevated concentrations that 

were specifically selected to allow an assessment of any potential risks that Cu in 

soil may pose to humans.   

Bioaccessible copper concentrations across Belfast area were broadly similar for G 

and GI phases (Table 4-6 and Figure 4-11a). They ranged from 1.98 mg kg-1 and 

738.24 mg kg-1 for G phase and 0.4 mg kg-1 and 709.1 mg kg-1 for the GI phase with 

a median and mean bioaccessible concentration of 20.51 mg kg-1 (median G), 18.1 

mg kg-1 (median GI), 44.56 mg kg-1 (mean G), and 42.25 mg kg-1 (mean GI) mg kg-1. 

In urban soils, the median of bioaccessible copper is two times higher (Table 4-6) 

compared to values found in rural areas of Northern Ireland with values of 11.33 

mg kg-1  (median G) and 9.76 mg kg-1  (median GI), and four times lower for the 

mean which was 11.97 mg kg-1  (mean G), and 10.71 mg kg-1  (mean GI) (Barsby et 

al., 2012). 

Cu bioaccessibility measured in the urban dust samples from the city of Newcastle 

upon Tyne (northeast England) showed a median of 7.50 mg kg-1 and a maximum 

value of 65.60 mg kg-1 (Okorie et al., 2012), which are relatively low when comparing 

with those registered in the urban area of Belfast.    

 

 

 Total mg kg-1 

 

Cu 

Full 

rural dataset 

n= 6862 

1Rural  

Study subset 

n=91 

Full  

urban dataset 

n=1166 

Urban  

Study subset 

n=103 

Min   7.10 25.90 

25%ile 18.60 24.18 35.42 53.25 

Median 31.60 35.60 48.75 73.70 

Mean 41.97 44.03 62.17 128.94 

75%ile 49.50 57.53 67.38 109.85 

Max   1149.4 1149.4 
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 Bioaccessible mg kg-1 %BAF 

 

Cu 

1Rural  

G 

n=91 

1Rural 

GI 

n=91 

Urban 

G 

n=103 

Urban 

GI 

N=103 

Urban 

G 

 

Urban 

GI 

Min   1.98 0.4 3.4 0.54 

25%ile 6.47 5.82 11.32 9.85 20.6 16.6 

Median 11.33 9.76 20.51 18.1 28.1 27.32 

Mean 11.97 10.71 44.56 42.25 29.1 26.9 

75%ile 15.45 14.10 36.98 30.25 35.23 34.98 

Max   738.24 709.1 67.83 61.69 

Table 4-6. Statistical summary of Cu bioaccessible G and GI concentrations (mg kg-

1) and BAF (%) for rural Tellus Rural dataset 1Barsby et al., 2012, and Urban dataset. 

The Cu BAF values were also similar for both digestive phases, which ranged from 

3.4% to 67.83% for the G phase and from 0.54% to 61.695 for the GI phase (Figure 

4-11, b), indicating that a high proportion of Cu in some samples is soluble in the 

digestive solutions. The median and mean of Cu BAF are slightly higher in the G 

phase, 28.1% and 29.1%, respectively, while in the GI, they are 27.32 and 26.9%, 

respectively.  

As the UBM protocol suggests reporting the highest BAF value measured either in 

the G or GI phase, data from the G digestion will be illustrated for the rest of the 

study. 

a)  b)  

Figure 4-11. Boxplots for Cu Log Bioaccessibility concentration (a) and %BAF (b) in 
Gastric (G) and Gastro-Intestinal (GI) UBM extracts.  

The histograms of total concentrations and bioaccessible concentration (Figure 

4-12 a, b) show that data are right-skewed, with a tail of higher concentrations. As 

shown on the Y-axis, which represents the frequency count, more than half of the 

samples have total concentrations of Cu between 25 mg kg-1 and 800 mg kg-1, while 
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for the bioaccessibility, most of the samples have concentrations between 1.98 mg 

kg-1 and 400 mg kg-1.   

The Q-Q plots for total and bioaccessible Cu show the data are right-skewed, 

suggesting a significant anthropogenic input in the samples with high 

concentrations.  Non-normal distributions have also been reported in previous 

studies completed in rural areas in Northern Ireland (Barsby et al., 2012, Jordan et 

al., 2007), where Cu displayed a left-skewed convex shape with both high values 

and low values ends falling below the diagonal line.  

a)  b)  

Figure 4-12. Frequency plots and normal probability plots for (a) total and (b) 
bioaccessible Copper concentrations, Gastric phase (n=103, units in mg kg-1) 

a)  b)  

Figure 4-13. Frequency plots and normal probability plots for log-transformed (a) 
total and (b) bioaccessible Copper concentrations, Gastric phase (n=103, units in mg 
kg-1) 

Frequency distribution plots (Figure 4-13 a, b) show that log-transformed data for 

total and bioaccessible Cu concentration is much closer to a normal distribution. 

However, they still show a right skew, potentially indicating that the samples with 

higher total concentration also have greater bioaccessibility.  
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Jordan et al., 2007 found similar trends in Northern Ireland for total Cu log-

transformed data, where non-normal behaviour was still present on the low and 

high values ends. The presence of multiple kinks (changes in slope) in the Q-Q plot 

may indicate multiple populations within the data, potentially controlled by 

different rock types, mineralisation processes, or human pollution.  

Figure 4-14 illustrates a good relationship for Copper (R2 = 0.83) between total and 

its respective bioaccessible concentration. The linear trendline suggests that 

bioaccessibility of Cu is mainly controlled by its total concentration and several 

sources within the study area.  

Samples with the highest bioaccessible concentrations numbered with points 1, 2, 

and 3 (circled in Figure 4-14) are found in Belfast's city centre and docklands area 

(Figure 4-15). These samples are highly soluble in the digestive solutions indicating 

that they may be potentially controlled by the anthropogenic sources within this 

area.  

 

Figure 4-14. Plot of Copper total concentration versus Copper gastric bioaccessible 
concentrations (mg kg -1).  

As shown in Figure 4-15, the maximum Cu bioaccessible concentrations are 

observed in the inner-city soils and dockland area, with values ranging from 150 mg 

kg-1 to 738.2 mg kg 1. The bioaccessible results show that Cu may be present in soil 

due to historical urban activities such as heavy industry, metal alloys, smelters, fuel 

combustion, tire and engine-metal wear that may disperse metallic particles into 

the air and further becoming deposited in the soil.  
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Figure 4-15. Map showing Spatial distribution of Cu bioaccessible concentration (mg 
kg-1), Gastric phase, across urban area of Belfast. 

4.2.4 Lead 

Pb total concentrations in the full urban dataset were approximately two times 

higher than in rural areas with a median and mean value of 62.5 mg kg-1 and 104.3 

mg kg-1 (urban), while in the full rural data set, the median and mean were 28.80 

mg kg-1 and 40.19 mg kg-1, respectively.  

Table 4-7. Statistical summary of total Pb concentrations (mg kg 1) for rural Tellus 
Rural dataset 1Barsby et al., 2012, and Urban dataset. 

Total Pb concentrations in the study area ranged from 11.30 mg kg-1 to 3466.90 mg 

kg-1 with mean and median values concentrations of 282.52 mg kg-1 and 96.1 mg 

kg-1. These values are approximately two times higher than the full urban dataset 

because some samples with elevated Pb concentrations were specifically selected 

for the study subset to allow a better evaluation of any potential risks that Pb may 

pose to humans (Table 4-7).  

 Total mg kg-1 

 

Pb 

Full  

Rural 

dataset 

n= 6862 

1Rural  

Study  

subset 

n=91 

Full  

urban  

dataset 

n=1166 

Urban  

Study  

subset 

n=103 

Min   9.8 11.3 

25%ile 22.20 22.02 42.1 54.65 

Median 28.80 30.40 62.5 96.1 

Mean 40.19 43.46 104.3 282.52 

75%ile 41.00 45.48 103.5 331.45 

Max   3466.9 3466.9 

1

 

2

 3
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Pb bioaccessible concentrations measured in the G phase were approximately 

three times higher than the GI phase (Table 4-8 and Figure 4-16a). They ranged 

from 3.14 mg kg-1 to 3008.19mg kg-1 (G) and 0.04 to 1851.60 mg kg-1 (GI) with a 

median and mean bioaccessible concentration of 45.81 mg kg-1 (median G), 12.60 

mg kg-1 (median GI), 165.47 mg kg-1 (mean G) and 63.06 mg kg-1 (mean GI). Similar 

median values for Pb bioaccessible concentration were reported in Lisbon soils of 

105 mg kg-1 (G) and 11 mg kg -1 (GI) (Reis et al., 2014).   

Mean Pb bioaccessibility for rural soils measured by Palmer, 2015 were 12.75 mg 

kg-1  (G) and 5.86 mg kg-1 (GI), while the mean Pb bioaccessible concentrations 

measured by Barsby et al., 2012 were 16.80 mg kg-1  (G) and 6.02 mg kg-1 (GI). 

Compared with the mean of Pb bioaccessible concentrations in the urban study, 

these are almost ten times higher for both G and GI phases than the rural 

bioaccessible data. The reason for the increase in bioaccessibility in the urban 

dataset compared with the rural dataset can suggest a significant anthropogenic 

input; however, this will be investigated further by considering bedrock geology 

and land use in subsequent chapters.   

 Bioaccessible mg kg-1 %BAF 

 

Pb 

1Rural  

G 

n=91 

1Rural 

GI 

n=91 

2Rural  

G 

n=54 

2Rural 

GI 

n=54 

3Urban 

G 

n=103 

3Urban 

GI 

n=103 

3Urban 

G 

 

3Urban 

GI 

Min   1.80  0.03  3.14 0.04 9.15 0.04 

25%ile 5.41 1.47   20.17 4.30 36.35 6.77 

Median 8.68 2.63 7.91  3.92  45.81 12.60 44.70 14.50 

Mean 16.87 6.02 12.75  5.86  165.47 63.06 47.84 14.86 

75%ile 18.12 5.75   143.03 53.95 56.57 21.27 

Max   51.77  25.98  3008.19 1851.60 106.20 53.40 

Table 4-8. Statistical summary of Pb bioaccessible G and G-I concentrations (mg kg-

1) and BAF (%) for rural Tellus Rural dataset 1 Barsby et al., 2012, 2 Palmer, 2015 and  
3Urban dataset. 

The Pb BAF values are also higher in the G phase than GI phase (Figure 4-16, b), 

where the median and mean values are 44.70% (median G), 14.50% (median GI), 

47.84% (mean G) and 14.86% (mean GI). Pelfrêne et al., 2013 reported higher 

values for median and mean Pb BAF in the urban soils of Noyelles-Godault (North 

France) of 64.6% (median G), 21.7% (median GI), 59.8% (mean G) and 24.4% (mean 

GI). This study area is located in a former coal mining close to two smelters, the 
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lead smelter Metaleurop Nord at Noyelles-Godault and the zinc smelter Nyrstar at 

Auby.  

In this study, Pb bioaccessibility in the G phase recorded the highest BAFs measured 

among all 7 PTEs investigated. The maximum BAF measured in the G phase was 

106.2%, while in the GI, the maximum BAF was 53.4%. A BAF of greater than 100% 

can be obtained because UBM testing is performed on the 250um particle size, 

while the total concentration of Pb was measured on the 2mm particle size. The 

high BAF (106.2%) in the G phase is potentially due to the higher absorption and 

accumulation of Pb in the finer particles (<250um) (Yao et al., 2015). High Pb BAF 

values (up to 90%) were also measured in urban community gardens located in 

Madrid's inner city (Izquierdo et al., 2015).  

 As the UBM protocol suggests reporting the highest BAF value measured either in 

the G or GI phase, for the rest of the study, data from the G digestion will be 

presented. 

a)  b)  

Figure 4-16. Boxplots for Pb Log Bioaccessibility concentration (a) and %BAF (b) in 
Gastric (G) and Gastro-Intestinal (GI) UBM extracts. 

The frequency graph (Figure 4-17 a, b) show that both distributions for total 

concentrations and bioaccessible concentration (G phase) have a right skew, with 

a tail of higher concentrations. One sample has the highest total and bioaccessible 

Pb concentration, indicating a hotspot within the study area.  

Similarly, both Q-Q plots (Figure 4-17 a, b) show the data are right-skewed, 

suggesting different populations within the dataset.  Non-normal distributions have 

also been reported in previous studies completed in rural areas in Northern Ireland 
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(Barsby et al., 2012, Jordan et al., 2007), where Pb displayed a left-skewed convex 

shape with high value ends falling below the diagonal line.  

Frequency distribution plots for log-transformed data (Figure 4-18 a, b) show that 

total and bioaccessible Pb concentration data are much closer to a normal 

distribution. On the Q-Q plots, the data appears as roughly a straight line; however, 

some points deviate from the line, potentially indicating that these samples might 

belong to different populations within the data set. 

a)  b)  

Figure 4-17. Frequency plots and normal probability plots for total and bioaccessible 
Lead concentrations, Gastric phase (n=103, units in mg kg-1) 

a)  b)  

Figure 4-18. Frequency plots and normal probability plots for log-transformed total 
and bioaccessible Lead concentrations, Gastric phase (n=103, units in mg kg-1) 

There is a strong correlation between total and bioaccessible Pb concentrations R2 

=0.93 (Figure 4-19). This linear relationship suggests that bioaccessibility of lead is 

predominantly controlled by total concentration within the study area.  As 

mentioned in the frequency plots, there is one sample with the highest total 

(3466.9 mg kg-1) and bioaccessible (3008.19 mg kg-1) concentrations that may 

disproportionally affect the correlation. However, the R2 was calculated omitting 

this point, and the new value is still high 0.92 respectively.  
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Therefore, if there are multiple Pb sources, most of these sources appear to 

contribute approximately equally to bioaccessible Pb. In Figure 4-19, there are 

several samples with high bioaccessible concentrations numbered 1, 2, 3, 5, and 6 

on the correlation graph that may be regarded as outliers. When localised on the 

map (Figure 4-20), these samples may coincide with hotspots within the Belfast 

urban area which will be discussed further in Chapters 5 and 6. 

 

Figure 4-19. Plot of Lead total concentration versus Lead gastric bioaccessible 
concentrations (mg kg -1) 

Lead bioaccessible concentrations are moderate to high throughout the study area 

(Figure 4-20). Maximum levels are observed mainly in the city centre and dockland 

area, with a maximum of 3008 mg kg-1. This may indicate that Pb solubility is 

elevated throughout the study area.   

 

Figure 4-20. Map showing Spatial distribution of Pb bioaccessible concentration (mg 
kg -1), Gastric phase, across urban area of Belfast. 
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4.2.5 Nickel 

Total Ni concentrations in Belfast's full urban dataset environment are higher than 

the full rural dataset in Northern Ireland.  The median and mean values for the full 

rural data set are 29.10 mg kg-1 (median) and 51.65 mg kg-1  (mean), and for the full 

urban dataset, these are 61.3 mg kg-1  (median) and 65.3 mg kg-1  (mean), indicating 

potential contributions to total Ni concentrations from both geogenic and 

anthropogenic sources (Table 4-9). 

Table 4-9. Statistical summary of total Ni concentrations (mg kg-1) for rural Tellus 
Rural dataset 1 Barsby et al., 2012, and Urban dataset. 

Total concentrations of Ni in the study area ranged from 24.9 mg kg-1 to 372.2 mg 

kg-1 with mean and median values concentrations of 97.9 mg kg-1 and 80.9 mg kg-1 

(Table 4-9).  

The bioaccessible Ni concentrations were higher in the G phase than GI (Table 4-10 

and Figure 4-21a), with values ranging from 2.03 mg kg-1  and 31.79 mg kg-1 (G) and 

from 1.10 mg kg-1  to 27.00 mg kg-1 (GI), respectively. The mean of Ni bioaccessibility 

measured in the metropolitan area of Belfast was 8.48 mg kg-1 (G) and 6.63 mg kg-

1 (GI). These values are approximately two times higher compared to the mean of 

Ni bioaccessibility for rural soils in Northern Ireland measured by (Barsby et al., 

2012), which were 4.58 mg kg-1  (G) and 2.16 mg kg-1  (GI) and approximately four 

times higher than Ni bioaccessible measured by Palmer, 2015 where the mean 

values were 2.58 mg kg-1  (G) and 1.43 mg kg-1 (GI). 

 This suggests that the source contributing to the increased Ni concentrations in the 

urban dataset is more bioaccessible than rural sources of Ni, potentially indicating 

some anthropogenic controls in the urban area.  However, this will be investigated 

further by considering bedrock geology and land use in subsequent chapters.  

 Total mg kg-1 

 

Ni 

Full 

rural dataset 

n= 6862 

1Rural  

Study subset 

n=91 

Full  

urban dataset 

n=1166 

Urban  

Study subset 

n=103 

Min   14.90 24.90 

25%ile 14.00 19.70 42.02 66.10 

Median 29.10 31.00 61.30 80.90 

Mean 51.65 48.24 65.30 97.95 

75%ile 56.10 60.28 79.90 105.75 

Max   372.20 372.20 
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 Bioaccessible mg kg-1 %BAF 

 

Ni 

1Rural  

G 

n=91 

1Rural 

GI 

n=91 

2Rural  

G 

n=54 

2Rural 

GI 

n=54 

3Urban 

G 

n=103 

3Urban 

GI 

n=103 

3Urban 

G 

 

3Urban 

GI 

Min   0.33  0.07  2.03 1.1 1.13 0.42 

25%ile 1.68 0.89   3.92 3.2 5.62 3.91 

Median 3.06 1.52 1.64 1.04 7.61 5.3 8.9 6.5 

Mean 4.58 2.16 2.58  1.43  8.48 6.63 9.4 7.36 

75%ile 5.94 2.42   11.1 9.3 11.8 9.34 

Max   15.66  6.31  31.79 27 46.3 39.32 

Table 4-10. Statistical summary of total Ni bioaccessible G and G-I concentrations 
(mg kg-1) and BAF (%) for rural Tellus Rural dataset 1Barsby et al., 2012, 2 Palmer, 
2015, and  3Urban dataset. 

The maximum BAF value was measured in the G phase of 46.34%, while the 

maximum BAF for the GI was equivalent to 39.33%. Ni BAF's mean and median were 

also higher in the G phase 9.4% and 8.9 %, while in the GI, they are 7.36% and 6.5%, 

respectively (Figure 4-21, b). Palmer et al. (2014) reported Ni BAF values in the rural 

soils of Northern Ireland, ranging from 1.4% to 46.3%, with a mean of 12.4% and a 

median of 15.2%. However, this study (Palmer et al., 2014)) included Ni BAF values 

from 138 Tellus soil samples, while the current urban study comprises 103 samples.    

As the UBM protocol recommends reporting the highest BAF value measured either 

in the G or GI phase, data from the G digestion will be illustrated for the rest of this 

study. 

a)  b)  

Figure 4-21. Boxplots for Ni Log Bioaccessibility concentration (a) and %BAF (b) in 
Gastric (G) and Gastro-Intestinal (GI) UBM extracts.  

Nickel total and bioaccessible data distribution show a right skew, with a tail of 

higher concentrations (Figure 4-22 a, b). More than half of the samples have total 

concentrations of Ni between 25 mg kg-1 and 300 mg kg-1, while the bioaccessible 
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concentrations express the same tendency, with most of the samples having 

bioaccessible concentrations between 2- 32 mg kg-1.  

As shown on both Q-Q plots (Figure 4-22 a, b), the data are right-skewed, suggesting 

a significant anthropogenic input caused by the higher frequency of some samples 

that contain elevated concentrations of Ni.  Non-normal distributions have also 

been reported in previous studies completed in rural areas in Northern Ireland 

(Barsby et al., 2012, Jordan et al., 2007), where Ni displayed a left-skewed convex 

shape with both high values, and low values ends falling below the diagonal line. 

a)  b)  

Figure 4-22. Frequency plots and normal probability plots for (a) total and (b) 
bioaccessible Nickel concentrations, Gastric phase (n=103, units in mg kg-1) 

a)  b)  

Figure 4-23. Frequency plots and normal probability plots for log-transformed total 
and bioaccessible Nickel concentrations, Gastric phase (n=103, units in mg kg-1) 

Ni log-transformed data frequency distribution plots are much closer to a normal 

distribution, with no obvious skews (Figure 4-23 a, b). On the Q-Q plots, the data 

appears as roughly a straight line; however, some points deviate from the line, 

potentially indicate that these samples might belong to different populations within 

the data set.  
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Similar trends for total Ni log-transformed data were found in a study conducted in 

Northern Ireland (Jordan et al., 2007), where the Q-Q plots showed that the data 

for Ni were more normally distributed than before the log transformation. 

Figure 4-24 illustrates a weak relationship for Nickel (R2 = 0.19), suggesting that 

total concentrations of Ni cannot be considered a good predictor of its 

bioaccessibility. The scatterplot indicates the presence of two populations that 

might control Ni bioaccessibility differently. The first group comprises several 

samples, points no 1, 2, 3, and 4 (circled in Figure 4-24) with high bioaccessible 

concentrations that clearly deviate from the regression line.  When located on the 

map Figure 4-25, these points correspond with the city centre (known for historical 

industry pollution), dockland area, and one point localised in the north, showing 

that these samples may coincide with anthropogenic sources. The second group 

(points 6-13) circled in Figure 4-24 shows high total concentration but low 

bioaccessible concentrations. When located on the map, apart from number 13, 

these points correspond with areas to the North of the city that are underlined by 

basalt rocks.  

 

Figure 4-24. Plot of Nickel total concentration versus Nickel gastric bioaccessible 
concentrations (mg kg -1).  

Although nickel in soil is known to share common geogenic origins with Cr, it 

displays more variability in terms of its bioaccessible concentrations across the 

urban area of Belfast (Figure 4-25). The Ni Bioaccessible values range between 2 mg 

kg-1 and 31.8 mg kg-1 with the high amounts of bioaccessible Ni occurring in the 

northern part of the city (near Kilroot power station), the city centre area (which 

corresponds with dockland area) and towards the south of the study area in Lisburn 
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city. It can be observed that for the samples located in soils overlying basalt 

bedrock, the bioaccessibility is relatively low.  This suggests that Ni bioaccessibility 

in the study area might be controlled by different factors such as geology, land use, 

mineralisation, weathering processes, and these trends will be discussed in 

Chapters 5 and 6.  

 

Figure 4-25. Map showing Spatial distribution of Ni bioaccessible concentration (mg 
kg -1), Gastric phase, across urban area of Belfast 

4.2.6 Vanadium 

Vanadium soil concentrations are slightly higher in urban soils full dataset than in 

rural areas with the median and mean values of 85 mg kg-1  and 101.91 mg kg-1 

(rural) and 108.25 mg kg-1 and 119.37 mg kg-1 (urban), suggesting that V might be 

controlled by geogenic sources (Table 4-11).  

Table 4-11. Statistical summary of total V concentrations (mg kg-) for rural Tellus 
Rural dataset 1Barsby et al., 2012 and Urban dataset. 

Within the urban study subset (103 Tellus samples), vanadium ranged from 58.4 

mg kg-1 to 446.7 mg kg-1 with a median and mean values concentrations of 144.2 

 Total mg kg-1 

 

V 

Full  

rural dataset 

n= 6862 

1Rural  

Study subset 

n=91 

Full  

urban dataset 

n=1166 

Urban  

Study subset 

n=103 

Min   33.2 58.4 

25%ile 56.50 59.37 90.92 110.8 

Median 85.00 89.00 108.25 144.2 

Mean 101.91 106.78 119.37 149.8 

75%ile 121.40 127.75 145.47 176.6 

Max   446.7 446.7 
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mg kg-1 and 149.8 mg kg-1 (Table 4-11). The average V total concentration in the full 

urban dataset (1166 Tellus samples) is 119.37 mg kg-1 and the median of 108.25 mg 

kg-1, values which are slightly lower than the urban study subset because some 

samples with high V concentrations were specifically selected for the purpose of 

this research work.   

Vanadium bioaccessibility was low on average across Belfast, with values higher in 

the G than GI phase (Table 4-12 and Figure 4-26, a). They ranged from 2.89 mg kg-1 

to 92.16mg kg-1 (G), and from 1.50 mg kg-1 to 57.20 mg kg-1 (GI) with a median and 

mean bioaccessible concentration of 12.47 mg kg-1 (median G), 7.40 mg kg-1 

(median GI), 14.60 mg kg-1 (mean G) and 8.52 mg kg-1 (mean GI).  Mean V 

bioaccessibility for rural soils in Northern Ireland measured by Palmer, 2015 were 

5.06 mg kg-1  for G and 3.08 mg kg-1 for GI phase, while the mean bioaccessibility of 

V measured by Barsby et al., 2012 were approximately two times higher for G 8.81 

mg kg-1 and similar to the GI phase 3.77 mg kg-1. The increase in vanadium 

bioaccessibility in the urban dataset compared with the rural dataset will be 

investigated further by considering bedrock geology and land use in the following 

chapters.   

 Bioaccessible mg kg-1 %BAF 

 

V 

1Rural  

G 

n=91 

1Rural 

GI 

n=91 

2Rural  

G 

n=54 

2Rural 

GI 

n=54 

3Urban 

G 

n=103 

3Urban 

GI 

n=103 

3Urban 

G 

 

3Urban 

GI 

Min   0.60  0.01  2.89 1.5 2.2 1.14 

25%ile 4.11 1.97   8.25 5.3 7.2 3.8 

Median 6.72 2.98 3.50  2.49  12.47 7.4 9.1 5.36 

Mean 8.81 3.77 5.06  3.08  14.6 8.52 9.4 5.77 

75%ile 11.02 4.42   17.4 9.8 10.9 6.98 

Max   23.60  14.31  92.16 57.2 23.85 14.81 

Table 4-12. Statistical summary of V bioaccessible G and G-I concentrations (mg kg-

1) and BAF (%) for rural Tellus Rural dataset 1Barsby et al., 2012, 2 Palmer, 2015, and 
3Urban dataset. 

The V BAF values recorded for the G phase ranged between 2.2% and 23.85%, while 

the GI phase comprised values between 1.14% and 14.81%, indicating a low 

solubility of V in the digestive solutions. However, the median and mean of V BAF 

are higher in the G phase 9.1% (median G) and 9.4% (mean G), while in the GI, they 

are 5.36% (median GI) and 5.77% (mean GI), respectively (Figure 4-26, b). Using the 
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UBM test to measure V bioaccessibility in soils in a former mining area of Campello 

Monti (NW Italy), Mehta et al., 2019 reported BAF mean of 7% (here 9.1%).  

The UBM protocol suggests reporting the highest BAF value measured either in the 

G or GI phase to ensure HHRA is not underestimated; therefore, data from the G 

digestion will be illustrated for the rest of the study. 

a)  b)  

Figure 4-26. Boxplots for V Log Bioaccessibility concentration (a) and %BAF (b) in 
Gastric (G) and Gastro-Intestinal (GI) UBM extracts.  

The frequency graph (Figure 4-27a, b) for total and bioaccessible vanadium show 

that both distributions have a right skew, with a tail of higher concentrations.  Apart 

from two samples, the data of V total concentrations range between 58 mg kg-1 and 

300 mg kg-1, while the bioaccessible concentrations express the same tendency, 

with most samples having bioaccessible concentrations between 3 mg kg-1 to 40mg 

kg-1.   

Q-Q plots (Figure 4-27 a, b) show V total, and bioaccessible data are right-skewed. 

This suggests an anthropogenic input causing a higher frequency of elevated 

contamination in some samples. Non-normal distributions have also been reported 

in a previous study completed in rural areas in Northern Ireland (Barsby et al., 

2012), where V displayed a left-skewed convex shape with high values and low 

values ends falling below the diagonal line. 

Frequency distribution plots for log-transformed data (Figure 4-28 a, b) show that 

total V concentration data are much closer to a normal distribution, even though 

there are two points of high V concentrations that deviate from the diagonal line.   
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a)  b)  

Figure 4-27. Frequency plots and normal probability plots for (a) total and (b) 
bioaccessible Vanadium concentrations, Gastric phase (n=103, units in mg kg-) 

a)  b)  

Figure 4-28. Frequency plots and normal probability plots for log-transformed (a) 
total and (b) bioaccessible Vanadium concentrations, Gastric phase (n=103, units in 
mg kg-1) 

However, the increase in bioaccessible concentration at higher total concentrations 

suggested in the log-transformed bioaccessibility Q-Q plots is observed in 

correlations between total concentration and bioaccessible concentration. Figure 

4-29 illustrates a linear relationship for Vanadium (R2 = 0.55) between total 

concentration and its respective bioaccessible (G phase) concentration. Four 

samples deviate from the trendline and appear on the graph as numbers 1, 2, 3, 

and 4.  
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Figure 4-29. Plot of Vanadium total concentration versus Vanadium gastric 
bioaccessible concentrations (mg kg -1) 

Figure 4-30 illustrates the bioaccessible distribution of vanadium across the urban 

area of Belfast. The V Bioaccessible values are relatively low, ranging from 2.9 mg 

kg-1 to 92.2 mg kg-1, with the highest values observed in the North (near Kilroot 

power station, point 1 and 3), West (point 2), and dockland area (represented by 

point number 1). The spatial distribution suggests that some of these elevated 

bioaccessible concentrations may coincide with anthropogenic sources.  Low 

bioaccessible concentrations were measured in soils overlying basalts (West), the 

northeast, east and south part of the study area, potentially showing that bedrock 

geology also provides control on bioaccessible V.  

 

Figure 4-30. Map showing Spatial distribution of V bioaccessible concentration (mg 
kg -1), Gastric phase, across urban area of Belfast 
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4.2.7 Zinc 

Elevated Zn total concentrations were observed in the full urban dataset with 

median and mean values of 110.40 mg kg-1 (median urban), 153.6 mg kg-1 (mean 

urban), which were higher compared to the full rural dataset with values and 71.80 

mg kg-1  (median rural), 78.55 mg kg-1  (mean rural) (Table 4-13).  

Table 4-13. Statistical summary of total Zn concentrations (mg kg-1) for rural Tellus 
Rural dataset 1Barsby et al., 2012 and Urban dataset. 

Total concentrations of Zn in the study subset (103 Tellus samples) ranged from 

41.3 mg kg-1 to 6721mg kg-1 with median and mean values concentrations of 146.9 

mg kg-1 and 331.3 mg kg-1, respectively. These values are much higher than the total 

urban dataset reflecting that the study subset incorporates a number of samples 

with elevated concentrations that were specifically selected to assess any potential 

risks that Zn in soil may pose to humans.   

Zinc bioaccessible concentrations in Belfast were higher in the G phase than GI 

phase (Table 4-14 and Figure 4-31 a). They ranged from 1.94 mg kg-1 to 3373.69 mg 

kg-1 for G phase and from 0.1 mg kg-1 to 2278.8 mg kg-1 for the GI phase with a 

median and mean bioaccessible concentration of 22.7 mg kg-1 (median G), 13.5 mg 

kg-1 (median GI), 122.34 mg kg-1 (mean G), and 57.4 mg kg-1 (mean GI). A comparison 

between the Zn bioaccessible concentrations measured Belfast soils and Bratislava 

in kindergarten and urban park soils show that the values were significantly lower 

in Slovakia capital, with a minimum of 5.00 mg kg-1 to a maximum of 494 mg kg-1 

and a mean of 44.5 mg kg-1 (Hiller et al., 2017). 

The Zn bioaccessible values measured in Belfast soils were also higher than those 

reported for rural soils in Northern Ireland by Barsby et al., 2012 which were 10.58 

 Total mg kg-1 

 

Zn 

Full  

rural dataset 

n= 6862 

1Rural  

Study subset 

n=91 

Full  

urban  

dataset 

n=1166 

Urban  

Study subset 

n=103 

Min   25 41.3 

25%ile 47.00 54.02 87.4 104.2 

Median 71.80 73.80 110.4 146.9 

Mean 78.55 108.88 153.6 331.3 

75%ile 101.90 104.88 147.3 232.9 

Max   9030 6721 
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mg kg-1 (median G), 7.80 mg kg-1 (median GI), 32.2 mg kg-1 (mean G), and 13.02 mg 

kg-1 (mean GI).  

 Bioaccessible mg kg-1 %BAF 

 

Zn 

1Rural  

G 

n=91 

1Rural 

GI 

n=91 

3Urban 

G 

n=103 

3Urban 

GI 

n=103 

3Urban 

G 

n=103 

3Urban 

GI 

n=103 

Min   1.94 0.1 2.4 0.11 

25%ile 8.21 6.33 10.88 6.9 10.7 6.13 

Median 10.58 7.80 22.7 13.5 16.03 9.74 

Mean 32.20 13.02 122.34 57.34 21.38 10.82 

75%ile 15.97 8.98 80.49 28.95 30.93 14.27 

Max   3373.69 2278.8 77.5 43.62 

Table 4-14. Statistical summary of Zn bioaccessible G and G-I concentrations (mg 
kg-1) and BAF (%) for rural Tellus Rural dataset 1Barsby et al., 2012 and 3Urban 
dataset. 

The Zn BAF in the G phase ranged from 2.4% to 77.5% and from 0.11% to 43.62% 

for the GI phase, indicating that an important proportion of Zn is soluble in the 

digestive solutions for some samples (Figure 4-31, b). The median and mean of Zn 

BAF are slightly higher in the G phase of 16.03% and 21.38%, respectively, while in 

the GI, they are 9.74% and 10.82%, respectively. The UBM protocol recommends 

reporting the highest BAF value measured either in G or GI phase, as this is the most 

conservative scenario in terms of human health risk. Therefore, for the rest of the 

study, only data from the G digestion for Zn will be illustrated. 

a)  b)  

Figure 4-31. Boxplots for Zn Log Bioaccessibility concentration (a) and %BAF (b) in 
Gastric (G) and Gastro-Intestinal (GI) UBM extracts.  

The influence of the samples with high Zn total and bioaccessible concentrations 

can be observed on the frequency graphs as a long tail with a right skew (Figure 
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4-32a, b). The total dataset has concentrations up to 2000 mg kg-1, apart from one 

sample with a maximum concentration of 6721 mg kg-1. A similar tendency is 

available for the bioaccessible frequency plot where the data for 102 samples falls 

below 1000 mg kg-1, and the maximum value for one sample is around 3000 mg kg-

1.   

The Q-Q plots (Figure 4-32a, b) for total and bioaccessible Zn also show the data 

are right-skewed, suggesting an anthropogenic input causing a higher frequency of 

elevated contamination in some samples.  Non-normal distributions have also been 

reported in previous studies completed in rural areas in Northern Ireland (Barsby 

et al., 2012, Jordan et al., 2007), where Zn displayed a left-skewed convex shape 

with both high values and low values ends falling below the diagonal line in Q-Q 

plots.  

a)  b)  

Figure 4-32. Frequency plots and normal probability plots for (a) total and (b) 
bioaccessible Zinc concentrations, Gastric phase (n=103, units in mg kg-1) 

a)  b)  

Figure 4-33. Frequency plots and normal probability plots for log-transformed (a) 
total and (b) bioaccessible Zinc concentrations, Gastric phase (n=103, units in mg 
kg-1) 
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The log transformation data for total Zn concentrations is much closer to a normal 

distribution; however, the data are still right-skewed, potentially indicating that the 

samples originate from different sources (Figure 4-33 a). The situation is different 

for log bioaccessible Zn data which is much closer to a normal distribution; 

however, the low and high values still deviate from the trend line (Figure 4-33 b). 

Similar trends for total Zn log-transformed data were found in a study conducted in 

Northern Ireland (Jordan et al., 2007), where non-normal behaviour was still 

present on the low and high values ends. In this study, on the Normal Q-Q plot, the 

presence of multiple kinks (changes in slope) may indicate the presence of multiple 

populations within the data, potentially due to several groups controlled by the 

rock type, processes of mineralisation and/or human pollution.  

In Figure 4-34 can be observed a strong correlation between total Zn and its 

respective bioaccessible concentration where R2=0.97. The coefficient of 

determination (R2) was also calculated without the sample “1” (Figure 4-34), and 

the new value was still showing a strong relationship between total and 

bioaccessible Zn with R2 =0.89. This linear relationship suggests that bioaccessibility 

of Zn is potentially controlled by its total concentrations within the study area.   

The samples with the highest bioaccessible concentrations numbered with points 

no 1,2, 3, 4, and 5 (Figure 4-34) have been localised on the map (Figure 4-35). The 

spatial analysis shows that these points correspond with the city centre and 

dockland area, which suggests that Zn in these samples originates from 

anthropogenic sources.  

 

Figure 4-34. Plot of Zinc total concentration versus Zinc gastric bioaccessible 
concentrations (mg kg -1) 
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Figure 4-35 illustrates the bioaccessible distribution of Zinc across the urban area 

of Belfast. The maximum bioaccessible concentrations occur in the city centre and 

dockland area with values ranging from 300 mg kg -1 to 3373.7 mg kg -1. As shown in 

Figure 4-34, the bioaccessible Zn is controlled by its total concentration and its 

presence in the Belfast soils and may be due to the historical urban activities 

 

Figure 4-35. Map showing Spatial distribution of Zn bioaccessible concentration (mg 
kg-1), Gastric phase, across urban area of Belfast 

4.3 Summary 

Overall, Tellus urban data set presented higher total PTE concentrations when 

compared with total PTE concentrations in rural environments. For the current 

study, a subset of 103 urban Tellus samples (out of 1166) was selected to undertake 

bioaccessibility testing across Belfast's metropolitan area.  
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Table 4-15. Summary of the main outcome from Chapter 4.   1 Barsby et al., 2012 

Bioaccessible PTE concentrations were higher after G digestion when compared to 

GI concentrations in all samples except two samples where As and Cr presented 

higher BAF values for the GI phase (Tellus samples 570638, 570695).  Generally, 

G/GI phase bioaccessibility ratio was highest for Pb 33.93 and the lowest for As 1.17 

(Table 4-15).  As the UBM protocol suggests reporting the highest BAF value 

measured either in the G or GI phase (Figure 4-36), data from the G digestion was 

illustrated for the rest of the study. 

 1Median 

rural  

mg kg-1 

Median 

urban 

mg kg-1 

Median 

BAF (G) 

urban % 

Ratio 

BAF 

G/G 

Frequency 

graph of 

raw 

bioaccessibi

lity data 

Frequency 

graph of log-

transformed 

bioaccessibility 

data 

R2 value 

of total vs 

bioaccessi

ble 

concentra

tion 

As 8.30  12.70 18.20 1.17 Right skew Right skew 0.71 

Cr 96.60 207.10 1.54 4.31 Right skew Right skew 0.27 

Cu 35.60 73.70 28.10 1.31 Right skew Right skew 0.83 

Ni 31.00 80.90 8.90 1.35 Right skew Normally 

distributed 

0.19 

Pb 30.40 96.10 44.70 33.93 Right skew Normally 

distributed 

0.93 

V 89.00 144.20 9.10 1.83 Right skew Normally 

distributed 

0.55 

Zn 73.80 146.90 16.03 6.23 Right skew Normally 

distributed 

0.97 
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Figure 4-36. Boxplots of %BAF for all 7PTEs in Gastric (G) and Gastro-Intestinal (GI) 
UBM extracts 

In general, those elements with suspected geogenic origins such as Cr, Ni, and V 

had lower measured BAFs, while the potential anthropogenic PTEs such as As, Cu, 

Pb, and Zn had higher median (Pb (44.7%)> Cu (28.1%)> As (18.2%)> Zn (16.3%)> V 

(9.1%)> Ni (8.9%) > Cr (1.54%)). The PTEs BAF values across urban area of Belfast 

decreased in the order of Pb (9.1 - 106.2%) > As (8.0 - 86.9%) > Zn (2.4 - 77.5%) > 

Cu (3.4 - 67.8%) > Ni (1.1 - 46.3%) > V (2.2 - 23.85%) > Cr (0.4 - 5.9%). Pb displayed 

the highest measured BAFs of all PTEs while Cr bioaccessibility and BAF was the 

lowest overall within study area.  

The frequency graph indicated that both distributions for total concentrations and 

bioaccessible concentrations have a right skew, with a tail of higher concentrations 

for all PTEs. The Q-Q plots for total and bioaccessible PTEs also show the data are 

right-skewed. This suggests a potential anthropogenic input causing a higher 

frequency of elevated contamination of all elements in some samples.  After log 

transformation of total and bioaccessibility data, all PTEs were much close to a 

normal distribution; however, for some elements such as As, Cr, and Cu, the data 

are still right-skewed, potentially indicating that the samples originate from a 

combination of different geogenic and/or anthropogenic sources. Frequency plots 

of log-transformed bioaccessibility data Ni, Pb, V, and Zn were more similar to a 

normal distribution; however, the low and high values still deviate from the trend 

line. The presence of multiple kinks (changes in slope) in the Q-Q plot indicated the 
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potential presence of multiple populations within the data, may be due to several 

groups controlled by the rock type, mineralisation processes, and/or human 

pollution. 

The R2 values which determine how total concentration can predict the 

bioaccessibility indicated a good linear relationship for Zn (R2=0.97), Pb (R2=0.93), 

Cu (R2=0.83), As (R2=0.71), V (R2=0.55), and weak correlation for Cr (R2=0.27) and Ni 

(R2=0.19). Elevated values for the coefficient of determination may indicate that 

the total concentration controls bioaccessibility, while a weaker correlation might 

be influenced by other factors such as geology, soil properties, mineralisation, and 

encapsulation.  

Spatially, some common trends emerged in PTE bioaccessibility across the study 

area. In general, the highest bioaccessibility for many PTEs was measured in a small 

number of samples located in the North (near Carrickfergus), the city centre, 

dockland area in Belfast, and Lisburn indicating that these might be hotspots with 

a very significant anthropogenic input. Soils outside the hotspot areas and those 

overlying basalt bedrock in the northwest of the study area were low in 

bioaccessible concentrations suggesting that the geogenic origins might govern the 

PTE bioaccessibility.  

In terms of bioaccessible concentrations, this chapter distinguished two groups of 

PTEs. The first group formed of As, Cu, Pb, and Zn is suspected to originate and to 

be controlled by a combination of geogenic and diffuse anthropogenic sources. 

While the second group, comprised of Cr, Ni, and V, are potentially linked and 

governed by geogenic sources (with a very small number on point sources of 

potentially anthropogenic contamination). The next Chapter 5 seeks to explore 

these initial findings further using multivariate statistics to identify the controlling 

factors (including geology and historical land use) over PTEs bioaccessibility.  

 



Chapter 5. Factors affecting Oral Bioaccessibility of PTEs across Urban Area of 
Belfast 

124 
  

Chapter 5:  Factors affecting Oral Bioaccessibility of 

PTEs across Urban Area of Belfast 

5.1 Introduction 

The presence of potentially toxic elements (PTEs) in urban soils often originates 

from a mixture of geogenic and anthropogenic sources (McIlwaine et al., 2017). 

Anthropogenic sources in urban environments are typically reported as industrial 

processes, traffic, waste disposal, domestic fuel and waste combustion (Argyraki & 

Kelepertzis, 2014; McIlwaine et al., 2017; Glennon et al., 2014). PTEs originating 

from human activities can reside in soil for a long period of time (Argyraki & 

Kelepertzis, 2014), and they can represent as an urban tracer for anthropogenic 

contamination. McIlwaine et al., 2017 reported that historical urban developments 

of Belfast and Sheffield could be linked with the accumulation of different PTEs 

concentrations, especially in surface soils.   

Belfast metropolitan area has diverse bedrock geology, wealth industrial history 

and geochemical data (Knights, 2007) available for the entire area. All these 

precious resources allow to investigate and understand the influences of the mixed 

geogenic and anthropogenic sources over PTEs bioaccessibility. In the previous 

Chapter 4 within this thesis, the bioaccessibility results for the investigated PTEs 

suggested a potential control of the previous human activities over contaminant 

mobility and bioaccessibility in urban soils.  

This chapter has a primary aim to explore the statistical relationship between 

geochemical factors and anthropogenic influences over PTEs oral bioaccessibility. 

Pearson correlation analysis was used to initially identify the potential relationship 

between PTEs bioaccessibility, acting as a starting point for further statistical 

analyses. Also, the bioaccessibility data were separated according to the 5 generic 

bedrock classifications present in the study area in order to determine the geogenic 

influences in the data set. The anthropogenic input was determined using the urban 

boundary developed pre/post 1963, a time when most industrial activities were 

reduced in the metropolitan area of Belfast, as well as the reduction of Pb use in 

paint and pipes. Using cluster analysis were identified two groups of PTEs formed 

of Cr, Ni, and V, and the second group formed of As, Cu, Pb, and Zn.  
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The PTEs bioaccessibility variances in the study area were subsequently 

characterised through Principal Component Analysis (PCA), which seeks to identify 

commonalities among groups of sample variables. Interpretation of the identified 

components was supported by spatial mapping factors and by PC mapping.  

At the end of this chapter, a heatmap was produced to combine the geochemical 

data with the development zones data. Dendrograms were used to show how 

individual samples cluster together according to the bioaccessibility measured in 

specific geology and development zones, as well as how PTEs bioaccessibility 

cluster together.  

By linking the initial correlation analyses, with bioaccessibility data measured in 

different lithologies geology and developments zones, it was possible to draw 

conclusions that PTEs bioaccessibility in the study area is controlled by a mixture of 

anthropogenic sources, especially within the boundary of 1963 and by geogenic 

sources in the area developed after 1963.  

5.2 Compositional Data – Multivariate Statistics 

5.2.1 Pearson Correlation 

This section will investigate the Pearson’s correlation coefficient between total and 

bioaccessibility concentrations for each PTE in order to see if there is a relationship 

between the two variables. If the correlation is positive, that indicates both 

variables are following the same direction. The negative correlation occurs when 

one variable increases, the other variable decreases. If the correlation is +/- 0.8 and 

above, it indicates a high degree of correlation or strong association between the 

dependent variables.  
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As  

Tot 

Cr  

Tot 

Cu  

Tot 

Ni 

Tot 

Pb  

Tot 

V 

Tot 

Zn  

Tot 

As  

Bioac 

Cr  

Bioac 

Cu  

Bioac 

Ni  

Bioac 

Pb  

Bioac 

V 

Bioac 

Zn 

Bioac 

As 

Tot 

1 
             

Cr 

Tot 

-0.43 1 
            

Cu 

Tot 

0.38 0.19 1 
           

Ni 

Tot 

-0.13 0.78 0.39 1 
          

Pb 

Tot 

0.55 -0.33 0.56 -0.11 1 
         

V Tot 
0.01 0.56 0.26 0.78 -0.15 1 

        

Zn 

Tot 

0.47 -0.02 0.81 0.15 0.66 0.06 1 
       

As 

Bioac 

0.88 -0.38 0.48 -0.02 0.68 0.02 0.55 1 
      

Cr 

Bioac 

-0.06 0.67 0.48 0.55 0.04 0.46 0.38 0.02 1 
     

Cu 

Bioac 

0.51 -0.05 0.89 0.09 0.71 0.01 0.82 0.58 0.33 1 
    

Ni 

Bioac 

0.38 0.33 0.69 0.49 0.33 0.37 0.52 0.39 0.41 0.62 1 
   

Pb 

Bioac 

0.51 -0.35 0.51 -0.16 0.97 -

0.22 

0.60 0.65 0.01 0.68 0.27 1 
  

V 

Bioac 

0.27 0.34 0.43 0.54 0.07 0.73 0.29 0.34 0.55 0.29 0.50 -0.01 1 
 

Zn 

Bioac 

0.48 -0.08 0.79 0.08 0.69 -

0.01 

0.93 0.58 0.31 0.85 0.58 0.67 0.29 1 

Table 5-1. Pearson correlation coefficient for total and bioaccessible (G) 
concentrations for all PTEs. Weak Correlation< 0.5; Some degree of Correlation 0.5-
0.8; High degree of Correlation >0.8 

Table 5-1 presents the Pearson correlation for the log-transformed data between 

total and bioaccessible PTEs. The results show a strong correlation between the 

total and bioaccessible concentrations following the UBM test for Pb (r=0.98), Zn 

(r=0.94), As and Cu (r=0.89). The Pearson correlation coefficients decrease for V, Cr, 

and Ni, which are 0.74, 0.67, and 0.49. These trends in bioaccessibility for all PTEs 

might be associated with different lithological controls or sources of contamination. 

Between total concentrations of PTEs can be observed some relationships as well.  

Total arsenic shows a good correlation with total Pb (0.56), a weak but positive 

correlation with total concentrations of Zn (0.47), Cu (0.38), and V (0.01) and a 

negative correlation with Ni (-0.13) and Cr (-0.43). Bioaccessible Arsenic presents 

positive correlations with bioaccessible Pb (0.65), Cu and Zn (0.58), Ni (0.39), V 

(0.34) and almost inexistent correlation with bioaccessible Cr (0.02). 

Total chromium presents a good correlation with total Ni (0.78), total V (0.57), weak 

but positive correlation with total Cu (0.19) and is negatively correlated with total 

As (-0.46), Pb (-0.33) and Zn (-0.02). Bioaccessible chromium presents positive 
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correlations with all PTEs, and it decreases in the following order V (0.56), Ni (0.42), 

Cu (0.33), Zn (0.31), As (0.02), and Pb (0.01).  

In the situation of total copper can be observed a strong correlation with total Zn 

(0.81) and a positive relationship with the other PTEs, Pb (0.56), Ni (0.39), As (0.38), 

V (0.27), and Cr (0.19). Again, a strong correlation is identified between 

bioaccessible Cu and Zn of 0.85, while with the rest of bioaccessible PTEs, copper 

shows a good correlation with Pb (0.69), Ni (0.63), As (0.58), Cr (0.33), and V (0.30).  

A good and positive correlation exists between total lead and total As (r=0.56), Cu 

(0.56), and Zn (0.66) and a negative correlation with Cr (-0.33), Ni (-0.12), and V (-

0.15). The same tendency in terms of correlation can be observed between 

bioaccessible Pb and other PTEs with coefficient values of 0.69 for Cu, 0.67 for Zn, 

0.65 for As while Ni, Cr presented weak correlations 0.27, 0.01, and negative with 

V -0.003.  

Total nickel presents the same strong correlation with total Cr and V of 0.78, while 

with the other PTEs, the correlation is positive for Cu (0.39), Zn (0.16), and negative 

with Pb (-0.13) and As (-0.13). The highest correlation coefficient for bioaccessible 

Ni was found with bioaccessible Cu of 0.63 and decreased for Zn (0.58), V (0.51), Cr 

(0.42), As (0.39), and Pb (0.27).  

As it was already presented for the previous PTEs, total vanadium shows a positive 

correlation with Ni (0.78) and Cr (0.57) and weak correlation with Cu (0.27), Zn 

(0.06), As (0.01), and negative with total Pb (-0.15). Vanadium bioaccessibility 

presents a good positive correlation with Cr (0.56), Ni (0.51) and weak correlation 

with As (0.34), Cu and Zn (0.30), and negative with total Pb (-0.003). 

Total zinc presented a strong correlation with total Cu (0.81) and Pb (0.66), weak 

correlation with As (0.470), Ni (0.15), and V (0.06) and negative with total Cr (-0.20). 

A strong correlation exists between bioaccessible zinc and Cu (0.85), a good 

correlation with bioaccessible Pb (0.67), As and Ni (0.58), and a weak association 

with Cr (0.31) and V (0.29).  

To summarise this section, it can be said that following the information given by 

the correlation coefficient for total PTEs, two groups of elements can be 

distinguished. The first group consists of Cr, Ni and V, mainly controlled by geogenic 

sources within the study area, which showed a good correlation between the 
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elements. These correlations results are similar to those reported by  Barsby et al. 

(2012) in a study conducted in NI rural areas where Ni-V had a coefficient of 0.81 

(here 0.78) and Ni-Cr 0.95 (here 0.78). 

The second identified group is formed of As, Cu, Pb, and Zn, whose presence in 

urban soils is controlled by anthropogenic sources.  Cu and Zn presented a strong 

correlation (0.81), potentially indicating that they share similar origins in soil, while 

Pb was positively correlated with all the anthropogenic PTEs As, Cu, Zn.  

The first identified group Cr, Ni, and V presented a weak or negative correlation 

with the second group formed of As, Cu, Pb, and Zn. Particularly, Pb was negatively 

correlated with geogenic elements Cr, Ni, and V.  

5.2.2 Cluster analysis 

Dendrograms were used in this study to identify components that should be 

able to be categorised into a common set of physico-chemical groupings 

(clusters).  

 

Figure 5-1. Dendrogram of the cluster analysis completed using the Total, 
Bioaccessible and BAF data for Tellus soil samples (n=103). CLR transformed data 
for Total and Bioaccessible concentrations.  

The cluster analysis (Figure 5-1) considers total and bioaccessible data for Tellus 

soils samples within Belfast study area. It can be observed that PTEs are split in two 

main groups, which can be explained by geogenic origins (Cr, Ni, and V) and 

anthropogenic sources (As, Cu, Pb, and Zn).  

Within the cluster analysis for total concentration data set, the geogenic group 

comprises Cr, Ni, and V. Previous research conducted in rural areas in Northern 
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Ireland showed a strong correlation of these PTEs known to be controlled by 

Paleogenic basalts in Northern Ireland (Barsby et al., 2012).  

On the right-hand side can be observed, two smaller groups formed of Cu, Zn, and 

As, Pb indicating that these are the anthropogenic clusters in Belfast. These 

separating groupings are related to the different source contributions for these 

PTEs. Cu and Zn are probably grouped because they also have geogenic 

contributions from the Palaeogene basalts (especially copper) (Hill et al., 2001) as 

well as from anthropogenic sources within Belfast, such as historical heavy industry 

activity. As and Pb are anthropogenically controlled within the study area. 

However, As is known to be controlled as well by Silurian Greywacke present on the 

eastern part of the study area (McIlwaine, 2015).  

Similar trends in terms of cluster analysis for total PTEs in Tellus soil samples have 

been found in a study conducted in Belfast urban area by McIlwaine et al., 2017. 

The bioaccessible concentrations still show the two groups of PTEs. This time Cr and 

V are clustered together, potentially indicating similar behaviours in digestive 

solutions and control of parent material on their dissolutions. In contrast, 

bioaccessible Ni behaves differently than Cr, despite being clustered together in the 

total dendrogram. Maybe this is because Ni bioaccessibility is influenced by other 

controlling factors than its total concentrations or geogenic origins. For example, in 

a bioaccessible study conducted in rural areas in Northern Ireland, Cox et al. (2013) 

found that carbonate and aluminium oxide components contribute more 

significantly to bioaccessible Ni (35–55 %) than Cr (less than 10 %) in soils overlying 

Antrim basalts. This may be explained by the different specific soil phases in which 

nickel and chromium exist.  

The bioaccessible PTEs group originating from anthropogenic sources identified 

two smaller groups formed of Cu - Zn and As - Pb potentially controlled by similar 

sources.  

Copper and zinc appear to have strong associations, potentially indicating some 

common controlling factors over bioaccessibility, such as their natural occurrence 

in basalts and similar anthropogenic sources within the study area. Similar to total 

concentrations, bioaccessible As and Pb were separated from Cu and Zn, suggesting 

they have different controlling factors over their bioaccessibility.  
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5.3 Lithological trends in Oral Bioaccessibility 

This section presents comparative differences in trace element bioaccessibility 

across five generic bedrock classifications in the study area.  

Table 5-2 provides an overview of the characteristics of the generic bedrock types 

and their abbreviations that will be used in this study.  

 

Table 5-2. Bedrock classification abbreviations used in box plot figures, overview of 
associated geologic time periods, major geologic formations, and the number of 
Tellus samples covering specific bedrock in the study area; information extracted 
from Northern Ireland Tellus Survey data issued under license 

5.3.1 Boxplots of each PTE in different bedrock geologies 

In the previous sections, elements such as Cr, Ni, and V showed spatial patterns in 

terms of total and bioaccessible concentrations indicative of geogenic source 

appointment, while As, Cu, Pb, and Zn are less clearly associated with natural 

geologic sources. Figure 5-2 presents the BAF of the PTEs investigated in different 

generic bedrock groups. It can be observed that in all five lithologies, the lowest 

BAFs were measured for Cr, Ni, and V, while BAF was increasing for As, Zn, Cu. Lead 

BAF was high in all bedrock types suggesting that this is not controlled by the 

geogenic origins. Instead, Cr, V, and Ni were the lowest in all bedrock geology.  

Abbreviation Generic 

Lithological 

class 

Period Major  

Local Formations 

No of 

Tellus 

samples 

Bas Basalt Palaeogene Lower Basalts 6 

Chalk Chalk Cretaceous Hibernian Greensands 

and Ulster White 

Limestone formation 

6 

 

Mudst Mudstone Triassic Waterloo Mudstone 

Formation, Penarth 

Group, Moffat Shale 

Group, 

28 

 

SherSdst Sherwood 

Sandstone 

Permian 

Triassic 

Sherwood Sandstone 

Group 

34 

 

GreySdst Greywacke 

Sandstone 

Silurian Gala Group, Greywacke 29 
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As well, Chalk and Basalts hosted the lowest BAF values compared to the Sherwood, 

Greywacke, and mudstones.  

a)  b)  

c) d)  

e)  

Figure 5-2. BAF of PTEs in different lithologies a) Basalt, b) Chalk, c) Mudstone, d) 
Sherwood Sandstone, e) Greywacke Sandstone. The boxplots show the 25th to 75th 
percentile ranges. 

5.3.2 BAF in each bedrock type 

This section presents the boxplots of PTEs in different five lithologies, while the map 

legends contain information for seven lithologies. Due to the small number of 
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samples and lithological similarities, Microgabbro (1 sample) was combined with 

Permotriassic Sherwood sandstone to gain a sub-sample size of 34 samples, and 

Silurian shale was combined with Silurian Greywacke to gain a sub-sample size of 

29 soil samples.  Mudstones have a sample size of 28 soil samples, while Basalt and 

Chalk had the smallest sample size of 6 soil samples each.  

5.3.2.1 Arsenic 

Soils overlying Mudstones, Sherwood Sandstones and Greywacke Sandstones host 

higher BAF of As compared to chalk and basalt (Figure 5-3 a, b). The maximum As 

BAF was measured in soils overlying mudstones (light green colour Figure 5-3 a) 

with a median of 19%, followed by the Permotriassic Sherwood sandstones 20% 

(yellow colour) and Silurian Greywacke 19% (light blue colour). The median As BAF 

in chalk (grey colour) was 16%, and the lowest was measured in igneous rock types 

such as basalt (dark green colour) 15%.  

Arsenic is known to be naturally present in the greywacke sandstones (McIlwaine 

et al., 2017; Medunić et al., 2020). In Figure 5-3 (a), the greywacke appears as a 

light blue colour on the eastern part of the study area. Chapter 3, section 3.13, 

mentioned that this study included eight soil samples collected from rural areas and 

located over the greywacke in the eastern part of the study area (circled with a 

white colour shape, Figure 5-3, a). It can be observed that six rural samples 

overlying greywacke had a low BAF (8%-16.4%). In contrast, samples corresponding 

with both greywacke and urban areas such as Bangor (northeast), east Belfast, 

Carryduff (east) and east Lisburn show higher arsenic bioaccessible fraction. This 

may indicate that arsenic bioaccessibility in urban environments is controlled by 

anthropogenic sources rather than geogenic controls of the greywacke present in 

these areas.  
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a) b)  

Figure 5-3. a) Map and b) boxplots for Arsenic BAF (%) in different lithologies. 
Basalt(n=6), Chalk (n=6), Mudstone (n=28), Sherwood Sandstone (n=34), Greywacke 
Sandstone (n=29). Samples circled with a white colour shape correspond with rural 
area. The map legend classification was created using the quantiles method. 

5.3.2.2 Chromium 

Figure 5-4 (a and b) shows that bioaccessible chromium was low across all 

lithologies with a maximum BAF of 5.9% and the lowest 0.4%. In general, higher 

observed Cr BAF occurred in Sherwood sandstones (yellow colour) which mainly 

cover the city centre area of Belfast and Lisburn city with a median of 1.9%, 

followed by Mudstones (median 1.8%) and greywacke (1.5%). These three types of 

lithologies present outliers that may indicate the presence of multiple Cr sources 

within this area. Basalt (median 1.8%) and chalk (0.9%) did not present long 

outliers, suggesting that geogenic sources may control bioaccessible Cr in these 

rock types.   

a)  b  

Figure 5-4. a) Map and b) boxplots for Chromium BAF (%) in different lithologies. 
Basalt(n=6), Chalk (n=6), Mudstone (n=28), Sherwood Sandstone (n=34), Greywacke 
Sandstone (n=29). The map legend classification was created using the quantiles 
method. 
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5.3.2.3 Copper 

Trends in Cu BAFs between Mudstones, Sherwood sandstones and Greywacke, are 

not highly discernible, maybe because copper originates from anthropogenic 

sources in this area (Figure 5-5 a, b). The highest BAF in these types of rock aligns 

geographically with Belfast city centre and the towns around it, such as 

Carrickfergus (N) and Bangor (W), with a median BAF of 28% in Mudstones and 

Sherwood sandstones and 31% in greywacke. The median Cu BAF in basalts was 

22%, while in chalk was observed the lowest median value of 14%. 

a) b)  

Figure 5-5. a) Map and b) boxplots for Copper BAF (%) in different lithologies. 
Basalt(n=6), Chalk (n=6), Mudstone (n=28), Sherwood Sandstone (n=34), Greywacke 
Sandstone (n=29). The map legend classification was created using the quantiles 
method. 

5.3.2.4 Lead 

Pb BAF is moderate to high throughout the study area with no apparent geogenic 

spatial controls (Figure 5-6 a, b). The median BAF is quite similar among bedrock 

groups, alluding to its anthropogenic origins in surface soils. The highest median 

BAF occurred in soils overlying Greywacke (51%), followed by Sherwood sandstones 

(50%), Mudstones (40%), basalts (38%) and the lowest median was measured in 

chalk (37%). On the geological map (Figure 5-6 a) can be observed that Pb BAF is 

highest in soils surrounding Belfast city centre, Carrickfergus (N), Holywood (E) and 

Bangor (E), and Lisburn (S).  
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a)  b  

Figure 5-6. a) Map and b) boxplots for Lead BAF (%) in different lithologies. 
Basalt(n=6), Chalk (n=6), Mudstone (n=28), Sherwood Sandstone (n=34), Greywacke 
Sandstone (n=29). The map legend classification was created using the quantiles 
method. 

5.3.2.5 Nickel 

Although Nickel and Chromium share common geogenic origins, Ni showed higher 

BAF in soils overlying the metropolitan area of Belfast. The highest median Ni BAF 

occurred in soils overlying mudstones (13%) located in the immediate proximity of 

Basalt and chalk, potentially indicating that the weathering processes might 

influence nickel bioaccessibility within this area. Ni BAF decreased in basalts and 

Sherwood sandstones with a BAF of 9%, followed by the greywacke (7%) and chalk 

(5%). However, on the map (Figure 5-7 a) can be observed that the highest Ni BAF 

mainly correspond geographically with Belfast city centre and the towns 

Carrickfergus (North) and Bangor (East). This suggests that Ni in these soils is not 

exclusively controlled by geogenic sources.  

a) b)  

Figure 5-7. Map and boxplots for Nickel BAF (%) in different lithologies. Basalt(n=6), 
Chalk (n=6), Mudstone (n=28), Sherwood Sandstone (n=34), Greywacke Sandstone 
(n=29). The map legend classification was created using the quantiles method. 
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5.3.2.6 Vanadium 

Vanadium BAF presented high variability in the three bedrock types of Mudstones, 

Sherwood sandstones and greywacke (Figure 5-8 b), with long outliers suggesting 

the presence of different controlling factors over V BAF in this area.  Basalt and 

chalk presented short outliers, but to be noted that these two types of rocks contain 

a small number of Tellus samples (6 samples each). 

However, the median BAF values were relatively similar in all five lithologies with 

11% (Mudst), 9% (SherStdst), 8% (GreyStdst), 9% (Basalt), and 7%(Chalk). 

Geographically, the highest V BAFs occurred in the Belfast city centre area, 

Carrickfergus (N), Newtownabbey (W), Bangor (E), and Lisburn (S), where the 

maximum value was 23.9% and the lowest 2.2% (Figure 5-8 a). This may indicate 

that anthropogenic activities may influence vanadium BAF in this area. 

a)  b  

Figure 5-8. a) Map and b) boxplots for Vanadium BAF (%) in different lithologies. 
Basalt(n=6), Chalk (n=6), Mudstone (n=28), Sherwood Sandstone (n=34), Greywacke 
Sandstone (n=29). The map legend classification was created using the quantiles 
method. 

5.3.2.7 Zinc 

In terms of zinc median BAF, in all five rock types, the values ranged between 16 

and 20% (Figure 5-9 b), suggesting no obvious geogenic control over Zn 

bioaccessibility. Sherwood sandstones, Mudstones and greywacke presented high 

variability of Zn BAF with the highest values of 77.5% and the lowest 3%. Chalk and 

Basalt presented the lowest BAF values with a maximum of 40% (basalt) and the 

lowest of 2.4% (chalk). The geological map (Figure 5-9 a) shows high BAF values 

around the city centre of Belfast, Carrickfergus (N), Newtownabbey (W) and Bangor 

(E), suggesting anthropogenic controls over Zn bioaccessibility in these areas.  
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a)  b  

Figure 5-9. a) Map and b) boxplots for Zinc BAF (%) in different lithologies 
Basalt(n=6), Chalk (n=6), Mudstone (n=28), Sherwood Sandstone (n=34), Greywacke 
Sandstone (n=29). The map legend classification was created using the quantiles 
method. 

To summarise this section, it can be said that the highest BAF values occurred in 

soils overlying Mudstones, Sherwood sandstones and greywacke, which contains 

the most Tellus samples. However, these rock types cover mainly the urban area of 

Belfast and its satellite towns such as Carrickfergus (N), Bangor (E), and Lisburn (S). 

The lowest BAF values occurred in basalts and chalk located along the western part 

of the study area, which have the smallest number of samples, 12 in total (6 each).   

5.4 Development zones pre and post 1963 

This section evaluates how PTEs bioaccessibility have been influenced by different 

eras of urbanisation using the boundary of Belfast before 1963 (or pre1963) (OSNI, 

2015) and the modern urban domain defined by the Corine Land Cover developed 

after 1963 (or post 1963)(EEA, 2018). 

The previous section 3 analysed if the parent material is the primary geogenic 

control for the PTEs bioaccessibility in the metropolitan area of Belfast. It was 

observed that the variance of PTEs appears to be impacted by a mixture of geogenic 

and anthropogenic controls, this being more obvious for As, Cu, Pb, and Zn. The 

group formed of the PTEs Cr, Ni, and V seem to be controlled by geogenic sources 

and the highest bioaccessibility values being registered in areas with historical 

industrial activity.  

McIlwaine et al., 2017 reported a relationship between PTEs concentrations and 

historical urban development zones (1858, 1901, 1919, 1939) in Belfast soils and 

concluded that different PTEs are associated with different eras of urbanisation. 

This section will assess if there is a significant difference between bioaccessibility 
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of PTEs within the boundary before 1963 (n=39 Tellus soil samples), where most of 

the important industrial activities took place, and after 1963 (n=64 Tellus soil 

samples)  when Belfast became mainly a city of providing services.  

5.4.1 Arsenic 

Arsenic BAF in the surface soils from the boundary before 1963 (light blue colour on 

the map) has higher values compared to the area developed since 1963 (Figure 

5-10b). The BAF median within the boundary of before 1963 is 23% compared with 

the median value of after 1963, which is 17%. On the map (Figure 5-10a) can be 

observed that the highest As BAFs correspond mostly with areas represented by 

the Belfast city centre and its satellite towns such as Carrickfergus (N), 

Newtownabbey (W), Bangor (E) and Lisburn (S). As discussed in section 5.3.2.1, the 

greywacke is present from the northeast towards the south in the study area, 

where arsenic is naturally present in this type of rock. It can be observed that a part 

of the 1963 boundary covers this area of the greywacke where the As BAF is 

relatively high while outside the boundary of 1963 (especially eastern part), the BAF 

values are quite low, potentially indicating that the geogenic sources in this area 

control bioaccessibility of As.   

These observations may indicate that arsenic is more soluble in the areas impacted 

by the historical industry activities and urbanisation and less soluble in areas 

controlled by lithology such as greywacke sandstones.  

a) b)

Figure 5-10. a) Arsenic map and b) boxplots showing the BAF (%) in the development 
zone pre (n=39 Tellus soil samples) and post 1963 (n=64 Tellus soil samples). The 
map legend classification was created using the quantiles method.  

5.4.2 Chromium 

Chromium BAF in the study area is relatively low, ranging from 0.4% to 5.9% (Figure 

5-11 a, b). However, it can be observed that Cr is more bioaccessible within the 

boundary before 1963 compared to the area developed after 1963. The median Cr 
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BAF values are 1.8% (before 1963) and 1.3% (after 1963), with the highest values 

mainly observed inside and around the cities that compose Belfast's metropolitan 

area. The Belfast boundary in 1963 was still not extended to the western part where 

basalts are present. Figure 5-11a shows that Cr BAF is relatively low (BAF <1.4%), 

but some BAF values range from 1.8 to 2.3%, which coincide with today’s Belfast 

suburb Newtownabbey.  

From a risk assessment perspective, low bioaccessibility of chromium within the 

study area should not pose any risk to human health. However, in this thesis, total 

Cr is reported, which can exist under two forms of trivalent chromium Cr (III) and 

hexavalent chromium Cr (VI), the last one being very toxic. 

a) b)

Figure 5-11. a) Chromium map and b) boxplots showing the BAF (%) in the 
development zone pre and post 1963. The map legend classification was created 
using the quantiles method. 

5.4.3 Copper 

In the previous section 5.3 (geology), it was determined that Copper bioaccessibility 

in the study area might not be controlled only by geogenic sources because there 

were no clear patterns within the study area. In Figure 5-12 (a, b) can be observed 

that the highest Cu BAFs (>37%) are found within the boundary 1963, potentially 

indicating that its solubility may be influenced by the anthropogenic sources. The 

highest BAF values are concentrated in the Belfast city centre, some elevated values 

measured in Carrickfergus (N), Bangor (E), and Lisburn (S). Outside the boundary of 

1963, the median BAF is 26%, with values ranging from 3.4% to 52%, which are 

lower than the values measured inside the boundary of 1963. 
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a) b)

Figure 5-12. a) Copper map and b) boxplots showing the BAF (%) in the development 
zone pre and post 1963. The map legend classification was created using the 
quantiles method. 

5.4.4 Lead 

Lead BAF values greater than 40% are represented as yellow, orange, and red 

colours on the map (Figure 5-13a). The highest values were measured within the 

Belfast boundary of 1963, while the BAF values are lower outside the development 

zone of 1963. Figure 5-13b shows that the median is much higher in the area of 

urbanisation in 1963 than outside, with values of 57% (before 1963) and 39% (after 

1963). Within the previous section, it was determined that Pb is not naturally 

occurring in soils of the study area. Using the information from the current section, 

it can be concluded that Pb in the metropolitan area of Belfast originates from 

anthropogenic activities (traffic, leaded paint, lead pipes, industrial activities). The 

high solubility of Pb in the gastric solution may pose a significant risk to human 

health, especially when this originates from anthropogenic activities. 

a) b)

Figure 5-13. a) Lead map and b) boxplots showing the BAF (%) in the development 
zone pre and post 1963. The map legend classification was created using the 
quantiles method. 

5.4.5 Nickel 

Elevated Ni BAF values correspond with the boundary of 1963, especially for Belfast 

and Carrickfergus (N). Figure 5-14b shows a difference in BAF median of 3% 
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between the data contained in the boundary before 1963 (10%) and after 1963 

(7%). In the area where basalts (W) are present and known to have a geogenic 

control over Ni concentrations, it can be observed that the nickel BAF registered 

low values of < 7%. The map shown in Figure 5-14a indicates that the highest Ni 

BAF values coincide with the area covered by the boundary of 1963 of Belfast, 

Carrickfergus (N), and Holywood (E).  

Therefore, Ni bioaccessibility in the study area may be influenced by both geogenic 

and anthropogenic controls.  

a) b)

Figure 5-14. a) Nickel map and b) boxplots showing the BAF (%) in the development 
zone pre and post 1963. The map legend classification was created using the 
quantiles method. 

5.4.6 Vanadium 

Vanadium BAF seems to be little impacted by the urbanisation with an equal 

median of 9% in both before and after 1963 boundaries (Figure 5-15b). However, 

on the map (Figure 5-15a) can be observed that the highest levels of BAF 

correspond with the areas of boundary developed before 1963, especially in 

Belfast, Carrickfergus (N), Newtownabbey (W), and Lisburn (S). In section 5.2.1, 

when it was calculated Pearson coefficients, bioaccessible V presented a good 

correlation with bioaccessible Cr (r=0.55) and bioaccessible Ni (r=0.50). This 

sustains the assumption that these 3 PTEs may behave similarly in terms of 

solubility in the gastric solutions and may be controlled by the geogenic sources 

within the study area, except the locations with heavy urbanisation impact and 

historical activities.  
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a) b)

Figure 5-15. a) Vanadium map and b) boxplots showing the BAF (%) in the 
development zone pre and post 1963. The legend classification was created using 
the quantiles. 

5.4.7 Zinc 

Figure 5-16 (a, b) shows that Zn BAF is much higher within the boundary developed 

before 1963 than after 1963, with the highest values concentrated in Belfast city, 

where most industrial activities took place until the 1960s. Some elevated values 

were registered as well in Carrickfergus (N), Newtownabbey (W), Bangor (E), and 

Lisburn (S). The areas outside this boundary seem not to be so highly impacted, 

with a median BAF of 14% compared with 34% measured within the boundary of 

1963.  

a) b)

Figure 5-16. a) Zinc map and b) boxplots showing the BAF (%) in the development 
zone pre and post 1963. The legend classification was created using the quantiles.  

To conclude this section, BAF of Cr, Ni, and V is mainly controlled by geogenic 

sources, and these PTEs registered the lowest BAF values. Arsenic seems to be 

impacted by both geogenic (greywacke) and anthropogenic sources, along with Cu 

and Zn, while Pb clearly shows that its origin in the study area comes from 

anthropogenic sources. The difference between the bioaccessible medians of these 

PTEs (As, Cu, Pb, and Zn) within boundaries before and after 1963 is high.  
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5.5 Principal Component Analysis 

In this section, Principal Component Analysis (PCA) was conducted to identify the 

existence of common sources of variance among a set of given factors. This can 

provide additional insight into the statistical relationships observed during the 

initial correlation analysis. 

Total and bioaccessible data set (n = 103) for the 7 PTEs were CLR transformed 

before PCA analysis. The PCA analysis aimed to identify the main geochemical 

components controlling total and bioaccessible PTE concentrations and 

distributions in soils across the study area. The results are represented on the 

biplots and maps, which illustrate Principal Components (PC) loading across 

individual soil sample locations.  

5.5.1 PC1 PC2 PC3 for total concentrations 

Table 5-3 presents the 6 Principal Components (PC) identified for the total 

concentrations of 7 PTEs in shallow soil samples ( n = 103 ) across the metropolitan 

area of Belfast. Reimann et al. (2008) recommend using components whose 

eigenvalues are equal to or greater than one. This study will use the first three PCs 

because, even though the third PC has an eigenvalue of 0.65, it helps the 

interpretation of the trends in PTEs total concentration distributions.  

The first three PCs account for 88.83% of the cumulative variance, where PC1 

explains the highest proportion of the variance 56.97%, while PC2 and PC3 explain 

22.48% and 9.39%, respectively.  

Importance of 

components: 

     

 PC1 PC2 PC3 PC4 PC5 PC6 

 

Eigenvalue 3.9876 1.5733 0.65743 0.47541 0.17932 0.12690 

 

Proportion 

Explained 

0.5697 0.2248 0.09392 0.06792 0.02562 0.01813 

Cumulative 

Proportion 

0.5697 0.7944 0.88834 0.95625 0.98187 1.00000 
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Table 5-3. Principal component eigen values and proportion explained for the Total 
concentrations of 7 PTEs investigated across the metropolitan area of Belfast. Bold 
values indicate the PCs that are used for the rest of the study.  

The first two PCs identified in the total Tellus subset study explain 79.45% of the 

total variance within Belfast PCA results (Table 5-3, Figure 5-17). PC1 separates the 

anthropogenic elements As, Pb, and Cu, Zn (red on biplot) from the geogenic PTEs 

(green on biplot). Cu and Zn cluster closely, indicating similar spatial distribution, 

while As and Pb may indicate different contamination sources within the Belfast 

area. The PC1 map shows the anthropogenic group to create a halo effect around 

the oldest part of the city area covering the boundary of 1963 discussed in the 

previous section. This area corresponds with the historical shipbuilding industry 

and George Belfast City Airport located nearby.  

The PC2 distinguishes the geogenic PTEs Cr, Ni, and V, which cluster closely, 

reemphasising their almost identical spatial distributions related to their similar 

sources within the Belfast area. PC2 highlights the presence of arsenic as well in the 

eastern part of the study area, which coincides with the presence of the greywacke.  
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Figure 5-17. Results of PCA completed for Belfast using Total Tellus data (n=103) 
with PC1, PC2, and PC3 maps. 

The PC2 and PC3 identified in the total Tellus subset study explain 31.87% of the 

total variance within the total results of the Belfast PCA. PC3 separates Pb from Cu, 

Zn, and As and is represented by negative values on the PC3 map. Spatially, Pb 

coincides with the boundary of 1963 in Belfast city centre, Lisburn (S), and Bangor 

(E).  

5.5.2 PC1 PC2 PC3 for bioaccessible concentrations 

General trends observed in the PCA for total PTE concentrations were not 

significantly different from those observed in the bioaccessible data set results. 
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Table 5-4 presents 6 PCs identified for the PTE bioaccessible concentrations. In this 

section, the first three PCs will be considered because they explain 81.44% of the 

cumulative variance in the dataset and have eigenvalues of 3.40 (PC1), 1.58 (PC2), 

and 0.70 (PC3), respectively. 

Table 5-4. Principal component eigenvalues and proportion explained for the 
Bioaccessible concentrations of 7 PTEs investigated across the metropolitan area of 
Belfast. 

The first two PCs identified in the total Tellus subset study explain 71.34% of the 

total variance within the results of the Belfast PCA. PC1 (Figure 5-18) separates the 

anthropogenic elements As, Pb, and Cu, Zn (red colour on biplot) from the geogenic 

PTEs (green colour on biplot). Cu and Zn cluster closely, indicating similar behaviour 

in the UBM digestive solutions, while As and Pb may indicate different controlling 

factors over their bioaccessibility. The PC1 map shows the anthropogenic group, 

which created a halo effect around the oldest part of the city, indicating a strong 

contribution of the anthropogenic sources over PTEs bioaccessibility.  

The PC2 distinguishes the geogenic PTEs Cr, Ni, and V which cluster closely, 

reemphasising the assumption that the geogenic source controls their 

bioaccessibility.  

The PC2 and PC3 identified in the Tellus subset study explain 32.73% of the total 

variance within the bioaccessible results of the Belfast PCA. In the biplot (Figure 

5-18) can be observed that PC3 linked bioaccessible Cu and Zn and separated 

bioaccessible As from Pb may be due to their different controlling factors over 

solubility in digestive solution.  

Importance of 

components: 

     

 PC1 PC2 PC3 PC4 PC5 PC6 

 

Eigenvalue   3.4098 

 

1.5840 0.7073 0.61060 0.4802 0.20810 

Proportion 

Explained   

0.4871 0.2263 0.1010 0.08723 0.0686 0.02973 

Cumulative 

Proportion 

0.4871 0.7134 0.8144 0.90167 0.9703 1.00000 
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Unlike the total dataset, PC3 explains a common source of variance between Ni, Cu, 

and Zn, a trend identified with positive correlations in the Pearson correlation 

section (Cu + Ni=0.62, Zn + Ni=0.58), potentially indicating that these PTEs behave 

similarly in terms of bioaccessibility.  

 

 

Figure 5-18. Results of PCA completed for Belfast using Bioaccessible Tellus data, 
with PC1, PC2, and PC3 maps. 
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5.6 Heatmap 

Heatmap is a useful representation of the summary of this chapter where are 

combined BAF (%) data for the 7 PTEs, their corresponding geology and 

development zones.  

Figure 5-19 shows the heatmap and associated dendrograms (clustered using Ward 

method) for the BAF of Cu, Zn, As, Pb, V, Ni and Cr. Underlying lithology and 

development zones before/after 1963 for each sample location are shown in the 

horizontal legends at the top of the heatmap. High BAF values are depicted on the 

heatmap as red/pink colours and low BAF values by light blue and dark blue colours.  

The dendrogram on the top shows how individual samples cluster together, while 

the dendrogram on the left-hand side shows how PTEs cluster together. As shown 

on the vertical dendrogram, there are four distinct geochemical clusters 

represented by the Group 1 (Cr, Ni, and V) known to be controlled by geogenic 

sources, Group 2 (Cu, and Zn), Group 3 (As), and Group 4 (Pb) controlled by 

anthropogenic sources.  

On the horizontal dendrogram can be distinguished two main groups which appear 

to control high BAF values by the development zone before 1963 (left-hand side) 

and lower BAF values are governed by geology and after 1963 boundary (right-hand 

side).  The colour map for the anthropogenic group shows that the highest BAF 

values (red/pink colour) mainly correspond with the development zone pre1963 

(dark purple top of the heatmap), which may imply a connection between higher 

BAF and human activities. As well, the assumption related to the bioaccessibility of 

anthropogenic PTEs controlled by their total concentrations discussed in Chapter 4 

and throughout Chapter 5 has been confirmed.  

The BAFs for the geogenic PTEs indicate as well high values in the development 

zone pre1963. However, there are elevated values outside the boundary 1963, 

indicating that the bioaccessible of these PTEs is controlled by multiple factors such 

geology (high BAF Cr, Ni, and V in mudstones- which is located in the proximity of 

basalt and chalk, mineralisation, encapsulation, soil organic matter, rather than 

their total concentrations.  

The group formed of As, Cu, Pb, and Zn had low BAF in the cluster formed on the 

horizontal dendrogram (right-hand side of the heatmap), which manly correspond 
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with the area of development zone after 1963, basalts, chalk, greywacke, and 

mudstones. This may indicate that the presence of these PTEs in the study area is 

exclusively related to anthropogenic activities, and the high BAF values are 

influenced by these factors.   

  

Figure 5-19. Heatmap and associated dendrograms for TELLUS %BAF data (clustered 
using Ward. D method) in the underlying lithology and development zones 
(before/after 1963) 

Low BAF     High BAF 
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5.7 Summary 

Statistical exploration of the UBM extractions data suggests that underlying 

bedrock geology and anthropogenic sources within the Metropolitan area of Belfast 

exerts significant controls over PTE bioaccessibility. Soil parent materials rich in 

naturally elevated PTE concentrations have resulted overall in low PTE 

bioaccessibility, while in the areas with industrial history and rapid urbanisation, 

the PTE presented high solubility in the digestive UBM solutions.  

The correlation analysis highlighted the relationship between total and 

bioaccessible concentrations as well as between different PTEs. Following the 

information given by the correlation coefficient for total PTEs, two groups of 

elements can be distinguished, one formed of Cr, Ni and V, which showed a good 

correlation between the elements and the second group formed of As, Cu, Pb and 

Zn. The first identified group presented a weak or negative correlation with the 

second group formed of As, Cu, Pb, and Zn. Good and positive correlation 

coefficients were found between bioaccessible Cr and V, while bioaccessible Ni was 

positively correlated with the anthropogenic PTEs Cu and Zn. All these outcomes 

were confirmed in the cluster analysis, where PTEs were grouped in the same order 

found in the Pearson correlation.  

BAF data for the 5 generic lithologies and 2 development zones before/after 1963 

were analysed to determine if these factors influence the bioaccessibility of PTEs. 

The highest BAF values occurred in soils overlying Mudstones, Sherwood 

sandstones and greywacke, which contain the most Tellus samples; however, these 

rock types cover mainly the urban area of Belfast and its satellite towns such as 

Carrickfergus (N), Bangor (E), and Lisburn (S). The lowest BAF values occurred in 

basalts and chalk, which have the smallest number of samples, 12 in total (6 each). 

The boxplots of before and after 1963 data showed that for all 7 PTEs, the highest 

BAF values were measured within the boundary 1963 of the metropolitan area of 

Belfast.  

PCA analysis was used to identify commonalities among groups of samples 

variables. For the total concentrations, PC1 and PC2 separated the group of Cr, Ni, 

and V from As, Cu, Pb, and Zn, while PC3 separated As from Pb, highlighting their 

different sources within the study area.  
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General trends observed in the PCA for total PTE concentrations were not 

significantly different from those observed in the bioaccessible data set results. PC1 

and PC2 for the bioaccessible data separated the group of Cr, Ni, and V from As, Cu, 

Pb, and Zn. Unlike the total dataset, PC3 explains a common source of variance 

between Ni, Cu, and Zn, a trend that was identified with positive correlations in the 

Pearson correlation section (Cu + Ni=0.62, Zn + Ni=0.58), potentially indicating that 

these PTEs behave similarly in terms of bioaccessibility.  

At the end of this chapter, a Heatmap was produced to represent the summary 

chapter that combined BAF data for the 7 PTEs with their geology and development 

zones. On the vertical dendrogram were identified 4 distinct geochemical clusters 

represented by the Group 1 (Cr, Ni, and V) known to be controlled by geogenic 

sources, Group 2 (Cu, and Zn), Group 3 (As), and Group 4 (Pb) controlled by 

anthropogenic sources. The horizontal dendrogram showed how individual 

samples cluster together where can be distinguished two main groups. The 

anthropogenic group of PTEs As, Cu, Pb, and Zn have high BAF values and are 

present within the boundary of before 1963. The bioaccessibility of the geogenic 

PTEs Cr, Ni, and V appear to be controlled by the development zone post 1963 and 

geology.   

The next chapter will investigate the relationship between solid-phase distribution 

and oral bioaccessibility of PTEs, using a non-selective method coupled to 

chemometric analysis known as the chemometric identification of substrates and 

element distribution (CISED). This investigation will allow to identify the solid phase 

distribution of PTEs and identify the bioaccessible fraction of contaminants among 

soil components.  
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Chapter 6:  Solid phase distribution and oral 

bioaccessibility of PTEs in the metropolitan area of 

Belfast 

6.1 Introduction 

Potentially toxic elements (PTEs) can be present in soil within different soil 

components, determining their mobility and availability. In chapters 4 and 5, the 

total and bioaccessible concentrations of PTEs in soil samples across urban area of 

Belfast were analysed and investigated. Two groups of PTEs that may originate from 

geogenic (Cr, Ni, and V), anthropogenic (Cu, Zn, and Pb) or a combination of both 

sources (As) were identified. Bioaccessibility of these PTEs may be influenced by 

different factors such as soil properties, pH, soil organic matter, presence of specific 

components such as carbonates, clay, and iron oxides (Reis et al., 2014). Therefore, 

understanding the solid phase distribution of PTEs can enhance the comprehension 

of bioaccessibility, which may represent an additional line of evidence to 

bioaccessibility testing during human health risk assessment (CIEH, 2009). 

This chapter describes the application of the Chemometric Identification of 

Substrates and Element Distributions (CISED), a non-specific sequential extraction 

method first described by (Cave et al., 2004) in determining the soil phase 

distribution of 7 PTEs, As, Cr, Cu, Ni, Pb, V, and Zn. The advantages of this method 

are: (1) rapid and simple extraction procedure, (2) non-selectivity and redistribution 

of elements, (3) partitioning of elements not based on their response to the 

extraction reagents, and (4) results support directly the in vitro bioaccessibility tests  

(Cave et al., 2004; Palumbo-Roe and Klinck, 2007; Cox et al., 2013). 

CISED analysis was carried out on 15 Tellus soil samples selected from the study 

subset of 103 samples as described in Chapter 3. The choice of soil samples aimed 

to cover different geology types, land use, development zone (pre/post 1963), and 

a range of PTEs concentrations. The data obtained were applied to determine 

whether a relationship exists between the distribution of PTEs among soil 

components and their total and bioaccessible concentrations. This data also 

provides useful information on the soil components in which the available PTEs are 

found and the concentrations of non-extractable PTEs in soils.  
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6.2 Total and bioaccessible PTE concentrations within the 

CISED subsample compared with the whole sample set 

The fifteen Tellus samples chosen for the CISED extraction were selected from the 

study subset of 103 samples described in Chapters 4 and 5. The sample selection 

strategy targeted samples with high total PTE concentrations and ensured samples 

were spatially representative of the study area. Table 6-1 provides details of the 

total and bioaccessible concentrations for each sample as well as details of the 

underlying geology and whether the locations of the samples were developed 

before 1963.  

Total concentrations were measured on less than <2mm size fraction using the 

XRFS method (Knights, 2007), and the bioaccessible concentrations were analysed 

on <250um size using the UBM method (Chapter 4). The bioaccessible results 

reported in Table 6-1 are for the Gastric phase as this measured the highest 

concentrations in the UBM extraction compared with the Gastrointestinal phase 

(reported and explained in Chapter 4).  

Total concentrations of Arsenic in the CISED sample subset (n=15) varied from 4.1 

to 64.3 mg kg-1 with a median value of 12.8 mg kg-1, almost identical to the median 

value of 12.7 mg kg-1 reported in Chapter 4 for the whole study subset (n = 103). 

The bioaccessible As concentrations in the CISED sub-sample varied from 0.6 mg kg-

1   to 17.5 mg kg-1 and a median of 2.3 mg kg-1, which is higher with one decimal than 

the median of 2.2 mg kg-1 measured in the study subset.  

Chromium total concentrations varied from 123.1 mg kg-1   to 652.3 mg kg-1 with a 

median value of 204.6 mg kg-1 close to the median of 207 mg kg-1   measured for the 

103 Tellus samples (Chapter 4). The bioaccessible concentrations of Cr were found 

to be 1.4 mg kg-1   the minimum, the maximum of 24.4 mg kg-1 and the median of 

3.8 mg kg-1, which is slightly higher than the median value of 3.4 mg kg-1 measured 

in the full bioaccessible study subset.  

Total concentrations of Cu ranged from 31.6 to 742.2 mg kg-1 and a median value 

of 86.1 mg kg-1, which is higher compared with the median measured in the study 

subset of 73.7 mg kg-1. Copper bioaccessibility varied from 8.2 mg kg-1   to 364.3 mg 

kg-1 with a median value of 20.9 mg kg-1, which is with four decimals higher than the 

median of 20.5 mg kg-1 found in the study subset of 103 Tellus samples. 
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Lead total concentrations ranged between 33.6 mg kg-1 to 1454.8 mg kg-1 with a 

median value of 208.1 mg kg-1, which is approximately two times higher than the 

median value of 96.1 7.6 mg kg-1 measured in the full bioaccessibility study subset. 

This difference may be because the CISED sample subset, besides the spatial 

representation, targeted soil samples with high total concentrations to ensure the 

mobility of PTEs within the study area is appropriately understood. Differences 

were observed as well in the range of bioaccessible Pb in the CISED subset, which 

varied from 8.2 mg kg-1 to 823.0 mg kg-1 and a median of 108.2 mg kg-1. These are 

approximately five times higher than the median of 45.8 mg kg-1 measured in the 

subset of 103 Tellus samples.  

The median of Ni total concentrations in the CISED subset is equal to the median 

measured in the study subset, which was 80.9 mg kg-1. The bioaccessible 

concentration of Ni measured in the 15 Tellus samples varied from 2.2 mg kg-1 to 

24.5 mg kg-1   and a median value of 10 mg kg-1, while in the bioaccessibility study 

subset, the median was 7.6 mg kg-1. 

Total concentrations of Vanadium varied from 77.5 to 221.4 mg kg-1 with a median 

of 145.4, slightly higher than the median of 144.2 mg kg-1 measured in the subset 

of 103 Tellus samples. Vanadium bioaccessibility in the CISED subset ranged from 

4.5 mg kg-1 to 22.0 mg kg-1 with a median of 16.8 mg kg-1, which is 4 units higher 

than the bioaccessible median of 12.4 mg kg-1 measured in the study subset.  

Zinc total concentrations were found to vary from 81.4 mg kg-1 to 6721.0 mg kg-1 

and a median of 154 mg kg-1, while in the full study subset of 103 samples, the 

median was 146.9 mg kg-1. The bioaccessible Zinc ranged from 5.3 mg kg-1 to 3545.8 

mg kg-1 and a median of 30.9 mg kg-1, which is with eight units higher than the 

median of 22.7 mg kg-1 reported in the full study subset.  
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Table 6-1. Summary of data set (n=15 samples), total and bioaccessible 
concentration (mg/kg), geology and development zones pre/post 1963. 1Median 
values for total and bioaccessible concentrations measured in the study subset of 
103 Tellus samples reported in Chapter 4.  

Figure 6-1 (a, b) shows the spatial distribution of the 15 Tellus samples across the 

study area and the type of bedrock geology and development zones these are 

covering. Two samples are located on Basalts, one on Chalk, two on Mudstones, six 

on Sherwood Sandstones, and four on the Greywacke. Eight samples lie within the 

boundary of Belfast development pre 1963, while the area developed post 1963 

contains seven Tellus soil samples. 

Sample Total mg kg-1 Bioaccessible mg kg-1 Geology Dev. 

zone 

As Cr Cu Ni Pb V Zn As Cr Cu Ni Pb V Zn   

T1 

 

11.5 367.5 93.1 105.1 1454.8 199.6 155.6 1.6 4.6 25.4 10.0 823.0 15.5 19.9 Basalt Post 1963 

T2 

 

9.1 389.8 52.7 85.3 35.4 215.7 102.7 0.6 6.6 8.2 10.1 9.3 20.2 10.6 Basalt Post 1963 

T3 

 

15.3 285.7 72.2 73.3 67.9 163.8 144.2 1.5  3.8 20.5 10.3 24.3 16.8 23.1 Mudstone Post 1963 

T4 12.8 398.8 742.2 101.9 1201 109.9 6721 2.3 25.4 364.3 20.85 674.8 8.8 3545.8 Sherwood 

Sandstone 

Pre 1963 

T5 51.7 205.1 64 74.4 208.1 138.1 154 15.1 3.6 20.9 6.1 108.2 17.9 33.7 Sherwood 

Sandstone 

Pre 1963 

T6 

 

4.1 505 75 185.6 38.9 212.9 113.5 0.7 17.0 8.6 3.7 29.8 22.0 5.3 Greywacke Post 1963 

T7 24.3 141.3 354.2 80.9 877.5 105.3 453.8 8.2 4.0 241.1 16.6 520.5 16.9 171.6 Sherwood 

Sandstone 

Pre 1963 

T8 

 

35 158 256.4 103.8 849.6 145.4 653.1 12.6 3.3 113.1 11.8 511.7 21.7 234.9 Greywacke Pre 1963 

T9 

 

16.3 141.7 31.6 44.8 99.3 77.5 81.4 3.6 1.4 12.8 2.5 104.2 5.5 8.3 Greywacke Post 1963 

T10 54.8 123.1 263 74.4 908.6 117.5 1058.9 17.5 2.0 122.1 8.1 422.4 14.2 521.4 Sherwood 

Sandstone 

Pre1963 

T11 10.9 149.5 61.4 54.7 96.1 175.8 102.5 2.2 2.4 18.8 2.2 45.6 14.7 8.7 Sherwood 

Sandstone 

Post 1963 

T12 12.3 136.9 52.7 57 63.3 104.8 140.7 2.2 1.4 14.5 4.1 22.3 9.59 30.9 Sherwood 

Sandstone 

Pre 1963 

T13 

 

6.1 652.3 99.4 287.1 33.6 189.8 145.8 0.7 4.1 15.6 15.8 8.2 20.2 26.2 Chalk Post 1963 

T14 

 

11.1 143 86.1 68.1 585.2 98.9 196.3 2.9 3.0 40.4 7.7 531.4 4.5 40.9 Greywacke Pre 1963 

T15 

 

64.3 204.6 519.2 178.9 1320 221.4 1649 16.9 4.9 143.0 24.5 590.1 20.8 655.1 Mudstone Pre 1963 

Min 4.1 123.1 31.6 44.8 33.6 77.5 81.4 0.6 1.4 8.2 2.2 8.2 4.5 5.3   

Max 64.3 652.3 742.2 287.1 1454.8 221.4 6721.0 17.5 25.4 364.3 24.5 823.0 22.0 3545.8   

Median 12.8 204.6 86.1 80.9 208.1 145.4 154 2.3 3.8 20.9 10 108.2 16.8 30.9   

Median1 12.7 207.1 73.7 80.9 96.1 144.2 146.9 2.2 3.4 20.5 7.6 45.8 12.4 22.7   
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a)  b)  

Figure 6-1. Tellus sample locations across the study area. a) Geological map; b) 
Development zone 1963 map. 

The median values of PTEs measured in the CISED subset are similar or close to the 

median values measured in the whole study subset of 103 Tellus samples, except 

Pb, which presented approximately two times higher median in the CISED study 

(208.1 mg kg-1) than in the study subset (96.1 mg kg-1).  However, in Figure 6-1 (a, 

b), the selected samples cover different types of bedrock geology and development 

zones, which denotes that the selection of 15 Tellus samples is generally 

representative of the study area. The CISED extraction method was applied to all 

these samples to understand the solid phase distribution of all 7 PTEs investigated 

in this study and determine if the geology and development zones pre/post 1963 

influenced soil components. Moreover, this will provide additional information on 

the influences of PTEs bioaccessibility across the metropolitan area of Belfast.  

6.3 Interpretation of sequential extraction data 

The colourmap shown in Figure 6-2 summarises the elemental composition of 

components, their associated extraction profiles, and the physico-chemical 

components identified in all 15 Tellus samples. Each row represents a component 

identified by the CISED algorithm, where the name of the cluster is composed of 

the major elements that make up >10% of the component composition.  The 

columns of the heatmap are based on model output showing the elemental 

composition (%) on the left-hand side and the extraction profiles on the right-hand 

side (E1 - E14). 

Combining geochemical knowledge with the relative solubility of each component 

in the extracts, the major elemental composition of profiles, and the results of 

hierarchical clustering, allowed 6 geochemically distinct clusters to be identified, 

which were named as: Pore Water (PW), Ca Carbonate (Carbonate 1+ Carbonate 
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2), Pb Site-Specific Components (PbSSC), Clay related, Intergrown Fe oxide with Clay 

(FeOx/Clay), and Fe oxide which are summarised in Figure 6-2 and Table 6-2. 

 

 

Figure 6-3. CISED extraction solutions E1-E14 of 10mL with increasing of nitric acid. 
From the E7 to E14 was added an increasing amount of H2O2 to enhance the 
degradation of organic matter and support the dissociation of Fe oxides. 

Pore Water 

Carbonate 1 

Carbonate 2 

Pb SSC 

Clay related 

Intergrown 

Fe oxide 

with Clay 

Fe oxide 

Figure 6-2. Colourmap and associated clustergram for CISED extractable test soils. 
The dendrogram along the right-hand side shows how individual components link 
together. The horizontal line divides the colourmap into clusters and the vertical line 
separates the element compositions data on the left-hand side from the extraction 
number data on the right (E1-E14). The key on the top shows high concentrations of 
each component as white and with low concentrations as grey or black. 



Chapter 6. Solid phase distribution and oral bioaccessibility of PTEs in the 
metropolitan area of Belfast 

158 
  

Table 6-2. Summary of the Solid phases (clusters) identified by CISED sequential 
extraction in Tellus soil samples. 

 

6.3.1 Pore water 

This cluster was the most easily extracted and removed by the two water 

extractions (E1-E2) (Figure 6-3), with a small amount extracted at higher acid 

concentrations of 0.5M (E9-E10) (Figure 6-4). Pore water cluster is predominantly 

composed of Na (8.5 – 37.2%), K (2.2-39.9%), S (3.6-38.6%), and Ca (2.7-30.2%). The 

ease of removing this cluster suggests its association with the dissolution of residual 

Soil Phase 

(Cluster) 

Major  

Element 

composition 

Minor 

Element 

composition 

Extraction 

number 

(E1-E14) 

References 

Pore water K, S, Na, Ca Si, Li, Mo, 

Cu, As, Pb 

E1-E2 (Cave et al., 

2004) (Cox et 

al., 2013) 

Carbonates Carbonate 1: 

Ca, Mg, Sr; 

K, Mn, Li, V E3-E4 

 

(Cave et al., 

2004) (Wragg 

and Cave, 

2012) (Cox et 

al, 2013) 

Carbonate 2: 

Ca, Mn, Sr; 

Si, Li, Mg, Al, 

Ni, Zn 

 

E5-E6 

Pb Dominated 

Component 

(PbSSC) 

Al, Si, Pb Ba, P, Mn, 

Sr, Li, Cu, Zn 

E7-E8 (Cave et al, 

2004) (Mehta 

et al., 2020) 

Clay related Al, Fe, Si Sr, P, Ba, As E7-E11 (Cox et al., 

2013) (Wragg, 

2005) 

Intergrown 

FeOx/Clay 

Fe, Al, Si P, Mg, Mo, 

Li, As, Cr, Ni, 

V, Zn 

E7-E14 (Cave et al, 

2004) (Cox et 

al, 2013) 

Fe oxides Fe, Mg, Al Si, Cr, Ni, V, 

Zn 

E9-E14 (Cave et al., 

2004) (Wragg, 

2005) 

(Cox et al, 

2013) 
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salts from the original pore water in the soil (Cave et al., 2004). However, the small 

amount of this cluster extracted at higher acid concentrations (0.5M HNO3) 

suggests the presence of some organics in the form of humic acid, which, when 

oxidised, release inorganic elements into solution (Cave et al., 2004). Molybdenum 

was present in some components in this cluster, potentially due to the high 

concentrations of organic matter in this sample (T11 is located in an agricultural 

field) known to regulate long-term Mo retention and loss from soil (Marks et al., 

2015). 

6.3.2 Ca Carbonate 

In this study, two clusters of carbonates were identified and have been summed as 

one single Ca carbonate for the purpose of visualisation. The first carbonate cluster 

1 was extracted in weak acid conditions of 0.01M HNO3 (E3-E4), while the second 

carbonate cluster 2 was extracted by the addition of acid at concentration 0.05M 

HNO3 (E5-E6) (Figure 6-4). The range of % Ca in both clusters varied from 25.7% to 

86.65%. The removal of Ca during the addition of weak acid suggests that these 

clusters are associated with the dissolution of a calcium carbonate phase (Wragg, 

2005; Wragg & Cave, 2012). Important concentrations of PTEs such as V started 

being removed in Carbonate 1 while  Ni, Cu, Pb, and Zn dissolution were associated 

mostly with Carbonate 2 (Figure 6-2 and Figure 6-7). 

6.3.3 Pb site-specific component (Pb SSC) 

The site-specific component consisted primarily of Pb (15.3-25.5%), Al (25.1-

57.4%), Si (4.4-29.5%), and Zn (0.1-10.4%). Lead concentrations in this Pb SSC were 

the highest identified across all clusters, and the presence of Al and Si may suggest 

that this is a type of clay in which Pb accumulated easily. This Pb containing 

components were extracted over the range 0.05 - 0.1M HNO3 (E7-E8), where H2O2 

was added. The role of hydrogen peroxide addition is to remove the carbonate 

phase, the organic matter and support the dissociation of Fe oxides (Figure 6-3, 

Figure 6-4) (Filgueiras et al., 2002). Some elements such as Pb, Al, Cu, and Zn may 

form strong complexes with organic matter in soil. The removal of the organic 

matter at this phase potentially enhanced the mobility of PTEs such as Pb, Zn, Cu, 

and As and hence their dissolution in CISED extraction (Figure 6-2 and Figure 6-7). 
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6.3.4 Clay related  

The components identified in this cluster are principally made up of Al (11.0 – 

74.9%), Fe (1.0 - 64.4%), and Si (0.1 - 27.9%) and were extracted at moderate to 

high acid concentrations E7-E11 (0.1M to 1M HNO3) (Figure 6-4). The predominance 

of Al, Si, and Fe and the high acid strength extraction suggests that this cluster is 

likely to be clay related minerals.  

Figure 6-2 shows that a high proportion of Cr and V started being mobilised in this 

cluster and increasing gradually towards the Fe oxide cluster. Some concentrations 

of Cu, As, and Pb are dissolved at these acid concentrations.  

6.3.5 Intergrown Fe oxide with Clay 

This cluster was identified as Intergrown Fe oxide with Clay (Fe ox / Clay) because 

of the presence of major elements identified such as Fe, Al, and Si in almost all 

components and extracted at higher acid concentrations compared with Clay 

related. The dendrogram presented in Figure 6-2 grouped the components 

assigned as FeOx/Clay and separated this group from the other clusters such as Clay 

related and Fe oxide.   

The components of FeOx/Clay are principally made up of Fe (42.9 – 60.7%), Al (4.4 

– 20.3%), and Si (4.9 – 22.8%) and were extracted from 0.1M HNO3 (E7) and steadily 

increasing to the final acid concentration of 5M HNO3 (E14) (Figure 6-4). The high 

proportion of Al and Fe in this cluster suggests that Fe oxide is closely intergrown 

with fine clay minerals, as observed by other authors in different studies (Cave et 

al., 2004; Cox et al., 2013). 

Figure 6-2 shows that high concentrations of Ni and As started being mobilised in 

this cluster along with Cr, V, and some proportions of Zn.  

6.3.6 Fe oxide 

This cluster is dominated by components that contain Fe, which were extracted 

under the highest acid concentrations used during CISED extraction leading to their 

identification as Fe oxide. In this cluster, Fe is the dominant element (43.5- 68.8%) 

followed by Al (0.1- 22.4%), Mg (1.2 -24.3%), and Si (3.8- 17.3%) extracted with 

0.5M HNO3 (E9) and steadily increasing to the final acid concentration of 5M HNO3 

(E14) (Figure 6-4). Wragg (2005) reported that components extracted at slightly 

higher acid concentrations (5M HNO3) suggest a purer oxide with less fine grains. 
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Aluminium and silicon were identified in almost all components of this cluster, 

suggesting that Fe oxide is potentially intergrown with clay materials, as reported 

by Cave et al. 2004. However, what distinguishes this cluster from the FeOx/Clay is 

the iron as the dominant element and its extraction at the highest acid 

concentrations (5M HNO3).  

High concentrations of PTEs such as Cr, Ni, V, and Zn were extracted in this cluster 

(Figure 6-2) and will be further described in the subsequent sections. 

  

  

  

Figure 6-4. Extraction profiles for the six clusters identified in the data set (n = 15) 

6.3.7 Cluster composition of each sample 

Figure 6-5a shows a comparison of solids extracted (%) across all samples, and 

Figure 6-5b presents the percentages of solids extracted in each identified cluster 

(Figure 6-2) for each sample.  Figure 6-5a shows that sample T4 (pre1963, Sherwood 

Sandstone) shows the highest concentration of solids extracted across all samples. 

This indicates a high solubility of soil components in CISED solutions potentially due 

to its location on a highly contaminated area (Belfast, Dockland area), while the 
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sample T9 (post1963, Greywacke) located on the east part of the study area 

measured the lowest extractability of solids may be due to its geogenic origins.  

Calcium Carbonate (Figure 6-5b) seems to be the predominant cluster for the 

samples pre 1963 with a mass extracted from 20 to 50%, while the pore water 

cluster had the lowest average content (~3% the maximum). In 5 out of 8 samples 

was identified the PbSSC cluster and along with the predominant Carbonate cluster, 

may indicate an anthropogenic input in the composition of soil samples from 

industrial activities, demolition, construction, and traffic.  

The samples of post 1963 group show that the dominant clusters are Clays and Fe 

oxides, and only in one sample (T1) was identified the PbSSC cluster potentially due 

to its location next to an industrial area of warehouses and trade units (Mallusk 

Enterprise Park) which is transited by al lot of vehicles since 1992 (NICVA, 2020). 

The underlying geology seems to have more influence over the samples of post 

1963 where the dominant clusters of Clays and Fe oxides were extracted under the 

strongest acid conditions. The underlying geology in this area is represented by 

basalts, Greywacke, Mudstone, Sherwood Sandstones, and Chalk.  

Figure 6-5c shows the proportion of each sample extracted in different clusters with 

pre1963 samples located below the black line and post1963 situated above. Group 

samples of pre 1963 dominate the clusters of PbSSC (81%), Clay/FeOx (72%), 

Carbonates (66%), Pore water (56%), followed by Fe oxide (39%), and Clay related 

(23%). The highest extractability of these soil samples in the first four dominant 

clusters may indicate their anthropogenic input, and the elevated solubility of solids 

in the PbSSC may also be determined by the addition of H2O2 into the CISED 

solutions, which are known to remove the organic matter. The group of post 1963 

showed the highest solid extractability in Clay (77%) and Fe oxide (61%), while the 

lowest concentrations were registered in PbSSC (19%), indicating that geogenic 

origins influence these samples.  



Chapter 6. Solid phase distribution and oral bioaccessibility of PTEs in the 
metropolitan area of Belfast 

163 
  

a)  b)  

c)  

Figure 6-5. a) Comparison of extracted solids across all samples (%); b) Percentages 
(%) of solids measured in each sample. The soil samples are separated into two 
groups: pre 1963 and post 1963. Clusters are stacked together in order of 
extractability, with the most extractable clusters at the bottom of each column.  On 
the top of the column is shown the rock type on which the sample is located.  Abrv. 
SherSdst = Sherwood Sandstone. c) Total extracted solids (%) in each cluster. Soil 
samples are delimited by the black line colour with pre1963 samples situated below 
and post 1963 samples located above the line.  

6.4 Principal components analysis (PCA) of CISED data 

PCA analyses were completed to examine if the results capture differences 

between the identified clusters, samples, their underlying geology (Figure 6-6a) and 

development zones pre/post 1963 (Figure 6-6b). The first two principal components 

account for 37.9% (PC1) and 27.9% (PC2) of the total cumulative variance. It is 

known that properties near the origin are not significant for the PC, whereas those 

that extend far from the origin are more dominant.  Values that plot together on a 

PC biplot indicate a good correlation between samples or properties, whilst 

properties that plot at 90 degrees to each other are not related.  

The loading along PC1 indicates a clear separation between two groups of samples, 

the first one being represented by T4, T8, T10, T14, T15 located within the boundary 

of Belfast developed pre 1963 while the second group is dominated by samples T2, 

T3, T6, T9, T11, T13 located in the area developed post 1963 (Figure 6-6, b) with 
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only three samples T5, T7, and T12 from the group of pre 1963. However, in Figure 

6-5 a, b, c, these three samples were the only ones without Pb SSC, therefore on 

the PCA biplot, they were grouped with the samples that seem to have geogenic 

controls rather than anthropogenic. Clusters such as PbSSC and Clay seem to 

influence these two groups of samples, and a clear separation can be observed in 

the PC1 (Figure 6-6b).  Sample T1 is located on the Basalt and development zone 

post 1963 and appeared separated from the two groups identified on the PCA 

biplot. As observed in Figure 6-5 a, b, this was the only sample from the post 1963 

group that had a Pb SSC cluster, which may explain the separation from the rest of 

the samples. These results may indicate that samples T4, T8, T10, T14, T15 may be 

influenced by the development zone pre 1963, and the rest of the samples have 

geogenic controls within the study area (Figure 6-6 a, b). 

The PC2 results indicate some common points of Fe Oxide cluster with Carbonate 

and intergrown FeOx/Clay, but a clear separation from the PW, PbSSC, and Clay can 

be observed. This may indicate that the Fe Oxide cluster behaves differently from 

the other cluster and may be controlled by the underlying geology rather than 

development zones.  
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a)  

b)  

Figure 6-6. Principal Component Analysis (PCA) biplot for the 15 Tellus samples 
extracted during CISED methodology. Colours represent different identified clusters: 
Pore water (PW), Carbonates (Carb), Lead Site-Specific Component (PbSSC), related 
Clay, Intergrown Fe Oxide with Clay (FeOxClay) and Iron Oxide (FeOx). a) Symbols 
represent the underlying geology and the sample number; for example, Basalt1 = 
Sample T1 located on Basalt. b) Symbols represent the development zone of Belfast 
pre and post 1963, and the associated sample number: Post1 = Sample T1 located 
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in Belfast boundary developed post 1963.  Data have been LOG transformed prior 
PCA analysis.   

6.5 Extraction profiles of PTEs investigated 

One of the advantages of the CISED extraction is that physico-chemical components 

dissolve at different reagent strengths allowing identification of the proportion of 

PTEs dissolved in each cluster. Figure 6-7 presents the extraction profile of all 7 PTEs 

associated with each cluster. Ni and V are first mobilised in the carbonate cluster 

followed by the clay related and Fe oxide clusters, while As and Cr are only 

mobilised in clay related, Fe ox/Clay, and then Fe oxide clusters. Arsenic seems to 

be highly mobile in Clay, Fe ox/Clay, and Fe oxide. Zinc was first mobilised in the 

carbonate cluster and subsequently in the Fe oxide cluster, while Cu and Pb, which 

were soluble in carbonates, registered the highest CISED concentrations in the Pb 

SSC cluster and to a lesser extent in the clay related cluster.  

a) b)  

Figure 6-7. Extraction profiles of PTEs investigated for a) As, Cr, Ni, and V, and b) Cu, 
Pb, and Zn. The concentrations (mg/kg) are the average values measured in 15 
Tellus samples. 

6.6 Relation of total concentration and CISED extractable 

concentration 

Figure 6-8 shows the concentration of PTEs extracted with the CISED method 

compared to Total concentrations as measured by XRFS during the Tellus survey. 

The proportion of total PTEs extracted during the CISED method increased in the 

order of Cr (3.1-6.5%) < V (9.3 – 18.5%) < Ni (6.4 – 22.6%) < As (8.6 – 41.7%) < Zn (9 

– 46.3%) < Cu (19.4 – 75.2) < Pb (48.5 - 107.1%). A large proportion of the total mass 

of Cr, V, Ni, and As remained in the soil matrix, which was not easily attacked by the 

HNO3 in the CISED extract solutions, while significant amounts of Zn, Cu, and Pb 

extracted during CISED were easily mobilised suggesting that they are present in a 

very mobile form within the soil matrix. Differences in total Cr and CISED extracted 
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concentrations associated mostly with FeOx/Clay and Fe oxide clusters (Figure 6-2 

and Figure 6-7) suggest the non-mobile nature of Cr in the soil.  While Ni, which 

shares similar geogenic origins with chromium in Basalts, initially showed some 

dissolution in the Carbonate cluster and later in the Clay and Fe oxide components. 

Similar results were observed by Cox et al. (2013) in a study conducted in Northern 

Ireland in soil overlying basalts in rural areas.  

In contrast, Lead is very soluble in the CISED extractions, and the non-Fe clusters 

(Carbonate, PbSSC) in which Pb is predominant (Figure 6-7) are readily attacked by 

HNO3 and H2O2. For some samples, Pb extracted during CISED was higher than total 

concentrations. To be noted, the total concentrations of Pb reported in this study 

were measured by the XRFS method. During the Tellus survey, the total PTEs 

concentrations in soil samples have been determined by two methods, XRFS and 

Aqua regia digestion followed by ICP-MS analysis. McIlwaine (2015) investigated 

the differences between these two methods and found that total concentrations 

for Pb and other PTEs were similar using both methods.  

Zinc was principally extracted in Ca Carbonate cluster and after in FeOx/Clay cluster 

(Figure 6-7). Similar results in terms of the dissolution of Zn in CISED extraction have 

been reported by Mehta et al. (2020) in a study conducted in an abandoned mine 

site located in Gorno, Italy. Chen et al. (2017) found that Zn may be precipitated by 

calcium carbonate; however, the presence of organic matter may increase the 

solubility of zinc. As well, the adsorption and fixation of Zn take place through the 

gradual diffusion of available Zn into iron (Fe) and manganese (Mn) oxides and clay 

minerals.  This is also closely related to the change in the quantity of Zn attributable 

to organic content. This may explain Zn's dissolution in carbonates and after in Fe 

ox/clay to Fe oxide clusters. Similar dissolution and mobility behaviour was 

observed in the situation of Nickel and Vanadium within the study area.  

Samples T1 – T3, T6, T9, T11, T13 which are located in Belfast area developed post 

1963 (grouped on the right-hand side of the graphs in Figure 6-8) present lower 

total and CISED concentrations (except Pb in sample T1). While the samples located 

in the area developed pre 1963, T4, T5, T7, T8, T10, T12, T14, T15 (grouped on the 

left-hand side of the graphs) showed higher total and CISED concentrations, 

potentially indicating much greater anthropogenic contamination. Sample T4 which 

is located in the dockland area, seems to be a hotspot for PTEs Cu, Pb, and Zn.  
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a) b)  

c) d)  

e) f)  

g)   

Figure 6-8. CISED extraction (mg/kg) and Total concentrations of a)As, b)Cr, c)Cu, 
d)Ni, e)Pb, f)V, and g)Zn measured in 15 Tellus samples. 
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6.7 Relation of CISED clusters and bioaccessible data in 

Pre/Post 1963 development zones 

This section provides an indication of the solid-phase source fractions of 

bioaccessible and non-bioaccessible contaminants of interest investigated in this 

study. The results are interpreted according to geology and development zone of 

pre and post 1963 to understand if these two factors influence the mobility of PTEs 

in Belfast soils.  

6.7.1 Arsenic 

Figure 6-9 a, b shows bioaccessible arsenic plotted alongside a stacked bar chart of 

the CISED concentration of As found in each cluster within a sample.  Clusters are 

stacked together in order of extractability, with the most extractable clusters at the 

bottom of each column.  Therefore when reading Figure 6-9, it can be assumed that 

bioaccessible As in the clusters is found below the line showing bioaccessible As 

concentrations. Bioaccessible arsenic is predominantly associated with Fe ox/Clay 

cluster for samples pre 1963 and in Fe oxide cluster for samples post 1963 (Figure 

6-9 a, b). Samples T8, 14 (Pre1963), and T6, 9 (Post1963) correspond with the 

Greywacke in the study area, which is known to be a geogenic source for As. For 

these samples, bioaccessible As was mostly present in Clay and Fe oxide clusters, 

except sample T8, which showed higher bioaccessible concentrations of As (12.6mg 

kg-1) than were extracted during the CISED methodology (10.1 mg kg-1). Sample T15, 

located on Mudstone, contained a higher bioaccessible concentration of 16.9 (mg 

kg-1) compared with CISED extraction of 14.5 (mg kg-1). In these two samples, 

Arsenic could be present in mineral phases that were not dissolved during CISED 

but solubilised in the UBM extraction. This could be due to the use of organic 

reagents during UBM, longer extraction time, and constant temperature of 37⁰C. In 

a kinetic study of the oxidation of arsenopyrite conducted by Yunmei et al. (2004), 

it was shown that As concentrations tend to increase in the solution simultaneously 

with temperature increase. Figure 6-9 a, b shows CISED extractable As is almost 

four times higher within the 1963 boundary than outside this area, this trend being 

also evidenced in terms of total As concentrations in Figure 6-8 a.   

The information provided in this section, combined with data presented in previous 

chapters, suggests that Arsenic has both geogenic (from the greywacke) and 
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anthropogenic controls in the study area, but mainly controlled by the 

anthropogenic origins, especially within the boundary of Belfast 1963.  

a) b)  

Figure 6-9. Arsenic concentrations in CISED extracted clusters and bioaccessible 
concentrations in the development zones of pre 1963(a) and post 1963(b).  Clusters 
are stacked together in order of extractability, with the most extractable clusters at 
the bottom of each column.   

6.7.2 Chromium, Nickel, and Vanadium 

Chromium, Nickel and Vanadium share geogenic origins in ultramafic soils present 

in the northwest part of the study area. In Figure 6-7 (a), Ni and V showed similar 

trends in their extraction profiles with the first extraction in Carbonates, followed 

by Clay related to Fe oxide. Cr was extracted the most in Clay related and Fe oxide.  

Figure 6-10a shows that bioaccessible Chromium is mainly led by the dissolution of 

Clay, Fe ox/Clay, and Fe oxide clusters. These clusters are resistant to the attack of 

HNO3 and may suggest the geogenic origins of Cr in the study area and that the 

weathering process does not have a significant effect on its bioaccessibility. The 

samples located on basalt T1 and T2 (post1963) their bioaccessible Cr was 

associated with Clay and Fe oxide clusters and thus its low bioaccessibility described 

in Chapters 4 and 5.  Similar results were reported in several studies conducted in 

Northern Ireland in rural areas (Cox et al. 2013; Cox et al., 2017), where results 

indicated that Cr concentrations were principally related to recalcitrant chrome 

spinel and primary iron oxides, which explained the low bioaccessible chromium 

associated with clay-related and Fe oxides components. Mehta et al. (2019) found 

that Cr's bioaccessibility was associated with clay and Fe oxide components in an 

abandoned mine site in Campello Monti (NW Italy). 

However, it can be observed that sample T4 located on “made ground” in dockland 

area with a history of industrial activities indicates a point source of anthropogenic 
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chromium.  Cr bioaccessibility is higher than the concentrations extracted by CISED 

suggesting high solubility of Cr during UBM extraction in this soil sample potentially 

due to the use of organic reagents, longer extraction time, and constant 

temperature of 37⁰C. There are no significant differences between CISED 

concentrations measured in the samples pre 1963 and post 1963, maybe again 

indicating the geogenic controls of Cr in the study area.  

a)    

b)   

c)   

Figure 6-10. a)Chromium, b)Nickel, and c)Vanadium concentrations in CISED 
extracted clusters and bioaccessible concentrations in the development zones of pre 
1963 and post 1963. Clusters are stacked together in order of extractability, with 
the most extractable clusters at the bottom of each column.   
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Nickel seems to be more mobile compared to Cr with a proportion of bioaccessible 

Ni found in carbonates, PbSSc, and weathering products (clay minerals and 

intergrown FeOx/Clay), especially in the boundary pre1963 (Figure 6-10b), leading 

to the higher oral bioaccessibility measurements recorded for Ni than Cr. The 

bioaccessible Ni within the boundary of post1963 is found predominantly in 

Carbonates, Clay, and Fe oxides, the last two clusters being the most difficult to be 

solubilised by the HNO3.  

The samples T1 and T2 (post1963) located on basalts, bioaccessible nickel fraction 

is found in Fe oxide cluster. However, in these samples, Cr showed less 

bioaccessibility as there were still concentrations above the bioaccessible line in Fe 

oxide cluster, which were not solubilised during UBM. Similar to arsenic, Ni 

bioaccessibility in samples T8 and T15 were higher than CISED concentrations. 

Quantin et al., 2008 showed that Ni tends to be more readily transferred to 

secondary minerals than Cr, while Cox et al. (2013; 2017) found that Ni dissolution 

in CISED and UBM extractions were more mobile and widely dispersed within the 

soil components.   

Bioaccessible Vanadium is located mostly in carbonates, PbSSC, clays and 

intergrown Fe oxide/Clay and Fe oxide clusters within the boundary developed pre 

1963 while the samples located in the boundary post 1963 have bioaccessible 

fraction up to Fe oxide cluster except samples T11 (intergrown FeOx/Clay) and T13 

(Carbonates). Sample T13 is located on chalk rock type (pH 5.85), and the 

dissolution of the Carbonate cluster led to the bioaccessible fraction of vanadium 

in this sample. T6 is located on the Greywacke, and bioaccessible V is very high, 

especially in Clay related.  

However, total V (Figure 6-8f) and CISED concentrations of V (Figure 6-10c) seem 

to be similar in both development zones and mobilised predominantly in 

Carbonate, Clay, and Fe oxide clusters (Figure 6-2, Figure 6-5, Figure 6-7, and Figure 

6-10). Wisawapipat & Kretzschmar, 2017 demonstrated that V could be 

sequestered in kaolinite and Fe oxides in highly weathered soils by adsorption and 

structural incorporation mechanisms, while Gustafsson, 2019 reported that V 

solubility increases under high pH conditions. However, the pH values recorded in 

all samples investigated in this study ranged from 4.7 to 7.4.  
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The results presented in this section may suggest and reinforce the conclusions 

made in Chapters 4 and 5 that geogenic sources within the study area control 

concentrations in soil of Chromium, Nickel, and Vanadium.  

6.7.3 Copper and Zinc 

Previous studies conducted in the urban area of Belfast (McIlwaine et al., 2017) 

reported that Cu and Zn might be a mixture of geogenic (present in ultramafic soils) 

and anthropogenic sources (historical industrial activities). These results were 

confirmed as well in Chapters 4 and 5 within this thesis through the cluster and PCA 

analysis, where Cu and Zn appeared grouped together. In  Figure 6-8 (c, g) and 

Figure 6-11(a, b), Cu and Zn showed higher CISED dissolution in samples pre 1963 

compared to post 1963, potentially indicating anthropogenic controls within the 

boundary of Belfast in 1963. These PTEs are present especially in the city centre and 

dockland, where the most industrialised areas were located. Giusti, 2013 found that 

diffuse sources of heavy metals in Bristol soils may come from metal smelting, 

chemical works, domestic and industrial coal burning, and traffic, while Birke and 

Rauch (2000) found that industrial areas in Berlin determined the presence of 

elevated concentrations including Cu, Zn, Pb, and Sn.  

Bioaccessible Copper in the area developed pre 1963 was extracted from 

carbonates, PbSSC, to Clay related clusters and to a lesser extent from the Fe oxide 

cluster, while in the post 1963 area, bioaccessible Cu is mainly located in the clay 

related and carbonates clusters. Lagomarsino et al., 2011 conducted a study on a 

former wood preservation site and found that more than 80% of Cu was present in 

the silt and clay, which may explain the lower dissolution of Cu in samples rich in 

this mineral. Except for samples T4, T7, and T8 (pre1963), Cu concentrations 

extracted during CISED were lower than its bioaccessible concentrations, 

potentially indicating the high dissolution of Cu in these soil samples during UBM 

extraction. As discussed previously, Cu total concentrations are higher in the area 

developed pre 1963 (Figure 6-8c), and it can be observed that CISED concentrations 

of samples located within this boundary are also higher compared to samples 

located outside the boundary of post 1963. Samples T5 and T12 (pre1963) located 

on Sherwood Sandstones had the lowest extractability for Cu and Zn within the 

boundary of 1963, potentially indicating a geogenic control in these areas as 

identified in the PCA analysis (Figure 6-6 a, b). 
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a)   

b)    

Figure 6-11. a)Copper and b)Zinc concentrations in CISED extracted clusters and 
bioaccessible concentrations in the development zones of pre 1963 and post 1963. 
Clusters are stacked together in order of extractability, with the most extractable 
clusters at the bottom of each column.  

The predominant clusters with the highest CISED and bioaccessible Zn 

concentrations within the boundary of pre 1963, are located mostly in carbonate, 

Pb SSC and Clay, while in the area developed post 1963 bioaccessible Zn was 

mobilised in carbonates, clay, and Fe oxide. T4 seems to be a hotspot for Zn in the 

area along with Cu, Pb, and Cr, but the bioaccessibility is much higher than the 

concentrations extracted by CISED as perhaps Zn was more soluble due to longer 

time extraction during UBM, use of organic reagents, and constant temperature at 

37⁰C. However, CISED and bioaccessible concentrations within boundary pre1963 

are much higher than CISED concentrations of Zn outside boundary 1963, indicating 

that Zinc in the study area is controlled by a combination of anthropogenic and 

geogenic sources.  

Referring to the total and bioaccessible data (correlations, cluster, PCA analysis) 

presented in Chapters 4 and 5 and combining with CISED data can be said that Cu 

and Zn are mainly controlled by anthropogenic origins within the boundary of 1963, 
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while the low concentrations and dissolution outside this boundary suggests a 

geogenic input over copper and zinc.  

6.7.4 Lead 

The CISED clusters with the highest Pb concentrations were the Pb SSC, Carbonate, 

and Clay for the samples pre 1963, while the group of post 1963 samples showed 

high Pb concentrations predominantly in Clays (Figure 6-12).  

Bioaccessible Pb is mostly mobilised in carbonate and Pb SSC in the boundary pre 

1963, which registered the highest CISED concentrations. Pb in the development 

zone of post 1963 was mainly mobilised in clays but with a maximum of 100 mg/kg 

across all samples, except for sample T1, which seemed to be a hot spot for Pb and 

was included in the graph of pre 1963 for better visualisation (Figure 6-12a, b). The 

high CISED and bioaccessible Pb concentrations in this sample (T1) are potentially 

due to its location next to an industrial area of warehouses and trade units (Mallusk 

Enterprise Park) which is transited by many vehicles since 1992 (NICVA, 2020). The 

samples T5 and T12 show low CISED and Bioaccessible concentrations for Pb, 

potentially indicating a geogenic control at these locations as it was observed in the 

PCA analysis (Figure 6-6 a, b). 

The non-Fe dominated cluster (carbonate, PbSSC), and associated Pb, are more 

readily attacked by HNO3. However, in all the cases, Pb bioaccessibility 

concentrations were lower than total CISED concentrations. Reis et al., 2014 found 

that the dissolution of carbonates in the gastric solutions may lead to the formation 

of hydroxy carbonate anions that form insoluble compounds with Pb. For the group 

of post 1963, Pb bioaccessible fraction was mobilised in clays and Fe oxide (T9) 

clusters.  

The easy dissolution and high bioaccessibility of Pb suggest that this PTE comes 

mainly from anthropogenic sources such as leaded fuel, smelting activities, and 

sewage sludge rather than geogenic sources such as granite which is not found in 

the study area but present in the South-East of Northern Ireland (Palmer, 2015). 

The CISED results support the findings of chapters 4 and 5, where Pb was associated 

with anthropogenic sources within pre and post 1963 boundaries. The elevated Pb 

concentrations in the study area may pose a significant risk to human health. 
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a) b)  

Figure 6-12. Lead concentrations in CISED extracted clusters and bioaccessible 
concentrations in the development zones of pre 1963(a) and post 1963(b). Clusters 
are stacked together in order of extractability, with the most extractable clusters at 
the bottom of each column. * Sample T1 belongs to the group of Post1963 but was 
included in the Pre 1963 group for the purpose of a better visualisation.  

6.8 Summary  

The results presented in this chapter investigated total and bioaccessible 

concentrations of 7 PTEs (arsenic, chromium, copper, lead, nickel, zinc, and 

vanadium) in 15 Tellus soil samples collected from the urban area of Belfast. The 

main aim was to understand how bioaccessible concentrations of these elements 

were related to their solid phase distribution within the soils.  

Previous chapters (4 and 5) showed that the source of PTEs in the study area 

originates from both geogenic and anthropogenic sources. Their total 

concentrations and bioaccessibility may be influenced by these factors, as well as 

mineralogy, particle size, solid-phase speciation, and encapsulation. In this chapter, 

a non-specific sequential extraction coupled with chemometric analysis (CISED) was 

used to determine the distribution and fate of elements amongst soil components. 

The study area has been divided into two development zones: Belfast's boundary 

developed pre1963 within most historical industrial activities took place, and 

Belfast area developed post 1963.  

The CISED results identified 6 clusters of components within the soil samples: Pore 

water, Carbonate, Pb SSC, Clay related, intergrown FeOx/Clay, and Fe oxide.  The 

solid phase distribution results showed an association of PTEs with a variety of 

components and revealed high mobility of PTEs such as As, Cu, and Zn in samples 

from within the boundary of pre 1963 and high solubility of Pb in all samples across 

the study area. The current research also demonstrated that geological structure 
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along with rock weathering and soil formation processes could lead to variations in 

PTEs bioaccessibility, especially for Cr, Ni, and V.  

Chapters 4, 5, and 6 investigated in detail the total, bioaccessible and CISED 

concentrations to understand the origin and controlling factors of PTEs. In this 

chapter, the PCA analysis revealed the group of samples T4, T8, T10, T14, T15 

controlled by the development zone of pre 1963 and strong association with the 

PbSSC cluster while the rest of the samples showed geogenic controls (post 1963) 

within the study area and association with Clay and Fe Oxide clusters. 

Despite high total concentrations, the bioaccessibility of some PTEs (Cr, Ni, and V) 

was relatively low.  Non-bioaccessible concentrations were still present in clay and 

iron oxide clusters which are more difficult to be solubilised, leading to the 

conclusion that these PTEs in Belfast soils are likely to cause a risk to human health. 

However, if the current land use and soil conditions change over time, the 

bioaccessibility of these PTEs may change also.  

Findings on total and bioaccessible Arsenic investigated in the previous chapters 

suggested its origins from a combination of geogenic and anthropogenic controls. 

The CISED results showed that bioaccessible As is mostly present in some clay and 

Fe oxide clusters; however, the concentrations within the boundary of pre 1963 are 

approximately five times higher compared to post 1963. All this information 

supports the conclusion that arsenic is mainly controlled by anthropogenic 

contamination within the boundary of pre 1963 and some geogenic sources 

observed in the urban area developed post 1963.  

The group formed of Cu and Zn showed high total and bioaccessible concentrations, 

especially in the Belfast boundary, developed pre 1963 and high mobility in non-Fe 

oxide clusters (pore water, carbonate, PbSSC) identified in CISED extraction. These 

PTEs may pose a human health risk within the study area and should be investigated 

by comparing with appropriate threshold values as part of a generic site 

assessment.  

Lead showed high total, bioaccessible, and CISED concentrations across the study 

area, which may pose a significant risk to human health. Its origin may come 

especially from anthropogenic activities such as fuel combustion, traffic, leaded 

paint, smelting activities, sewage sludge rather than geogenic origins such as 

granite which is not present in the study area. 
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The use of CISED data in conjunction with bioaccessible data provides an important 

insight into the solid phase distribution of PTEs in soil and the mechanisms that 

govern their mobility and bioaccessibility. Even though all six PTEs (except Pb) 

showed low bioaccessibility in the area post 1963 and their association with clays 

and Fe oxides clusters extracted under the strongest acid conditions, this may be 

different over time if land-use changes. For example, non-bioaccessible arsenic may 

be displaced from the Fe oxides clusters in the presence of fertilisers or lime used 

in gardens. Therefore, enrichment in the soil of the organic matter and phosphorus 

may promote the weathering and dissolution of crystalline Fe oxide into 

ferrihydrite, which is more readily dissolved, hence enhancing As mobility (Wragg 

et al., 2007).  
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Chapter 7:  Sampling protocol for Bioaccessibility 

testing. Collstrup site, Denmark 

7.1 Introduction 

Soil is a heterogeneous matrix composed of particles originating from natural 

sources and anthropogenic activities. Sampling such complex media can lead to 

significant errors in the measurement process. Therefore, it is essential to set a 

clear plan with defined objectives to remove any uncertainties while ensuring the 

samples collected are representative of the whole site. An ideal representative 

sample would have the same concentration of contaminants as the sampling 

location. Poor sampling design can lead to insufficient data for risk identification 

and even missing highly contaminated areas called “hot spots.” 

Depending on their purpose, the soil sampling activities follow specific guidance 

provided by the industry standards available in every country. These guidelines are 

often designed for generic scenarios, whilst in most cases, they are applied on a 

site-specific basis, which might represent a deficiency for the entire sampling 

process.  

This study focuses on selecting appropriate soil sampling techniques for 

bioaccessibility testing used during the Human Health Risk Assessment (HHRA).  

Currently, most generic assessment criteria used during HHRA rely on total 

contaminant soil concentration, which is considered 100% bioavailable to humans, 

a fact that is likely to overestimate the risks resulting in unnecessary remediation, 

outcomes described in chapters 4, 5, and 6. In the situation of soil ingestion, only 

the dissolved fraction of a substance (bioaccessible) released from the soil into 

solution during digestion can become available for uptake in the bloodstream and 

create adverse effects on human health. Therefore, during soil sampling for HHRA, 

several soil characteristics must be considered, such as source of contamination, 

the liberation of a contaminant, its particle size, and chemical form, which can play 

a significant role in the bioaccessibility of that constituent. 

In the book chapter “Oral Bioavailability,” Cave et al., 2011  provide guidance on 

soil sampling and preparation for bioaccessibility/bioavailability measurements. 

The Unified BARGE Bioaccessibility method (UBM) (BS ISO 17924, 2018)  used 
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throughout this thesis recommends using as a guide ISO 18400-104 (ISO 18400-104, 

2018) when deciding where and how to sample while considering site variability. 

However, to date, no investigations have considered if these soil sampling protocols 

are appropriate for bioaccessibility testing. To this end, a chromated copper 

arsenate (CCA) contaminated site “Collstrup” located in Fredensborg, Denmark, 

was used as a study area to assess the factors affecting the soil sampling of As, Cr, 

and Cu, for bioaccessibility testing 

7.2 Scope 

The research carried out in this chapter aims to apply and optimise the most 

appropriate sampling techniques in the field and different types of sample 

preparation in the lab to identify any errors that occurred during soil sampling and 

assess the best conditions to sample for bioaccessibility testing. 

The objectives of this study are summarised below, which show the followed steps 

to achieve the final goal: 

1. Design a sampling strategy/ grid to offer an equal probability that the 

site's whole area will be sampled, and all sources of bias will be 

removed when choosing sample location, density, and delimitation of 

the site.  

2. Determine the variations in total concentrations measured when 

sampling is undertaken using spot and composite samples.   

3. Investigate the differences in total metal concentrations of samples 

collected from two depths (0-0.15m and 0.15-0.30m) to determine if 

the investigated contaminants migrated towards deeper soil horizons.   

4. Assess the effect of soil particle size (<2mm and <250um) on the total 

metal concentration to understand the distribution of contaminants in 

the sample. 

5. Evaluate different laboratory subsampling techniques such as Coning 

and Quartering (CQ) and Riffle Splitter (RS) to identify which method 

produces an accurate estimate of contaminant concentrations in the 

sample. 

6. Identify the sampling errors that may affect the bioaccessibility results 

and make recommendations for the most appropriate sampling 

methods for bioaccessibility testing.  
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7. Investigate geochemical behaviours, processes, and relationships 

between As, Cr, and Cu using compositional data analysis methods to 

reveal the geochemical associations of potentially toxic elements 

(PTEs) in Collstrup soil.  

This work was completed in collaboration with several institutions from Denmark 

and the United Kingdom. The University of Copenhagen, Department of Plant and 

Environmental Sciences (UCPH) provided access to the contaminated site Collstrup 

and facilitated the use of a laboratory for soil drying and sieving.  Queen’s University 

Belfast (QUB) Questor Centre performed the total metal extraction using Aqua 

Regia method followed by ICP-OES analysis, and The Institute for Global Food 

Security (QUB) measured the bioaccessible concentration of contaminants using 

ICP-MS analysis. 

7.3 Materials and Methods 

7.3.1 Study area - Collstrup site 

Field sampling was conducted in a highly contaminated area located in 

Fredensborg, 40km NW from Copenhagen (55°57 N, 12°21E), Denmark (Figure 7-1). 

For over 20 years, this site was used for wood impregnation, coating wood 

telephone poles with a mixture of Chromated Copper Arsenate (CCA). The 

composition of impregnation liquid used on the site was a water-soluble 

formulation of salts CrO3 (Cr(VI)), CuO (Cu(II)) and arsenic acid As2O5 (As(V)) as 34%, 

27% and 25%, respectively (Nielsen et al., 2014). The Collstrup site was abandoned 

in 1976 and left as a brownfield in the surrounding forest. It was replanted in clearly 

noticeable rows of birch (Betula) and oak (Quercus), and nowadays, trees are 

present in various states of growth, even in some areas, the vegetation is partially 

developed or absent and can be easily identified in the satellite image (Figure 7-1). 

This unevenness in growth can be attributed to the site's heterogeneity and the 

many hotspots of contamination. The satellite image of the site and its boundary 

has been edited using the ArcGIS software (ESRI, 2016), which will be used in 

conjunction with data collected throughout this study to visually display trends 

and/or patterns of contaminant concentrations on the site. This site was selected 

because of its considerable heterogeneity and multi-element field contamination, 

which represents difficult challenges in environmental site risk assessment.  
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a) b)  

Figure 7-1. a) Map of Denmark and b) location of Collstrup site. 

In 1989, a full-scale site investigation was conducted, and reports on the underlying 

geology and soil chemistry were published by the company Samfundsteknik 

(Samfundsteknik, 1989a; Samfundsteknik, 1989b). A revised site investigation for 

the period between 1977 and 2009 was reported by Nielsen et al. (2010). Briefly, 

the 1989 investigation found that soil contamination was widespread across the 

65,000 m2 site due to direct spillage and dripping from highly contaminated bark 

during the drying process. The major contaminants on site derive from the metals 

Cr (Cr3+ and Cr6+), Cu and metalloid As (As3+, As5+) in the topsoil and shallow 

groundwater. The upper soil (0–0.5 m) was found to be the most heavily 

contaminated with average concentrations of 4–700 mg/kg, 6–1500 mg/kg and 2–

1000 mg/kg for Cr, Cu, and As, respectively (Figure 7-11, Samfundsteknik (1989b) 

report). 

7.3.1.1 Geology 

Site bedrock geology is predominantly represented by sandy glaciofluvial formation 

with deposits consisting of silty loam with sand and clay lenses. The site is situated 

on the edge of the regional formation of the Alnarp Valley, which extends across 

Northern Zealand and the South of Sweden. The contaminated site is found 

upstream of the Esrum Lake and connected via shallow, intermediate, and deep 

aquifers, with local sediments constituting one of the most important groundwater 

reservoirs in North Zealand, Denmark. Nielsen et al. (2010) reported that the most 

likely route for CCA leaching to the lake being the intermediary and deep aquifers. 

In this study, Arsenic, Chromium, and Copper will be investigated to assess soil 

sampling uncertainty as these are the main contaminants present on the site.   
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7.3.2 Soil sampling protocol development  

Soil sampling is an essential step in the contaminated site assessment and 

remediation because it must provide soil samples that are representative of the 

entire site and able to characterise the level of contamination. During the 

environmental sampling procedure, several objectives are defined and contain the 

following parts: 1) the target population or area to be sampled; 2) the sampling plan 

where are decided the number and location of samples; 3) the sampling unit 

(Boudreault et al., 2012). 

7.3.2.1 Desktop study 

This work started with a desktop study where it was investigated the history of the 

site, the published research works and reports, and the level of contamination on 

Collstrup site. This step has been followed by the sampling strategy, which was 

designed in a certain way to minimise the potential of missing hot spots. The 

sampling strategy included the number of samples, their locations and depth, and 

the selection of samples to form the composite samples. 

7.3.2.2 Experimental sampling design – Non-targeted sampling 

Non-targeted sampling describes an area suspected of being contaminated, but 

insufficient knowledge is available to pinpoint the distribution or extent of the 

contamination. There are four widely used patterns for non-target sampling that 

represent various purposes (Figure 7-2). In this study, a Herringbone grid pattern 

has been used, as this is the most efficient at considering site variability 

(Department of the Environment, 1994; Tony Hutchings, 2014). 

Simple Random             Square Grid Stratified Random          Herringbone  

 

Figure 7-2. Non-targeted sampling patterns 
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7.3.2.3 Calculation of the optimum number of samples for locating 

and characterising hotspots on Collstrup site 

The Herringbone grid pattern and the number of sampling points need to ensure a 

95% probability of finding a hot spot at the investigated site (Department of the 

Environment, 1994). The number of sampling points required is calculated using  

Equation 7.   

Equation 7. Calculation of the number of sampling points 

 

𝑁 =
𝑘𝐴

𝑎
  (Eq.7) 

Where: 

N = number of sampling points required 

A = total site area (m2) = 166 000m2 (16.6ha) 

a = hotspot area (m2) = 16 600 m2 

k = hotspot shape constant = 1.5 (when hotspot shape is unknown) 

N = 
1.5𝑥166 000

16 600
= 15 samples 

Therefore, a minimum of 15 samples for a herringbone pattern is considered 

necessary for covering hotspots present on the Collstrup site. In this study, a 

number of 16 spot samples were chosen for a better representation of the site.  

7.3.2.4 Calculation of the grid size 

After the number of sampling points was calculated, then it was determined the 

grid size using Equation 8: 

Equation 8. Calculation of the grid size 

𝐷 = √
𝐴

𝑁
 (Eq. 8) 

Where: 

D = grid size (m) 

A = total site area (m2) = 166 000m2 
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N = number of sampling points = 16 

𝐷 = √
166 000

16
= 101𝑚 

According to Equation 8, a 101m grid size is required to design the sampling grid for 

the 16 soil samples. For this research, a 90m grid size was used in order to offer 

higher resolution on samples density. This 90m grid appears as blue colour squares 

in Figure 7-4. This grid was designed in ArcGIS software using the “Fishnet”, a 

feature class that contains a net of rectangular cells that require three pieces of 

information: the spatial extent of the fishnet, the number of rows and columns, and 

the angle of the rotation (ESRI, 2020).  

In this research work, two types of samples are considered: spot (single) and 

composite samples. Spot samples are defined as single increments used to estimate 

soil heterogeneity and offer quite precise information. Composite samples are 

produced by combining increments from not identical locations. In some situations, 

the use of composite samples could result in dilution or loss of components, and 

hence the risk of not detecting contamination. 

According to the previous works conducted at this site (Samfundsteknik, 1989a; 

Samfundsteknik, 1989b; Nielsen et al., 2010;  Tardif et al., 2019), authors reported 

the presence of several hotspots. One of the objectives of the current study is to 

assess how representative is a composite sample for a particular area and errors 

associated with using this type of sample. Therefore, it was selected three locations 

around samples 1, 2 and 11 identified in Figure 7-4. A composite sample was 

prepared (in the laboratory, see section 7.3.4.4) out of 5 spot samples taken on a 

grid of 45mx45m and consisted of four auger flights collected at corner points and 

one auger flight from the centre.  This 45m grid appears as yellow colour squares 

in Figure 7-4. 

7.3.2.5 Sampling Depth 

The depth comparison data can indicate the vertical variations in terms of 

contaminant concentration. On the Collstrup site, besides the shallow 

groundwater, the topsoil (0 - 0.5m) was reported to be the most heavily 

contaminated ( Nielsen et al., 2010). This contamination resulted from the direct 
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spillage and dripping of solutions salts (CrO3 and CuO), and arsenic acid (H3AsO4) 

used to impregnate wood to preserve it from degradation.   

Depending on the future use of Collstrup site, the depth of the soil sampling will be 

determined accordingly. Near the Collstrup site boundary (north part, Figure 7-1b, 

Figure 7-4), there is a playground called “Eghjorten naturlegeplads” which is open 

all year round and is usually used by kindergartens, school classes and families with 

children (Visit North Sealand, 2020). Therefore, if there is interest in expanding this 

area over the Collstrup site, then two scenarios are considered for HHRA, whether 

the site is a public park or allotment. The human health exposure likelihood is more 

significant from shallow soils (0 – 0.15m), as people come into contact with this 

depth more frequently than deep soils (Cave et al., 2003).   For the second scenario 

of Collstrup site being used as an allotment for shallow-rooted crops, then the soil 

horizon 0.15-0.30 m will be considered.  

Therefore, in this research work, it will be considered for sampling the 0 – 0.15m 

soil horizon and named “Shallow samples” (“S”) for HHRA and 0.15m - 0.30m soil 

horizon named “deep samples” (“D”) for allotments. 

Two depths considered in this research work:     

- Human health risk assessment: 0 - 15cm (Shallow). 

- Allotments: 15 – 30 cm (Deep). 

The final number and location of soil samples to be collected from the Collstrup site 

is presented in Table 7-1, Figure 7-4 and Appendix A 7.1. The Sallow (“S”) samples 

are labelled from 1 to 28 (including the 12 samples used to form the composite 

samples), and for the rest of this study, these samples will be used accompanied by 

the letter “S”. The location of the Deep samples 1, 3, 4, 6, 10, 11, 13, and 14 appear 

in Figure 7-4 as orange dots colour and will be designated the letter “D”.   
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Table 7-1. The number of total samples collected from the Collstrup site.  

Sample Type No of samples 

 

Shallow (S) 

 

 

16 (collected on 90m grid) 

12 (collected on 45m grid) 

 

Deep (D) 

 

8 (collected on 90m grid) 

Total 36 Samples 

 

 

Figure 7-3. Sampling process in the field and laboratory.  
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Figure 7-4. Sample locations on Collstrup site. Orange dot colour represents the 
locations where spot samples were collected from two depths: Shallow (0 – 0.15m) 
and Deep (0.15-0.30 m), while the green dot colour represents the Shallow spot 
samples. The distance between the spot sample locations is 90m and is represented 
as a quadrant in blue colour. The 90m grid was created in ArcGIS using the “Fishnet” 
tool.  Spot samples used to form composite samples appear as a yellow dot at a 
distance of 45m apart.  
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7.3.3 Field sampling 

Materials and equipment used in the field comprised the following: 

- Auger, shovel, stainless steel trowel, sample bags. 

- Brush (for cleaning the used tools), wash bottle, paper towels and gloves. 

-  Measuring tape. 

-  Handheld satnav (GPS). 

7.3.3.1 Prevention of cross-contamination 

During sampling, extra care was taken to avoid contamination of the sample or 

cross-contamination between samples. Samplers wore two pairs of sterile gloves, 

and the upper pair has been replaced with a new one before sampling a new site. 

All the sampling tools were cleaned after each site with a brush, distilled water, and 

paper towels. The sample bags have been labelled on the site using a permanent 

marker. 

    

Figure 7-5. Soil Sampling on Collstrup site 

7.3.4 Sample preparation in the laboratory 

7.3.4.1 Sample drying 

All the samples were dried at room temperature 20C⁰ for three days in order to 

remove any excess of water. Soil samples were placed under the fume hood on 

separate clean pieces of paper (Figure 7-6). During sample handling, a face mask 

was used to avoid dust inhalation. 
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Figure 7-6. Sample drying under the fume hood 

7.3.4.2 Sieving at <2mm and 250um 

The dried soil samples were sieved at <2mm and afterwards at <250um. The entire 

process was carried out in a fume cupboard because sieving will inherently cause 

an excessive amount of dust, which could cause harm to the person carrying out 

the work. Since the risk of dust inhalation is elevated during sieving, a dust mask 

must always be worn even when the fume cupboard screen is down. 

All the sieves have been cleaned between samples with a brush, rinsed with 

distilled water and ethanol (to speed up the drying process). 

7.3.4.3 Reducing sample size 

Bulk masses of sample soil collected on site are often too large to test; therefore, 

subsampling methods are used to reduce the sample size while maintaining the 

same composition in each portion. 

In this study, two different technics for sub-sampling were compared: Coning and 

Quartering (CQ) and Riffle Splitter (RS) 

7.3.4.3.1 Coning and Quartering  

Coning and quartering require very little time and basic tools, consisting of a shovel 

or a trowel, clean non-absorbent piece of paper, and a hand scoop. The test soil 

sample was carefully poured into a cone and gently flattened at the top. Using a 

shovel/trowel, the sample was divided into four even quarters and was removed 

one pair of opposing segments. The remaining segments were used to form another 

flat-topped cone (Figure 7-7; Figure 7-8). This procedure can be reproduced as 

many times as necessary until the required sample size is obtained. The coning and 
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quartering tools were washed with deionised water, dried using tissue paper and 

placed in their designated area of the fume cupboard until they are required again.      

a) b)  

Figure 7-7. a) Soil samples stored in plastic bags; b) Coning and Quartering (CQ) 
sub-sampling method 

 

Figure 7-8. The coning and quartering procedure. Source: Gerlach, 2015 

7.3.4.3.2 Riffle Splitter 

This method is designed to subsample dry, free-flowing material (Figure 7-9). The 

soil sample is poured into a small release gate, which drops the sample through 

riffles into two receiving bins. The content of one bin was placed in a separate 

sample bag, and the remaining sample from the second bin was poured again in 

the top release gate and passed through the splitter until the sample was reduced 

to the suitable weight. All the tools used during the sampling process were cleaned 

between each sample using deionised water and ethanol to accelerate the drying 

process.  
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a)   b)  

Figure 7-9. a) Riffle Splitter used in this study; b) Schematic image of a Riffle splitter 
with 20 chutes and two collection pans (Gerlach, 2015).  

7.3.4.4 Composite Samples formation 

The three composite samples (C1, C2, C3) were formed from 5 spot samples of 20g 

each and mixed in a rotator end-over-end for 4 hours to allow the homogenisation 

of the sample (Figure 7-10a,b). The subsampling of these three samples has been 

carried out using the two methods coning and quartering and riffle splitter. 

a)  b)  

Figure 7-10. a) Spot samples used to create composite samples; b) End-over-end 
rotator for homogenising the composite samples 

7.3.5 Pseudo-total metal extraction using Aqua Regia followed by 

ICP-OES analysis 

Pseudo-total metal extraction was performed on <2mm and <250um soil particle 

sizes using Aqua Regia, “Method: A Thermal heating under reflux conditions” as 

described in the BS EN 16174:2012. Briefly, 3gr of soil sample was weighed into a 

250mL digestion vessel, and 21 mL of hydrochloric acid (HCl) and 7mL nitric acid 

(HNO3) (3:1) were added. The digestion vessel was covered with a reflux funnel to 

reduce evaporation and was placed on a heating plate for maintaining the 

temperature at 95 ± 5°C. After digestion, the samples were filtered through a 

C1 

C3 
C2 
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Whatman no .1 filter paper and brought to 50 ml with distilled water. The diluted 

digested sample was then added with 1 ml HNO3 (15.9 M) and stored in 

polyethylene bottles at 4°C. 

The concentrations of As, Cr, and Cu were measured using an Ametek Spectro 

Genesis Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES). The 

instrument was provided with an Ametek monochromator, a cyclonic spray 

chamber and a Teflon Mira Mist nebuliser. The instrumental conditions included a 

plasma power of 1.3 kW, sample aspiration rate of 30 rpm, argon nebuliser flow of 

1 l/min, argon auxiliary flow of 1 l/min and argon plasma flow of 12 l/min. All the 

used reagents were of analytical grade. All metal solutions were prepared from 

concentrated stock solutions (Sigma Aldrich). High-purity water (HPW) produced 

with a Millipore Milli-Q Academic system was used throughout the analytical 

process. All samples were analysed in duplicate. 

7.3.6 Bioaccessibility extraction and ICP-MS analysis 

The Unified Bioaccessibility BARGE Method (UBM) was used to measure the 

bioaccessible concentrations of As, Cr, and Cu. UBM extractions were carried out 

using simulated digestive fluids, including saliva, gastric fluid, bile, and duodenal 

fluid, prepared from inorganic and organic reagents and enzymes one day before 

sample extractions. These fluids were used to represent the three main 

compartments of the human digestive system: mouth, stomach and small intestine 

(BARGE, 2012; Denys et al., 2012). To ensure quality control of the extraction 

process during oral bioaccessibility experiments, each batch of UBM extractions 

(n = 10) included one procedural blank, six unknowns, one duplicate of two 

unknown samples and one soil guidance material BGS102 (Hamilton et al., 

2015). Results of method blanks were always below detection limits. 

Determination of PTE in extracts was performed by ICP-MS (Perkin-Elmer NexION 

350×) using an internal standard (Rh). 

7.3.7 Software used 

Microsoft Excel (Microsoft, 2020) was used to process and visually present the 

data. Basic graphing functions were used to display data in a convenient manner. 

To determine the variances in subsampling methods, the Microsoft Excel Data 

Analysis ToolPak was used to produce an ANOVA for comparing the statistical 

significance of different methods applied within the current study. The null 
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hypothesis for this statistical analysis states that the mean of two/several groups is 

equal.  If the null hypothesis is rejected, this would indicate that the means for both 

groups are not equal.  

R studio (v.3.4.1) package was used to plot boxplots, cluster analysis, and PCA 

analysis in order to determine how data are distributed.  

All maps within this study have been produced using the ArcGIS software ArcMap 

version 10.4.1  (ESRI, 2016). Given that Collstrup data are spatially dense, 

interpolated maps were created using the Inverse Distance Weighting (IDW) 

technique (ESRI, 2021).  

7.4 Results 

7.4.1 Total metal concentrations of As, Cr, Cu 

The last site investigation for the Collstrup site was completed in 1989 and reported 

by Nielsen, 2013. Soil contamination was widespread across 65 000 m2 of the site 

as a result of direct spillage and dripping from heavily contaminated bark during 

the drying process (Figure 7-11). The main contamination derives from metals Cr 

(Cr3+ and Cr6+), Cu and metalloid As (As3+, As5+) in the topsoil and shallow 

groundwater. 
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Figure 7-11. Hotspots on the Collstrup site identified in the 1989 report by 
Samfundsteknik, 1989a, 1989b. This map was updated and translated (from Danish 
to English) by the author of this thesis using the information provided in the map 
published in  Nielsen et al., 2010. 

As the major contaminants present on the Collstrup site are Chromium, Copper, 

and Arsenic, the results in this chapter will focus on these elements. The other PTEs 

such as Ni, Pb and Zn were below the soil assessment criteria values designed for 

parks and allotments.  

7.4.2 Total concentrations on <2mm and <250µm particle size 

One of the key objectives of this study is to analyse the variances between the total 

element concentrations of two different soil particle sizes, <2mm and <250µm, to 

determine if there are differences in metal adsorption. 

Figure 7-12 shows boxplots of PTEs concentrations across Collstrup site for the two-

soil particle size <2mm and <250µm. The y-axis shows total concentration in in 

mg/kg. It can be observed that there are not significant differences in total 

concentrations measured on the two particle sizes for the selected elements, As, 

Cr, and Cu. The median concentrations on the site for the 3 contaminants varied as 

follows: As(250um) 429mg/kg > As(2mm) 379 mg/kg; Cr (250um) 156mg/kg < 

Cr(2mm) 159mg/kg; Cu (250um) 308mg/kg < Cu(2mm) 313mg/kg. 
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Figure 7-12. Comparison of total metal concentrations in two soil particle size 
fractions <2mm and <250um for three elements As, Cr, and Cu. 

To determine if there are significant differences between the means of two soil 

particle sizes <2mm and <250um, an ANOVA two-factor with replication test has 

been performed with an alpha value set at 0.05. The null hypothesis H0 states that 

the mean of the two particle sizes is equal. In Table 7-2, “Sample” means the data 

for the two groups of the particle sizes (<2mm and <250µm), while “Columns” are 

represented by the three contaminants As, Cr, and Cu.  The ANOVA test shows no 

significant differences between the means of <2mm and <250µm particle size. 

Table 7-2 presents a p-value of 0.82 which is higher than 0.05, and F 0.052 value 

lower than F critical 3.947 value, meaning no significant differences between the 

means of the two soil particle sizes and thus, the null hypothesis is not rejected. 

Table 7-2. ANOVA: Two factors with replication for comparing the total element 
concentration of <2mm and <250um particle size samples for As, Cr, and Cu. "SS" 
means Sum of Squares, "df" means degrees of freedom, "MS" means Mean 
Square. 

ANOVA 
      

Source of 

Variation SS df MS F P-value F crit 

Sample 2509.00 1.00 2509.00 0.052 0.820 3.947 

Columns 915983.87 2.00 457991.93 9.553 0.0002 3.098 

Interaction 275.04 2.00 137.52 0.003 0.997 3.098 

Within 4314916.53 90.00 47943.52 
   

       
Total 5233684.43 95.00         
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7.4.3 Total concentration of Shallow and Deep samples 

During the site investigation that took place in 1989 (Samfundsteknik, 1989a, 

1989b), the topsoil  (0–0.5 m) was found to be the most heavily contaminated with 

average concentrations of 4–700 mg kg−1, 6–1500 mg kg−1 and 2–1000 mg kg−1 for 

Cr, Cu and As respectively (Tardif et al., 2019). This research work was completed 

28 years later (2017), and the total metal(loid)s concentrations were analysed from 

the depth of 0-0.3m. The total metal(loid) concentrations in the 0 – 0.30m were 

found as follows, minimum and maximum for Cr was 10.2 and 808mg kg-1 with a 

mean value of 205.3 mg kg−1, 14.6-2540.2 mg kg−1 for Cu and a mean value of 502.5 

mg kg−1, and 79.9-1770.8 mg kg−1 for As and a mean value of 443.1 mg kg−1, 

respectively. Comparing the mean concentrations from the 1989 study 

(Samfundsteknik, 1989a, 1989b) with mean concentrations measured in 2017, the 

results show a decrease in total metal(loid)s concentrations with approximately 

three times lower for Cr and Cu and two times lower for As mean concentrations. 

This decrease in PTEs concentrations is potentially due to the migration of 

contamination towards deeper soil horizons or groundwater or due to the 

bioaccumulation in the vegetation tissues. However, to be noted that 1989 

investigation analysed total metal(loid) concentrations in the topsoil 0 - 0.5m while 

the current study measured only to 0.30m depth.  

The results of the current investigation are presented in Figure 7-13, which shows 

a comparison of concentrations in shallow and deep samples across the Collstrup 

site. The y-axis of each boxplot represents the concentration in mg/kg in each 

sample. Samples D3, D6 and D13 show a higher concentration in PTEs in deep 

samples, which may correspond with areas where bark wastes have been deposited 

and presented in Figure 7-11 and reported by Nielsen et al. (2010);  Tardif et al. 

(2019). In contrast, the highest concentrations are situated in the very topsoil, 

which most likely results from the dripping of wood impregnation liquids. The 

ANOVA test did not reveal any significant effects of the depth concentrations.  
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a)  b)  

Figure 7-13. Boxplots showing total metal concentrations compiled across all three 
contaminants As, Cr, and Cu in Shallow (S) and Deep (D) samples. a) <2mm particle 
size; b) <250um particle size. 

After having established that there may be some form of a pattern in the depth 

comparison data, the spatial analysis will further the understanding of how the 

contamination is spread across the site. This will be interpreted in relation to 

previous investigations (Samfundsteknik, 1989a, 1989b) about the contamination 

level and locations of the activities for wood impregnation (Figure 7-11).  

The maps illustrated in Figure 7-14 appear to indicate a hotspot in the most 

southern and central area of the site, in and around the first two composite samples 

(C1 and C2) locations at 0.15m depth (Shallow samples). Arsenic and Chromium 

indicate similar hot spots in shallow samples with the highest concentrations 

around two composite samples (C1, C2) and S12. Besides the high concentrations 

in the southern and central area of the site, Copper presented a hot spot around 

the samples S14 and S15, which seems to continue to 0.30 m depth as is showing 

deep sample D14, potentially indicating that copper contamination migrated 

towards deeper soil horizons. These hotspots areas correspond with wood 

impregnation areas and drainage and storage sites observed in Figure 7-11.  

Depth comparison data shows the highest concentrations found around sample 3D, 

which is a hotspot for Arsenic (Figure 7-14a) and Chromium (Figure 7-14b), while 

sample 6D (adjacent to sample 3D) is a hotspot for Copper (Figure 7-14c) at 0.3m 

sample depth. At this site, the threshold values designed for allotments are 

exceeded in all samples for As (S4ULs: 43 mg/kg) and Copper (S4ULs: 520 mg/kg) in 

sample 6D, while Chromium total concentrations are below the S4ULs of 18 000 

mg/kg (Nathanail et al., 2015).  
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a)    

b)    

c)    

Figure 7-14. Interpolated (IDW) maps for total metal concentrations (<2mm) in 
Shallow (S) and Deep (D) samples. a) Arsenic; b) Chromium; c) Copper. C1, C2, and 
C3 are the composite samples. 
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Overall, the results comparison of the current investigation (Figure 7-14) with the 

data from 1989 (Figure 7-11) (Samfundsteknik, 1989a, 1989b) indicate that 

concentrations of As, Cr, and Cu depend on the source of contamination.  

7.4.4 Comparison of total metal concentrations using two 

subsampling methods Conning and Quartering versus 

Riffle splitter 

The ANOVA “Two Factor with Replication” was used to analyse data for the two 

subsampling methods conning quartering and riffle splitter. The replication for the 

ANOVA was represented by the three composite samples collected at three 

separate locations on the Collstrup site (Figure 7-14). The subsampling method 

adopted has been replicated for each sample.  

In the ANOVA Table 7-3, the null hypothesis which states that the means of the two 

subsampling methods are equal might be rejected for this data, as the F value 143 

is considerably higher than the critical F value 4.11. Therefore, the data shows 

statistical significance between the sub-sampled soils through the use of a riffle 

splitter or coning and quartering. The “columns” (Table 7-3) represent the three 

composite samples C1, C2, and C3 which show significant differences between the 

means of As, Cr, and Cu measured at these locations with F (1370.69)> F crit (2.21). 

This means that the null hypothesis (H0), which states that the means of these three 

composite samples for As, Cr, and Cu are equal, may be rejected. The low p-value 

of the interaction effect is also statistically significant. In general, interaction effects 

indicate that the composite sample locations also influence the relationship 

between subsampling methods and PTEs concentrations.   

Table 7-3. ANOVA table compares the two subsampling methods Conning and 
Quartering (CQ) and Riffle Splitter (RS) for As, Cr, and Cu. "SS" means Sum of 
Squares, "df" means degrees of freedom, "MS" means Mean Square. 

ANOVA       
Source of 
Variation SS df MS F P-value F crit 

Sample 65935.82 1.00 65935.82 143.16 4.19E-14 4.11 
Columns 5050434.92 8.00 631304.36 1370.69 2.44E-42 2.21 
Interaction 42196.25 8.00 5274.53 11.45 6.7E-08 2.21 
Within 16580.61 36.00 460.57    

       
Total 5175147.59 53.00         
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ANOVA results are supported by bar charts that have been created to investigate 

this in more detail. The data presented in Figure 7-15 shows that total element 

concentrations obtained from coning and quartering are in all cases larger than 

those obtained from data collected using the riffle splitter.  

a) b)  

c)  

Figure 7-15. Bar chart comparing the average As, Cr, and Cu concentrations for 
composite (C1, C2, C3) samples when subsampled using coning and quartering (CQ) 
and riffle splitter (RS). 

A possible explanation for comparing these two subsampling methods could be 

related to the fact that during coning and quartering, the sample is collected from 

the piece of paper, and there is more control on collecting the whole sample. While 

using the riffle splitter, some fine particles remained between the riffles, which 

could be removed only during cleaning, resulting in a loss of these fine materials 

from the soil sample. 

7.4.5 The effect of Spot and Composite Sampling during the 

process of Human Health Risk Assessment 

One of the objectives of this research is focused on the sampling methods adopted 

to determine whether the site should be legally deemed ‘contaminated’ and, 
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therefore, require mitigation measures to be put in place. This requires several 

decisions, whether it is best to adopt a sampling protocol that includes composite 

sampling. Most geochemical survey projects (Smyth, 2007) choose composite 

sampling because this would generally provide a better estimate of the investigated 

site. The BGS Geochemical Baseline Survey of the Environment (G-BASE), a 

geochemical mapping programme in Great Britain, used composite samples in all 

their G-BASE surveys for urban and rural areas (Johnson, 2005).  

The One-way ANOVA test rejected the null hypothesis (H0), which states that the 

mean values of spot and composite samples are equal Table 7-4. The p-value is 

0.01, which is less than the significance level of 0.05, and the F value of 2.12 is 

higher than the F critical of 1.76, concluding that spot and composite samples have 

different means.  

Table 7-4. ANOVA table compares the mean of As, Cr, and Cu in spot and three 
composite samples (C1, C2, C3). 

ANOVA 
      

Source of 
Variation SS df MS F P-value F crit 

Between 
Groups 7384267 23 321055.10 2.12 0.01 1.76 
Within 
Groups 7283803 48 151745.91    

       
Total 14668071 71         

 

Further, ANOVA results are supported by the relative standard deviation (%RSD) 

calculated to determine the variation in concentrations measured in spot samples 

from the mean of composite samples (Table 7-5). The lowest RSD of 14.9% is found 

in Composite 2 (C2) for arsenic concentrations, a trend which can be observed in 

the bar charts graph presented in Figure 7-16d. The highest RSD was measured in 

C1 for Cu concentrations with a value of 85.6%. Figure 7-16(c) shows the high 

variations of the spot samples for Cu concentrations compared to the mean of the 

composite sample.  

Table 7-5. Summary of the mean concentrations measured in composite samples 
and concentrations measured in the spot samples used to form C1, C2, and C3 for 
As, Cr, and Cu. The percentages calculated for the spot samples represent the 
proportion of the concentrations that exceed or are inferior to the concentration 
measured in the composite sample. Relative Standard Deviation (%RSD) represents 
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the dispersion of the spot sample concentrations from the mean calculated for the 
composite samples.  

 Composite sample 

mean concentration 

(mg/kg) 

Spot sample concentrations mg/kg and 

associated percentages (%) of the 

composite mean 

%RSD 

Spot 

samples 

Composite 1 

As 

807 mg/kg 

1S: 455(↓-43.6%); 17S: 653(↓-19.1%);  

18S: 1771(↑+119.5%); 19S: 211(↓73.8%);  

20S: 710(↓-11.9%); 

66.3 

Cr 

 438 mg/kg 

1S: 284(↓-35.1%); 17S: 291(↓-33.6%);  

18S: 796(↑+81.7%); 19S: 118(↓-73.1%);  

20S: 577(↓+31.7%); 

55.2 

Cu 

1062 mg/kg 

1S: 405(↓-61.8%); 17S: 2540(↑+139.3%);  

18S: 1560(↑+46.9%); 19S: 246(↓-76.8%);  

20S: 278(↓-73.8%); 

85.6 

 

Composite 2 

As 

518 mg/kg 

2S: 548(↑+5.7%); 21S: 379(↓-26.8%);  

22S: 466(↓-10%); 23S: 552(↑+6.7%);  

24S: 597(↑+15.3%); 

14.9 

 

Cr 

217 mg/kg 

2S: 104(↓-52.3%); 21S: 66(↓-69.7%);  

22S: 130(↓-39.9%); 23S: 545(↑+150.8%);  

24S: 124(↓-43%); 

81.5 

 

Cu 

935 mg/kg 

2S: 718(↓-23.2%); 21S: 841(↓-10%);  

22S: 751(↓-19.6%); 23S: 531(↓-43.2%);  

24S: 1827(↑+95.5%); 

49 

Composite 3 

As 

269 mg/kg 

11S: 260(↓-3.4%); 25S: 352(↑+31%);  

26S: 183(↓-31.9%); 27S: 168(↓-37.4%);  

28S: 347(↑+28.9%); 

29 

 

Cr 

164 mg/kg 

11S: 84(↓-48%); 25S: 253(↑+55%);  

26S: 33(↓-80%); 27S: 110(↓-33%);  

28S: 317(↑+94%); 

65.7 

 

Cu 

186 mg/kg 

11S: 101(↓-45.8%); 25S: 242(↑+30%);  

26S: 43.7(↓-76.5%); 27S: 123(↓-33.9%);  

28S: 178(↓-4.3%); 

36.4 

 

A series of bar charts were produced to show how much the average 

concentrations may overestimate/underestimate the risks on the investigated site. 

These graphs were created using MS Excel and serve to display the spot samples 

for total element concentrations (mg/kg) alongside their composite counterparts. 

Below are presented the results for Composite 1 (C1), Composite 2 (C2), and 

Composite 3 (C3).  
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a)  b)  

c)  

d)  e)  

f)  

g)  h)  

i)  

Figure 7-16. Total metal concentrations (mg/kg) for Spot and Composite Samples. 
a) As, b) Cr, and c) Cu for sample Composite 1, d) As, e) Cr, f) Cu for Composite 2 and 
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g) As, h) Cr, i) Cu for Composite 3. “S” means Shallow samples and “C1R1Q” means 
Composite sample 1 - Replicate1 obtained using Conning Quartering technique. 
S4ULs Parks is the soil assessment criteria value (parks or allotments) (Nathanail et 
al., 2015). 

7.4.6 Case scenario: Generic Human Health Risk Assessment for 

the use of Collstrup site as a public park or allotment 

Figure 7-16 shows that the use of composite samples may “dilute” the total 

concentrations of spot samples and lead to over/underestimation of the risks. 

These data were compared with the Suitable 4 Use Levels (S4ULs) for park and 

allotments (Table 7-6), which are generic assessment criteria designed for HHRA 

(Nathanail et al., 2015).  

Table 7-6. Suitable 4 Use Levels (S4ULs) for As, Cr, and Cu for public parks and 
allotments (Nathanail et al., 2015) 

Element Land Use 

Public Park (mg/kg) Allotment (mg/kg) 

As 170 43 

Cr 33 000 18 000 

Cu 44 000 520 

 

The composite 1 (C1) has two hotspots represented by sample 18S for As and Cr 

and sample 17S for Cu (Figure 7-16 a, b, c). From the satellite images (Figure 7-4) 

and personal observations made on the site, it is visible that vegetation is partially 

or entirely missing even after more than 50 years after the closure of this site 

activity. However, the other spot samples (1S, 19S, and 20S) used to form the 

composite sample C1 and located only 45m apart showed even lower 

concentrations than the average of the composite sample (except Cr in 20S 

sample). Arsenic value in sample 18S has a total concentration of 1771 mg/kg, 

which is approximately two times higher compared with the average values in the 

composite samples, which are 807mg/kg. This may lead to missing the hotspot in 

the investigated area. However, neither the maximum value nor the average value 

would be considered acceptable in a generic human health risk assessment as they 

exceed the S4ULs designed for parks (170mg/kg) and allotments (43mg/kg) 

(Nathanail et al., 2015).  
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Chromium is highly toxic, especially Cr6+ and can cause serious side effects if 

ingested. This study did not determine the metal speciation; therefore, total Cr is 

reported. The suggested safe limit for this site intended to be used as a public park 

is 33000mg/kg and for the allotments is 18000mg/kg (Nathanail et al., 2015). The 

mean values for total Cr in composite and spot samples are below 420mg/kg, which 

is significantly lower than the S4ULs for park and allotments, thus not representing 

a health risk for the receptors. However, considering the average values of the 

composite sample, this may determine to miss the hot spot found around the area 

of sample 18S.  

Suggested safe limits for Copper in public parks are 44000mg/kg and allotments 

520mg/kg (Nathanail et al., 2015).  Copper concentrations in spot samples 17S, 18S 

(2540 and 1560mg/kg respectively) and composite sample (1062mg/kg) on 

Collstrup site do not exceed the safe limits designed for parks but are significantly 

higher compared to S4ULs designed for allotments (520 mg/kg). Samples 1S, 19S, 

20S have concentrations of 405, 246, 278mg/kg, respectively, which are 

significantly lower than the mean values measured in the composite sample. Similar 

to As and Cr, considering the total metal concentration measured in the composite 

sample 1, it would lead to the hotspot being missed on the investigated site.  

Even though composite sample 2 (C2) is situated at an approximate distance of 90m 

from the C1, it presents lower concentrations for As, Cr, and Cu (Figure 7-16 d, e, 

f). Arsenic concentrations in spot and composite sample C2 are approximately three 

times higher than the S4ULs for parks and more than ten times higher compared to 

S4ULs for allotments. In Figure 7-16d cannot be observed significant discrepancies 

between total concentrations measured in spot (380-670mg/kg) and composite 

samples (mean of 532mg/kg), suggesting that in this situation, a composite sample 

might be representative for the area sampled for C2 site.  The mean total Chromium 

measured in the C2 was 217mg/kg, approximately two times lower than 23S 

(545mg/kg) and higher than the other 4 spot samples 2S, 21S, 22S, 24S (66-

124mg/kg). At this C2 site, the Cr S4ULs for park and allotment was not exceeded. 

Copper total concentrations were higher compared to Arsenic and Chromium at 

this C2 site, with a mean value measured in the composite sample of 935 mg/kg. 

Similar to Arsenic, sample 24S represents a hotspot with the highest total Cu 

concentration of 1827 mg/kg while samples 2S (718mg/kg), 21S (841mg/kg), 22S 
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(751mg/kg), 23S (531mg/kg) were lower than the mean of C2 replicates.  Copper 

S4ULs for allotments were exceeded at this site C2. 

Figure 7-16 (g, h, i) shows that C3 measured the lowest total concentrations for As, 

Cr, and Cu compared to C1 and C2 sites. Total Arsenic seems to be the highest 

among Chromium and Copper, with a mean value measured in the C3 triplicate 

samples of 269 mg/kg. Spot samples 25S and 28S are hotspots for As with 

concentrations of 352mg/kg and 347 mg/kg higher than the mean value of C3, while 

the samples 26S (183mg/kg), 27S (168m/kg) presented the lowest concentrations. 

Arsenic S4ULs for parks and allotments were exceeded in all samples. The highest 

Chromium total concentrations were measured in spot samples 25S (253 mg/kg) 

and 28S (317 mg/kg) which are approximately two times higher than the mean 

value measured in the composite sample 3 of 164 mg/kg. Spot sample 26S had the 

lowest values of 33.2 mg/kg for total Cr at this site, while 11S and 27S measured 

84.4 and 110 mg/kg, respectively. Chromium S4ULs for parks and allotments were 

not exceeded at C3 site. On the C3 location, Cu seems to have values lower than 

total As concentrations which were not the same on the C1 and C2 sites. Like As 

and Cr, spot samples 25S (242 mg/kg) and 28S (178 mg/kg) have the highest total 

Cu, making them hotspots at this site, while 26S registered the lowest 

concentrations of 43.7 mg/kg. The mean measured in the three replicates of the 

composite sample is 186 mg/kg, which is close to 28S (178 mg/kg) and higher than 

11S (101 mg/kg). Copper S4ULs for park and allotments at this C3 site were not 

exceeded.  

In all the situations for the three PTEs As, Cr, and Cu, the use of composite sample 

values may over/underestimate the risks resulting in the dilution or an increase of 

the concentrations in the spot samples. The S4ULs of Arsenic for park and 

allotments were exceeded at all three sites (C1, C2, C3), while total Chromium was 

below the safe limits in all the cases. Copper total concentrations only exceeded 

the S4ULs designed for allotments at C1 and C2 locations. Depending on the future 

land use of the Collstrup site, Arsenic would represent a health risk for both 

scenarios, parks, or allotments, while Copper only for allotments at C1 and C2.  

7.4.7 Bioaccessibility of As, Cr, and Cu in the study area 

The previous sections of this chapter investigated the influences on the total metal 

concentrations of subsampling methods, particle size, depth, spot, and composite 
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samples. While in this section, all these findings were used to determine and 

identify the errors of soil sampling and data calculation for bioaccessibility results. 

Table 7-7 presents a summary of the Shallow samples, their total concentrations 

(<2mm and <250um), bioaccessible concentrations (G and GI phases), and BAF 

(bioaccessible fraction %) calculated on <2mm and 250um particle size (G and GI 

phases) for As, Cr and Cu.  

Table 7-7. Summary statistics of the total, bioaccessible concentrations and %BAF 
(bioaccessible fraction) for As, Cr, and Cu measured on <2mm and 250um soil 
particle sizes in Shallow samples (0 - 0.15m). 

 Min Max Median Mean 

Arsenic mg/kg  Total 2mm 79.9 1770.8 378.9 481.6 

 Total 250um 66.8 1798.5 428.8 489.3 

 G 46.3 1298.7 260.1 311.6 

 GI 54 1110.3 281.7 332.7 

%  G BAF 2mm 22 132.7 61.3 63.6 

 G BAF 250um 27.3 81.3 65.1 63 

 GI BAF 2mm 24.0 146.2 68.4 69.7 

 GI BAF 250um 29.8 90.1 70.7 69 

Chromium mg/kg Total 2mm 10.2 808 159.5 230.4 

Total 250um 10.7 781 156.4 215.8 

G 1.4 135.6 28.9 38.3 

GI 1.2 74.1 9.3 15 

% G BAF 2mm 3.6 65.2 16.1 18.6 

G BAF 250um 0.3 40.1 15.9 16.7 

GI BAF 2mm 1.9 49.1 6 9 

GI BAF 250um 0.1 30.2 5.9 7.9 

Copper mg/kg Total 2mm 14.6 2540.2 313.3 580 

Total 250um 14.2 2462.9 307.5 590.8 

G 10.5 2477.5 273.3 518.3 

GI 29.8 2454.9 291 621.5 

% G BAF 2mm 46.3 123.9 85.4 82.9 

G BAF 250um 47.8 109.5 84.7 84.3 

GI BAF 2mm 44.7 204.8 96.6 108.8 

GI BAF 250um 74.9 210.3 96.6 112.5 
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7.4.8 Gastric versus Gastro-Intestinal bioaccessibility 

concentrations 

Before interpreting the bioaccessible data for the Collstrup site, first of all, it has to 

be determined the highest bioaccessible concentration measured either in the 

gastric (G) or Gastro-Intestinal (GI) phase to ensure a conservative approach for 

human health risk assessment (HHRA). Figure 7-17 presents the bioaccessible 

concentrations (mg/kg) in the G and GI phases for As, Cr, and Cu. It cannot be 

observed significant differences between the two phases, however As and Cu 

presented higher bioaccessible concentrations in the GI phase compared to the G 

phase with median values of 260.1 mg/kg (As, G phase) and 281.7 mg/kg (As, GI 

phase), and 273.3 mg/kg (Cu, G phase) and 291 mg/kg (Cu, GI phase). Cr 

bioaccessibility was higher in the G phase, with a median of 28.9 mg/kg compared 

to the GI phase median of 9.3 mg/kg (Table 7-7, Figure 7-17). For the rest of the 

study, the highest bioaccessible concentration was used to process the UBM 

results.  

 

Figure 7-17. Boxplots showing the bioaccessible concentration (mg/kg) for As and 
Cu for the gastric (G) and Gastro-Intestinal (GI) phases 
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7.4.9 Bioaccessible Fraction (%) calculation on <2mm and 

<250um soil particle size. 

Bioaccessible fraction (BAF) is calculated by dividing the bioaccessible 

concentration by the total metal concentration measured in the soil sample and 

multiplying by 100% (Equation 1).  

Besides the sampling error, there can be analytical errors also. In the current 

research work, these might be associated with whether BAF results can be 

influenced by the calculation of total metal concentrations measured on <2mm or 

<250um particle sizes. The differences between calculating BAF according to the 

total metal concentrations measured on <2mm and <250um particle sizes are 

presented in Table 7-7.  

It can be observed that the median for total As was higher on the <250um 

compared to <2mm with values of 378.9 mg/kg (<2mm) and 428.8 mg/kg ( 

<250um), implying an increase in the specific surface area and thus higher 

adsorption of Arsenic to particles (Wang et al., 2017; Mehta et al., 2020). 

Total Cr and Cu presented higher concentrations measured on the <2mm fraction 

with median values of 159.5mg/kg (Cr, <2mm), 156.4mg/kg (Cr, <250um) and 313.3 

mg/kg (Cu, <2mm), 307.5 mg/kg (Cu, <250um).  

UBM protocol suggests reporting the highest bioaccessibility value measured either 

in the G or GI phase to ensure a conservative approach in the HHRA. Therefore, in 

Figure 7-18 were selected and presented the highest BAF values for As, Cr, and Cu 

measured in the G or GI phase for each sample. The boxplots show similarities in 

terms of median values of BAF for As (68.7%, <2mm and 70.6%, <250um), Cr (14%, 

<2mm and 16.2%, <250um), and Cu (97.7% <2mm and 98.5%, <250um).  

However, the realistic approach adopted in the HHRA is to mimic the soil ingestion 

scenario, which in the natural environment, soil is presented in the form of more 

or less than <2mm particle size. Therefore the UBM protocol (BARGE, 2012) 

recommends gently disaggregating and homogenising the soil sample but never to 

crush. After this procedure, the soil sample is sieved to <250um as this fraction is 

considered to be the particle size that is likely to adhere to children’s hands and 

tested for bioaccessibility content. The recommendation made in the UBM protocol 

regarding the measurement of total metal on <2mm has been confirmed through 
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the findings of this research. However, an important step should be added where 

is calculated the mass of the sieved soil sample to <250um from the initial sample 

at <2mm. This will allow calculating the proportion of the fine particles <250um 

released from the bulk material, which is considered to adhere to human skin and 

result in incidental ingestion.  

However, in the current work, there are no significant differences in BAF values 

calculated on the two different particle sizes (Figure 7-18) and considering the 

recommendations provided in the UBM protocol, for the rest of this research work, 

the <2mm particle size will be used.  

 

Figure 7-18. Boxplots showing the BAF calculated on total metal concentration 
measured on <2mm and <250um particle sizes for As, Cr, and Cu.  

7.4.10 Bioaccessible fractions of Chromium, Copper and Arsenic 

on the Collstrup site 

Chromium in the study area registered lower BAF values than Cu and As. Cr 

concentrations ranged from 3.6 to 65.2%, with a median value of 14% (Figure 7-18). 

Tardif et al. (2019) found on this site that Cr was bound to the least extractable 

phase, the crystalline Fe oxide, which is stable under oxic topsoil conditions. In the 

wood impregnation process, Cr was found as Cr (VI), which is highly mobile and 
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toxic; however, during the fixation process, it is reduced to Cr (III) ( Kallen et al., 

2020). The previous research works conducted at this site (Nielsen et al., 2016; 

Tardif et al., 2019) suggested that the dominant form of Cr in the topsoil is Cr (III) 

which usually bounds to positively charged particles such as Fe and Al oxides and is 

also very stable in soil. Therefore, Chromium on the Collstrup site is not highly 

bioaccessible, and it is unlikely to leach and cause potential human and 

environmental risks. 

Copper exhibited the highest bioaccessibility and mobility at the Collstrup site, with 

BAF values from 46.3 to 204.8% and a median of 97.7%.  More than half of the 

samples had BAF values higher than 100% due to the high solubility of Cu in the 

UBM solutions and potentially due to the lower capacity of the Aqua Regia 

geochemical technique used for the total metal extraction in this study. Previous 

research work (McIlwaine et al., 2015) conducted on the application of geochemical 

techniques such as XRFS and Aqua Regia digestion followed by ICP analysis used 

during Tellus Survey (Knights, 2007) has shown similar results between the two 

methods for total concentrations for Cr, Cu, and As. However, ICP may be affected 

by the chemical form of the element and its solubility in the acid extraction 

compared to XRFS, which may be affected by the soil matrix such as organic matter 

content (McIlwaine et al., 2015). It would be of interest to compare the total 

concentrations from the Aqua Regia digestion followed by ICP analysis with 

concentrations measured by XRFS to see if there are significant differences. 

Previous research work completed at this site reported that Cu, particularly in 

highly contaminated samples, is present in soil phase that is readily extractable 

(Tardif et al., 2019). Cu was added as CuO salts in the impregnation mixture, 

typically found as a divalent cation in soil. In the oxic topsoil, Cu (II) tends to form 

complexes with the soil organic matter (SOM) and exhibiting low mobility in soil 

(Alina Kabata-Pendias, 2010). However, at this site, the dissolved organic matter 

content in soil was low in the highly contaminated samples (Frick et al., 2019), and 

Cu (II) may bind to Mn-Al and amorphous Fe oxides in low contaminated samples 

and to carbonates in the highly contaminated samples perhaps forming Cu-

carbonates (Tardif et al., 2019). The divalent cations such as Ca2+, Mg2+, and Mn2+ 

may compete for binding with Cu, leading to Copper's release in the UBM solutions. 
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Arsenic bioaccessibility fraction measured in the study area ranged from 24 to 

146.2 %, with median and average values of 68.7% and 69.2 %, respectively. Only 4 

samples (out of 45) presented BAF values below 50%, 29 samples between 50 and 

75%, 11 samples up to 100 % and one sample (S8) registered the highest BAF of 

146.2%. In the wood impregnation mixture used at this site, Arsenic was added as 

arsenate (As (V)), which is less mobile and toxic compared with arsenite (A(III)) 

(Masscheleyn et al., 1991). On the Collstrup site, As(V) is reported the dominant 

form of Arsenic (Frick et al., 2019) and is usually present in the oxic top soil 

environments (Alina Kabata-Pendias, 2010). The research work conducted at this 

site by Tardif et al. (2019) reported that Arsenic was associated with readily 

extractable phases such as pore salts, carbonates and Mn-Al and Fe oxides. As (V) 

may form bindings with Fe and Al oxides, both in natural (Lin and Puls, 2000) and 

contaminated soils (Bhattacharya et al., 2002) which are less soluble, but under low 

pH conditions, reactive Fe oxides could lead to the redistribution of As in soil. 

Therefore, bioaccessible Arsenic at the Collstrup site presents moderate to high 

solubility in the UBM solutions and can represent a risk for different receptors. 

7.4.11 Comparison of BAF for Shallow and Deep samples 

Previous investigations conducted at the Collstrup site (Samfundsteknik, 1989a; 

Samfundsteknik, 1989b) have reported that topsoil (0 – 50cm) was the most heavily 

contaminated with direct spillage and dripping from bark during the drying process. 

In this investigation, samples were collected from two depths Shallow (0 – 0.15cm) 

and Deep (0.15-0.3cm). The total metal concentration measured on <2mm particle 

size presented in section 7.4.3 showed higher values in deep samples for D3 and D6 

compared to shallow samples.  

Figure 7-19 presents a comparison of the BAF (%) in Shallow and Deep samples. 

Despite the higher total metal concentration in deep samples, D3 and D6 showed 

lower BAF compared to shallow samples indicating that the PTEs present higher 

bioaccessibility in the superficial soil layer. The presence of clay minerals in the 

study area can adsorb PTEs by ion-exchange leading to the accumulation of high 

concentrations of PTEs, and if the soils are alkaline, the bioaccessibility may 

decrease (Grøn, Christian; Andersen, 2003), which may represent the case for the 

sample D3 which has a pH of 7.37. In contrast, samples D1, D4, D11, and D14 

showed higher BAF in deep samples even though their total metal concentrations 

were lower than in shallow samples. A suggested explanation could be related to 
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the presence of organic matter in shallow soils, which may form bindings with the 

PTEs by the cation exchange and lead to lower bioaccessibility. Despite the low 

SOM content in the highest contaminated areas on Collstrup site, the satellite 

images (Figure 7-4) and personal observations made on the site indicated the 

presence of vegetation at these locations (D1, D4, D11, and D14). Also, the high BAF 

may be due to the more mobile and extractable contamination that have moved to 

the deeper soils. Therefore, total metal concentration is not a good predictor of 

bioaccessibility because this may be affected by other factors, including the 

variation of soil composition, metal(loid)s speciation, mineralogy, pH and soil 

organic matter content. 

 

Figure 7-19. Boxplots of BAF (%) of Shallow (S: 0-0.15 cm) and Deep (D: 15-30 cm) 
samples calculated on <2mm particle size. 

7.4.12 Bioaccessibility of Spot and Composite samples 

Section 3.1.4 determined how the composite samples may over/underestimate 

total metal concentrations in spot samples. This section investigates how 

representative a composite sample can be for bioaccessibility testing. The UBM test 

can be costly and time-consuming; therefore, it is helpful to consider whether 

composite sampling could be representative for a specific investigated area. 
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7.4.12.1 Composite1 

Figure 7-20 presents bar charts for the bioaccessibility concentrations (mg/kg) for 

As, Cr, and Cu measured in Composite soil sample 1 (C1) and its spot soil samples 

(S1, S17, S18, S19, S20) from which C1 was formed. 

The mean bioaccessible concentration measured for As in the Composite1 (C1) 

sample was 549 mg/kg, which is approximately three times higher compared to 

samples S1 (181.8 mg/kg), S20 (170.6 mg/kg) and five times higher than S19 

(115.8mg/kg). Sample S17 (525.1 mg/kg) has a close bioaccessible concentration to 

C1, while sample S18 (1110.3 mg/kg) is two times higher than the mean of 

composite sample. All this data shows that performing bioaccessibility testing on 

composite samples may lead to missing hotspots or overestimating As 

bioaccessible concentrations. Oral bioaccessibility for Arsenic showed a strong 

positive correlation with its total concentration (R2=0.86) for C1 and its spot 

samples (Figure 7-21a), potentially indicating that similar soil factors control total 

and bioaccessible concentrations of Arsenic at this site. 

The mean of Chromium bioaccessibility in composite sample (C1) is 52mg/kg 

(Figure 7-20), which is two times higher than the bioaccessible concentrations 

measured in S1 (23mg/kg) and S20 (21.5 mg/kg) and five times higher than S19 

(10.6 mg/kg). Similar to Arsenic, sample S17 presented closer results to C1 of 47.1 

mg/kg, while sample S18 had a bioaccessible concentration of approximately 2.5 

higher than the C1. Compared to As, Cr bioaccessibility showed a less strong but 

still good correlation with its total concentrations (R2 = 0.62) (Figure 7-21b). 

The oral bioaccessibility of Cu in the C1 sample had a mean value of 1679 mg/kg 

which is approximately eight times higher than S19 (274.5 mg/kg) and S20 (258.2 

mg/kg) and four times higher than S1 (418.3 mg/kg). Sample S18 had a 

concentration of 1523 mg/kg, while S17 was much higher than Copper measured 

in C1 with concentrations up to 2455 mg/kg. Similar to Arsenic, bioaccessible Cu 

presented a strong positive correlation with total Cu concentrations (R2=0.83) 

(Figure 7-21c). 

These results of bioaccessible As, Cr, and Cu for Composite 1 and its spot samples 

show that composite sample smooths out high and low concentrations, giving an 

unrepresentative picture of the investigated area. 
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Figure 7-20. Bioaccessible concentrations (mg/kg) for sample Composite 1 and its 
spot soil samples (S1, S17, S18, S19, S20) for As, Cr, and Cu. C1R1 means Composite 
1 and Replicate sample 1; Q stands for coning and Quartering subsampling method. 

a) b)  

c)  

Figure 7-21. Sample Composite 1. Correlations between total metal concentrations 
measured on <2mm particle size and bioaccessibility concentrations for a) As, b) Cr, 
and c) Cu. 
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7.4.12.2 Composite2 

Even though the samples which formed the Composite 2 (C2) are approximately 

90m distance away than C1, they presented lower bioaccessibility (Figure 7-22) for 

As, Cr, and Cu. 

Arsenic bioaccessibility in the composite C2 sample had a mean value of 385 mg/kg, 

which is slightly higher than the As concentration measured in spot samples S21 

(321.9mg/kg) and S22 (357.1 mg/kg). Samples S2 and S24 were approximately 0.5 

higher than the mean of C1, while S23, located only to a distance of 45m, presented 

the lowest As bioaccessible concentration of 195.7 mg/kg. Total As does not 

correlate well with the bioaccessible concentrations having an R2 value of 0.01 

(Figure 7-23a). However, when removing the sample S23 (marked in orange) from 

the graph, the R2 value equals 0.7, potentially indicating that this sample may 

represent a different contamination source.  

The mean bioaccessible Cr concentration in C2 was found 29.2 mg/kg, which is 

lower than spot samples S2 (36.4 mg/kg) and S24 (49.3 mg/kg). The other three 

spot samples, S21, S22, and S23, presented lower bioaccessible concentrations 

than C2 of 9.2 mg/kg, 15.5 mg/kg, and 19.5 mg/kg, respectively. No correlation was 

found between total and bioaccessible concentrations with R2 value of 0.02 (Figure 

7-23b). Similar to Arsenic, sample S23 (marked in orange on the graph) behaves 

differently compared to other samples; however, when removed from the graph, 

the R2 (0.05) didn't change significantly. 

Copper bioaccessible concentrations were higher compared with Arsenic and 

Chromium at this C2 site, with a mean value measured in the composite sample of 

1308 mg/kg. Similar to Arsenic and Chromium, spot sample S24 had the highest 

bioaccessible concentration of 1727 mg/kg, while samples S2 (638.3 mg/kg), S21 

(789 mg/kg), S22 (722.5 mg/kg) were approximately two times lower than the 

mean of C2 and sample S23 (489.1 mg/kg) measured the lowest Cu bioaccessibility 

among the samples investigated at this site. However, there is still a good positive 

correlation between total and bioaccessible concentration for copper with an R2 

value of 0.7 (Figure 7-23c), which is less strong with 0.13 compared to the 

correlation measured on the C1 site. 
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Figure 7-22. Bioaccessible concentrations (mg/kg) for sample Composite 2 and its 
spot samples for As, Cr, and Cu. C2R1 means Composite 2 and Replicate sample 1; 
Q stands for coning and Quartering subsampling method. 

a)  b)  

c)  

Figure 7-23. Sample Composite 2. Correlations between total metal concentrations 
measured on <2mm particle size and bioaccessibility concentrations for a) As, b) Cr, 
and c) Cu. 
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presented the highest bioaccessible concentrations at C1, and C2, at this C3 site, 

Arsenic seems to be the highest among other elements Cr and Cu. 

The bioaccessible As measured in C3 composite sample had a mean value of 181.2 

mg/kg, which is lower than concentrations measured in spot samples S25 (323.5 

mg/kg) and S28 (293.2 mg/kg). The other three spot samples used to form the 

composite sample had slightly lower bioaccessible concentrations compared to C3 

with values of 148.1 mg/kg for S11, 142.8 mg/kg for S26, and 105.9 mg/kg for S27. 

There is a good positive correlation between total and bioaccessible As 

concentrations with  R2= 0.84 (Figure 7-25a), which is higher than the correlation 

values measured in C1 and C2 samples (Figure 7-22; Figure 7-23).  

Spot samples S25 and S28 have the highest Cr bioaccessible concentrations with 

values of 105.2 and 112.1, respectively which are approximately three times higher 

than the mean value measured in the composite sample C3 of 44.2 mg/kg. Spot 

samples S11, S26, and S27 had the lowest values for bioaccessible Cr at this site of 

10.6, 6.5, and 18.6 mg/kg, respectively. There is a strong positive correlation 

between total and bioaccessible Cr concentrations of R2= 0.93, which is the highest 

also among the other two sites, C1 and C2 (Figure 7-25b). 

Compared to the other two sites (C1, C2), where Copper registered the highest 

bioaccessible concentration, on the C3 site, Cu seems to have lower values than 

bioaccessible As concentrations. Similar to As and Cr, spot samples S25 (255.7 

mg/kg) and S28 (216.3 mg/kg) have the highest bioaccessible Cu, making them 

hotspots at this site. The mean measured in the three replicates of the composite 

sample is 123.7 mg/kg, which is similar to S27 (126.2 mg/kg) and higher than S11 

(97.1 mg/kg) and S26 (53.1 mg/kg). While As and Cr registered the highest 

correlation values at this site (C3) compared to C1 and C2, Cu this time presented 

the lowest correlation with R2 = 0.46 (Figure 7-25c). 
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Figure 7-24. Bioaccessible concentrations (mg/kg) for sample Composite 3 and its 
spot samples for As, Cr, and Cu. C3R1 means Composite 3 and Replicate sample 1; 
Q stands for coning and Quartering subsampling method. 

a)  b)  

c)  

Figure 7-25. Sample Composite 3. Correlations between total metal concentrations 
measured on <2mm particle size and bioaccessibility concentrations for a) As, b) 
Cr, and c) Cu. 

The results presented in this section indicate that the use of composite samples 
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7.4.13 Compositional Data analysis of shallow samples 

Geochemical data analysis should be reported as compositions for a better 

interpretation of chemical species in the natural environment and geochemical 

processes (Buccianti and Grunsky, 2014). This section has as main objective to 

investigate geochemical behaviours, processes, and relationships between As, Cr, 

and Cu using compositional data analysis methods such as Pearson correlation, 

Cluster Analysis and Principal Component Analysis (PCA), to reveal the geochemical 

associations of potentially toxic elements (PTEs) in Collstrup soil. 

7.4.13.1 Pearson Correlation 

Table 7-8 presents the Pearson Correlation for the log-transformed data between 

total and bioaccessible PTEs in all shallow samples. There are strong positive 

correlations between total and bioaccessible PTEs which decrease as follows, Cu 

(r=0.97) > As (r=0.9) > Cr (r=0.76). Total Arsenic seems to correlate very well with 

total Cr (r=0.75) and Cu (r=0.74), while total copper and chromium present a weak 

correlation of r=0.4.  

Table 7-8. Pearson correlation coefficient for total and bioaccessible concentrations 
of As, Cr, and Cu in all Shallow samples, including composite samples (n= 37 
samples) 

  
As_Total Cr_Total Cu_Total As_Bioac Cr_Bioac Cu_Bioac 

As_Total 1      
Cr_Total 0.75 1     
Cu_Total 0.74 0.40 1    
As_Bioac 0.90 0.56 0.77 1   
Cr_Bioac 0.64 0.76 0.35 0.70 1  
Cu_Bioac 0.73 0.39 0.97 0.77 0.33 1 

 

Bioaccessible Arsenic correlates very well with bioaccessible Cr (r=0.7) and Cu 

(r=0.77), while bioaccessible Chromium and Copper presents a weak correlation 

(r=0.33) again. These outcomes can be observed more in detail through Cluster and 

PCA analysis (Figure 7-26 and Figure 7-27).  

7.4.13.2 Cluster Analysis 

The cluster analysis (Figure 7-26) shows total and bioaccessible data for Collstrup 

Shallow samples which were split into two groups of Cu and As – Cr. These 

separating groupings are potentially related to different source contributions and 

controlling factors over their total and bioaccessible concentrations. Previous 
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research works conducted at this site reported that Cu was predominantly bound 

to soluble and more extractable phases than As and Cr  (Nielsen et al., 2010; Tardif 

et al., 2019). However, despite the separation of Cu from the other two PTEs, on 

the dendrogram (Figure 7-26), Copper is positioned to a closer distance to Arsenic 

compared to Chromium. The Pearson Correlation presented in the previous section 

showed a strong relationship between total and bioaccessible Cu and As.  

 

Figure 7-26. Dendrogram of the cluster analysis completed using the CLR 
transformed Total and Bioaccessible data for Collstrup shallow soil samples.  

7.4.13.3 Principal Component Analysis PC1, PC2, and PC3 

PCA analysis was conducted to identify common sources of variance among data 

set and provide additional insight into the statistical relationship observed during 

initial correlation and cluster analysis. Total and bioaccessible data sets (n = 37) for 

As, Cr, and Cu were CLR transformed prior to PCA analysis. The results are 

represented on the biplots and maps for PC1, PC2, and PC3 (Figure 7-27). 

The first two PCs identified in the Collstrup shallow samples explain 81.7 % of the 

total variance. On the PC1 & PC2 biplot can be observed that total and 

bioaccessibility for each element cluster closely. PC1 separates As and Cr from Cu, 

potentially indicating that the first two elements may share common geochemical 

behaviours in the study area, a fact that was observed in the cluster analysis (Figure 

7-26). The PC1 map highlights the presence of Copper in the southern part of the 

study area around the two composite samples (C1, C2) and the northern part, a 

trend observed in the Figure 7-14c and Figure 7-11 reported by  Nielsen et al., 2010  

and Tardif et al., 2019.  
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PC2 shows the strong relationship between total and bioaccessible Copper, a fact 

that was also observed in the correlation analysis (Table 7-8). However, it separates 

the total and bioaccessible As from the Cr, potentially indicating some different 

geochemical behaviours in the soils. The PC2 map indicates that total and 

bioaccessible Arsenic is predominant around the composite samples (C2, C3) and 

from the centre toward the northern part of the study area. Total and bioaccessible 

Chromium seems to be concentrated mostly around the composite sample C1.  

Interestingly, PC3 distinguishes the total and bioaccessible Arsenic and Chromium 

and separates them, probably suggesting that bioaccessibility of these elements 

might be controlled by other factors rather than their total concentrations. 

However, on the PC3 total Copper still appears clustered closely to its 

bioaccessibility, indicating again a strong relationship between total and 

bioaccessibility of Cu, a fact observed as well through Pearson correlation analysis 

(Section 7.4.13.1). 
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Figure 7-27. Results of PCA analysis completed for Collstrup Shallow samples for As, 
Cr, and Cu with PC1, PC2, and PC3 biplots and maps.  

 

7.5 Summary 

This study investigated the main steps and associated errors during soil sampling 

techniques for bioaccessibility testing from the level of desk study to field sampling, 

laboratory work and data processing analysis.  
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The investigated area was chosen a highly contaminated site “Collstrup”, located in 

Denmark, known to contain elevated concentrations of Cr, Cu, and As from the 

mixture (CCA) used for wood treatment and preservation. At this site, a 90x90m 

grid was chosen for spot samples. Also, three composite samples were created by 

combining five spot samples collected at the corners and centre of a 45x45m 

square. The contaminant concentration in the composite samples showed high 

variability in total and bioaccessible concentrations for As, Cr, and Cu compared 

with concentrations in subsamples recovered from the spot samples prior to 

mixing.  

The total PTEs concentrations were higher using the subsampling method conning 

and quartering than Riffle splitter. This is potentially due to the fact that some fine 

particles remained between riffles resulting in loss of the sample, while during the 

coning and quartering, there is more control on collecting the whole sample. The 

ANOVA test showed significant differences between the means of these two sub-

sampling methods. 

In terms of the particle size influence on total metal(loid) concentrations, no 

significant difference was found between the two particle sizes <2mm and <250um, 

results observed through the ANOVA test and boxplots graphs.  

Samples were recovered from two depths, Shallow (0 – 15 cm) and Deep (15 - 30 

cm) samples. The boxplots and spatial maps showed significant differences in total 

metal concentration for As, Cr, and Cu, with the highest metal(loid) content present 

in the shallow soil. Samples D3 and D6 showed greater concentrations in deep 

samples, indicating that contamination may migrate towards deeper soil horizons 

and may represent a risk if Collstrup site would be used as an allotment. However, 

during HHRA, it is recommended in the highly polluted areas to collect deep 

samples to assess the depth of the pollution as well.   

The use of composite samples to determine the total metal(loid) concentration in 

soil was not found as a good estimator, and in most of the cases, this 

under/overestimated the level of pollution. The %RSD was calculated to determine 

how spread are the concentrations measured in spot samples from the mean of 

composite samples and registered values from 14.9% to 85.6% and a median of 

55.2%. These results showed a high degree of uncertainty related to the use of 

composite samples in HHRA and highlighted the fact that soil is very 
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heterogeneous, and the contamination level can be very different even at small 

distances (this research used a 45m grid for composite samples). 

This research work is intended to design a sampling protocol for bioaccessibility 

testing used during HHRA; therefore, shallow samples were considered for the 

UBM test as at this depth (0 - 0.15m), people are the most exposed to soil 

contaminants.  

The bioaccessibility results showed higher concentrations in the GI phase for As and 

Cu, while Cr was mobilised the most in the G phase. Calculation of the Bioaccessible 

fraction (%BAF) according to total metal(loid) measured on <2mm and <250um 

particle sizes showed no significant difference. However, this research work 

recommends calculating the BAF according to the total metal(loid) concentration 

on <2mm particle size as this is the most realistic approach to represent soil 

ingestion scenario. The median BAF of the investigated elements decreased in the 

order of Cu (96.6%) > As (68.4%) > Cr (16.1%)  

As bioaccessibility results exceeded pseudo total concentrations measured after 

Aqua Regia extractions, it would be interesting to compare the aqua regia 

extraction followed by ICP-OES analysis used in this study with XRFS analysis which 

sometimes provides a more complete determination of total metal(loid) content in 

soil. 

UBM test may be costly and time-consuming; therefore, it is important to assess 

how representative may be a composite sample created out of 5 spot samples. The 

results highlighted significant doubts in terms of uncertainties related to total and 

bioaccessible analysis on composite samples, as in most cases, these 

under/overestimated the risks for some samples that were located less than 45m 

apart. Therefore, for site-specific risk assessment using bioaccessibility testing, it is 

not appropriate to use composite samples.  However, in Chapters 4, 5, 6, where 

bioaccessibility testing has been used to develop a greater understanding of the 

sources of soil contamination in the metropolitan area of Belfast (Chapters 4-6), 

composite sampling was an appropriate approach to do an initial screening of such 

a large area.  If further Site-Specific HHRA is required for potentially high risk areas, 

then follow up testing should use spot samples. 

The geochemical compositional data analysis (log-transformed) using Pearson 

correlation showed a strong positive correlation between total and bioaccessible 
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concentrations for the three investigated elements, which decreased as follows, Cu 

(r=0.97) > As (r=0.9) > Cr (r=0.76). Total and bioaccessible As and Cr correlated very 

well with Pearson correlation values of r=0.75 (total) and r=0.70 (bioaccessible), 

while Cu presented only a good correlation with Arsenic (r=0.74 for total and r=0.77 

for bioaccessibility). These correlation results were confirmed through the Cluster 

and PCA analysis, where Cu clustered closely with its total and bioaccessible 

concentrations and wholly separated from the As and Cr. These results may indicate 

that Arsenic and Chromium may share common geochemical behaviours in 

Collstrup soils, while Copper presents high mobility in soil (because of its 

association with the most extractable phases such as carbonates and due to the 

formation of strong complexes with the organic matter), suggesting that Cu 

bioaccessibility is mainly controlled by its total concentrations.  

The ISO 18400-104 is recommended to be followed as a guide when sampling for 

bioaccessibility testing. However, it does not provide specific instructions on the 

soil particle size, subsampling techniques and type of samples that are efficient for 

bioaccessibility testing. This study has tested different techniques mentioned in the 

ISO 18400-104 for the above factors and reached the following conclusions. For the 

bioaccessibility testing, total metal concentrations should be analysed on the 

<2mm particle size for sample reduction (although in literature, Riffle splitter is 

more efficient) to be used coning and quartering, and to characterise the level of 

contamination on the site, spot(single) samples should be applied.  

Overall, this study has demonstrated that sampling representativeness is 

fundamental for data quality during site assessment. The location and depth of soil 

samples, the sample reduction techniques (CQ and RS) used, and whether 

composite samples are employed, all these have had a significant influence on 

sample representativeness and bioaccessibility results.  
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Chapter 8:  Conclusions and Recommendations 

In the natural environment, the presence of PTEs in soil is mainly controlled by the 

underlying geology present in the area. However, in urban environments, PTEs 

originate from a mixture of geogenic and anthropogenic controls. Characterising 

the potential health risks from exposure to soil contaminants is a complex task 

because, in the first place, the factors controlling the PTEs mobility in the soil must 

be understood.  

This research work aimed to investigate how oral bioaccessibility of PTEs in urban 

soils is affected by contaminant source and sampling techniques. The main 

outcomes and conclusions of this thesis are summarised below, followed by 

separate sections detailing findings from each chapter.  

8.1 Main conclusions 

• The Unified BARGE Method (UBM) can be successfully set up using a low-

cost commercially available extraction device via heated air compared to 

the custom-fabricated water bath used to incubate samples at 37⁰C.  

Validation of the UBM was completed by comparing the bioaccessibility 

values measured for elements in the soil guidance material BGS102 with 

published values for this material. As well, a good agreement was obtained 

between unknown sample duplicates measured in each UBM batch.  

• In Belfast urban soils, geogenic sources and anthropogenic contamination 

control oral bioaccessibility of PTEs. In some cases where PTEs originated 

from geogenic sources, including Cr, Ni, and V, their bioaccessibility did not 

directly correlate with total contaminant concentrations. In contrast, 

contaminants derived from anthropogenic activities showed a strong 

correlation between their total and bioaccessible concentrations. These 

findings indicate that contaminant source controls PTE bioaccessibility in 

urban soils.  

• Compositional data analysis using correlations, cluster and principal 

components analysis are useful techniques to investigate associations or 

differences between elements. The outputs of these techniques identified 

elements that show similar geochemical behaviour in soil. As a result, four 

groups of PTEs were identified. The first group is formed of Cr, Ni and V, 

which are mainly controlled by the geogenic origins in the study area, 
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especially in the basalts. Cu and Zn are likely to originate from a mixture of 

geogenic and anthropogenic sources. Arsenic is mainly controlled by 

anthropogenic contamination within the study area; however, some 

geogenic origins from the greywacke were observed. Lastly, the 

compositional data analysis for Pb indicated that its source in the study 

area is mainly controlled by anthropogenic contamination.  

• Areas of Belfast developed pre 1963 host the highest total and 

bioaccessible concentrations for PTEs within the study area. This 

relationship may be caused by intense industrial activities, traffic, leaded 

petrol, paint, and pipes, which resulted in the release of PTEs and their 

accumulation in topsoil. This suggests that historical land use in urban areas 

may give an indication of the contamination that occurred in different 

periods of time. 

• Combining bioaccessibility data with the solid phase distribution of PTEs in 

soils provided information on the potential source of PTE bioaccessibility 

and the mechanism that controls contaminant mobility in Belfast soils. This 

data can offer useful information to predict contaminant mobility in soil 

when the land-use changes.  

• The ISO 18400-104 is recommended to be followed when preparing soil 

samples for bioaccessibility testing. Different soil sampling techniques were 

tested in this research work from the ISO18400-104, and the results 

indicated high uncertainties in total and bioaccessible metal(loid)s 

concentrations. The type of soil sample (spot or composite), sample depth 

(shallow or deep), the subsampling techniques (Conning Quartering or 

Riffle splitter) highlighted significant differences between total and 

bioaccessible concentrations of PTEs. However, a comparison of particle 

size showed little or small differences between the total PTE concentration 

measured on <250um and <2mm dry test soils.  

• Overall, this study provides useful guidance on the soil sampling techniques 

recommended for bioaccessibility testing. It offers information on the 

controlling factors over PTEs bioaccessibility in urban areas. The solid phase 

distribution method provides defensible data on the PTEs bioaccessible 

fraction and how the element mobility in soil may change in the future.  
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8.2 Oral Bioaccessibility of PTEs across Urban Area of Belfast 

• Overall total concentration and bioaccessibility of PTEs presented higher 

concentrations in Belfast's metropolitan area compared to rural areas of 

Northern Ireland. This may indicate that PTEs in urban soils originate from 

two sources, geogenic and anthropogenic.  

• The highest bioaccessible concentrations were measured in the gastric 

phase of the UBM, indicating the PTEs were easily mobilised at low pH. 

• In general, those elements with suspected geogenic origins such as Cr, Ni, 

and V had lower measured BAFs, while the potential anthropogenic PTEs 

including As, Cu, Pb, and Zn had higher BAF values. 

• The frequency graphs and QQ plots indicated that both distributions of 

total and bioaccessible concentrations have a right skew with a tail of 

higher concentrations for all PTEs. However, when data were log-

transformed, the skewness of the original data was reduced or removed. 

The QQ plots for the log-transformed data still presented some changes in 

slope, which may indicate the potential presence of multiple populations 

within the data due to several groups controlled by the rock type, 

mineralisation processes, and human pollution. 

• The coefficient of correlation (r) and coefficient of determination R2 

presented strong correlations and a good linear relationship between total 

and bioaccessible PTEs for As, Zn, Pb, Cu, and V, while Cr and Ni registered 

the lowest values. Elevated values for the coefficient of correlation and 

determination may indicate that the total concentration controls 

bioaccessibility, while a weaker correlation might be influenced by other 

factors such as geology, mineralisation, encapsulation. 

• Spatial analysis of oral bioaccessibility of PTEs revealed high concentrations 

in Belfast city centre and the dockland area, Lisburn (south) and 

Carrickfergus (north), indicating that these might be hotspots with a very 

significant anthropogenic input. Soils located outside the hotspot areas and 

those overlying basalt bedrock in the northwest or the greywacke present 

in the east part of the study area measured low bioaccessible 

concentrations. This suggests that geogenic origins might govern the PTE 

bioaccessibility in these areas.  
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• Based on the outcomes of this chapter, it was possible to distinguish two 

groups of PTEs. The first group of Cr, Ni, and V is thought to be controlled 

by geogenic origins within the study area. The second group includes As, 

Cu, Pb, and Zn, which are suspected to originate and controlled by a 

combination of geogenic and diffuse anthropogenic sources.  

 

8.3 Factors affecting Oral Bioaccessibility of PTEs 

• Pearson correlation and cluster analysis for total and bioaccessible 

concentrations identified three groups of PTEs. The first group is 

represented by Cr, Ni, and V, and the second group formed of Zn and Cu, 

and the third group including As and Pb. Surprisingly, bioaccessible nickel 

showed a weak correlation with bioaccessible Cr. In contrast, a good 

correlation was observed with Cu, Zn and V. This indicates that similar 

geochemical factors may govern nickel mobility in soil along with other 

PTEs naturally occurring in basalt V, Cu, and Zn.  

• The five generic lithologies within the study area measured elevated 

bioaccessible values in soils overlying Mudstones, Sherwood sandstones 

and greywacke, which contain the highest number of Tellus samples. 

However, these rock types cover mainly the urban area of Belfast and its 

satellite towns such as Carrickfergus (North), Bangor (East), and Lisburn 

(South) and may indicate that PTEs bioaccessibility is controlled by the 

anthropogenic sources in these areas rather than their parent rock 

material. The lowest BAF values in basalts and chalk may indicate geogenic 

controls at these locations, although these rocks had the smallest number 

of samples (12 in total; 6 each). 

• Principal component analysis (PCA) identified commonalities among 

groups of samples variables. For the total concentrations, PC1 and PC2 

separated the groups of Cr, Ni, and V from the group of As, Cu, Pb, and Zn, 

while PC3 separated As from Pb, highlighting their different sources within 

the study area. The PCA for bioaccessible concentrations separated in PC1 

and PC2 the Cr, Ni, and V group from the group of As, Cu, Pb, and Zn. Unlike 

the total dataset, PC3 explains a common source of variance between 

bioaccessible Ni, Cu, and Zn. This trend was identified with positive 

correlations in the Pearson correlation section, as well as on the cluster 
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analysis, where BAF data formed a group of Cu, Zn, and Ni, potentially 

indicating that these PTEs behave similarly in terms of bioaccessibility. 

• A heatmap was produced to summarise the findings of this chapter. This 

combined BAF data for the 7 PTEs measured in different geology and 

development zones. The vertical dendrogram identified four distinct 

geochemical clusters represented by the Group 1 (Cr, Ni, and V) known to 

be controlled by geogenic sources, Group 2 (Cu, and Zn), Group 3 (As), and 

Group 4 (Pb) controlled by anthropogenic sources. The horizontal 

dendrogram showed how individual samples (no.103) cluster together. The 

heatmap clearly separated the highest BAF corresponding with the 

development zone of pre 1963 while the lowest BAF was observed to 

coincide with the post 1963 zone indicating a geogenic control in this area.  

• Statistical exploration of the UBM data suggests that soil parent materials 

rich in naturally elevated PTE concentrations overall measured low element 

bioaccessibility. In contrast, in the areas with industrial history and rapid 

urbanisation, the contaminants presented high solubility in the digestive 

UBM solutions. 

8.4 Solid-phase distribution and bioaccessibility of PTEs 

• The CISED analysis identified six clusters of components within the 15 Tellus 

soil samples investigated in this study: Pore water (PW), Carbonate (Ca), Pb 

Site-Specific Component (PbSSC), Clay related, intergrown FeOx/Clay, and 

Fe Oxide. Lead was a major element in the PbSSC and measured the highest 

Pb concentrations compared to other clusters. PbSSC was found 

predominantly in samples collected from the development zone pre 1963 

and completely missing from the samples located in the area of post 1963, 

except for one sample which is located in the proximity of an industrial site. 

These outcomes confirm that Pb in the study area originates exclusively 

from anthropogenic sources and is very mobile in PbSSC and clay, which 

are the host clusters bioaccessible fraction as well.  

• The solid phase distribution results revealed high mobility of PTEs such as 

As, Cu, and Zn in samples from within the boundary of pre 1963 compared 

to post 1963 and high solubility of Pb in all samples across the study area. 

• Despite elevated total concentrations, the bioaccessibility of Cr, Ni, and V 

was relatively low, and their bioaccessible fraction was identified 
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predominantly in clay related components. However, the non-

bioaccessible fraction of these PTEs was identified in clays and Fe oxides 

which are the most difficult components to extract during the CISED 

method. This indicates that the presence of these PTEs (Cr, Ni, and V) in 

Belfast soils are likely to cause a risk to human health. 

• The CISED results showed that bioaccessible As is mostly present in some 

clay and Fe oxide cluster; however, the concentrations within the boundary 

of pre 1963 are approximately five times higher compared to post 1963. All 

this information supports the conclusion that arsenic is mainly controlled 

by anthropogenic contamination within the boundary of pre 1963 and 

some geogenic sources observed in the urban area developed post 1963. 

• The group formed of Cu and Zn showed high total and bioaccessible 

concentrations, especially within the Belfast boundary, developed pre 1963 

and high mobility in the easily extracted components (pore water, 

carbonate, PbSSC), indicating their anthropogenic controls in urban soils. 

However, in samples located in the area developed post 1963, 

bioaccessibility of Cu and Zn is present in clays and Fe oxide clusters, 

indicating geogenic origins. 

• Using the CISED data in conjunction with bioaccessible data provides a 

useful insight into the solid phase distribution of PTEs in soil and the 

mechanisms that govern their mobility and bioaccessibility. Even though all 

six PTEs (except Pb) showed low bioaccessibility in the area post 1963 and 

their association with clays and Fe oxides clusters extracted under the 

strongest acid conditions, this may be different over time if land-use 

changes. For example, non-bioaccessible arsenic may be displaced from the 

Fe oxides clusters in the presence of fertilisers or lime used in gardens. 

Therefore an enrichment in the soil of the organic matter and phosphorus 

may promote the weathering and dissolution of crystalline Fe oxide into 

ferrihydrite, which is more readily dissolved, hence enhancing As mobility 

(Wragg et al., 2007). 

 

8.5 Soil Sampling techniques for bioaccessibility testing 

• This chapter tested different soil sampling protocols from the ISO18400-

104 recommended for use while preparing soil samples for bioaccessibility 
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testing. The outcomes revealed high uncertainties between the 

metal(loid)s total and bioaccessible results determined using different soil 

sampling techniques.  

• The total and bioaccessible PTEs concentrations measured on <250um and 

<2mm particle size soil particle did not show a significant difference in 

results. However, in a few samples, As and Cu were found to be more 

concentrated in the smaller particle size.  

• The use of composite samples was not found to be truly representative in 

most of the cases. This under/overestimated the level of pollution found in 

the spot samples used to form the composite sample. Because soil is 

heterogenous, this research recommends using spot samples to 

characterise the element concentrations present on a specific site.  

• The highest total metal(loid) concentrations were measured in shallow 

soils, except for two samples that showed elevated concentrations in deep 

soils, indicating the potential of contaminants to migrate downwards.   

• Despite the literature indicating that using a riffle splitter (RS) for soil 

subsampling provides more accurate results, in this research work, conning 

and quartering showed the best performance in terms of total metal(loid) 

concentrations. This is potentially due to the fact that some fine particles 

remained between riffles resulting in loss of the sample.  In contrast, during 

the conning and quartering, there is more control on collecting the entire 

sample. 

• The bioaccessibility results showed higher concentrations in the GI phase 

for As and Cu, while Cr was mobilised the most in the G phase. 

• For some samples, the bioaccessible results exceeded the pseudo total 

concentrations measured using Aqua Regia extractions followed by ICP-

OES analysis. During this research, this was the extraction method available 

for the project. However, to assess the Aqua Regia extraction method's 

performance, it would be appropriate to compare the results with XRFS 

analysis, which in Tellus survey showed better performance in determining 

the total concentrations of As, Cr, and Cu.  

• The geochemical compositional data analysis of Pearson correlation, 

Cluster and PCA analysis showed that arsenic and chromium were grouped 

potentially due to their common geochemical behaviours in Collstrup soils, 
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while Copper was separated from this group. However, Cu presented the 

strongest correlation of 0.97 between its total and bioaccessible 

concentration compared to As (0.9) and Cr (0.76).  

8.6 Recommendations for future work 

1. The Unified BARGE Method (UBM) extraction is currently performed 

manually, which implies time constraints and sometimes human errors. 

Designing an automated UBM can enable bioaccessibility extraction to be 

performed in a shorter period of time and increase the method's 

performance. The need for an automated UBM has been highlighted 

through numerous conversations that the author of this thesis has had with 

different professionals working in academia, industry, and commercial 

laboratories. Therefore, designing an automated UBM in the near future 

represents a top interest of the author of this thesis.  

2. This research work performed an initial screening of the PTEs 

bioaccessibility across the study area and provided useful information 

about the controlling factors that should be considered while conducting 

an HHRA in urban soils. The next step will be to conduct a detailed site-

specific risk assessment in the areas where Generic assessment criteria 

(GAC) values are exceeded. Then, incorporate the bioaccessibility results 

into the CLEA model to generate a range of GAC values corresponding to a 

range of BAFs for different land uses scenarios. This will allow refining the 

human health risks on the investigated sites. 

3. Where the BAF of PTEs is high in the study area, it will be interesting to 

investigate if this is linked to the occurrence of some diseases.  McKinley et 

al. (2020) conducted such an investigation in Belfast, where urban soil 

geochemistry database of elemental concentration was used to determine 

the potential relationship with chronic kidney disease.  

As the soil contaminants in the metropolitan area of Belfast originate from a 

mixture of geogenic and anthropogenic sources, it will be useful to conduct isotope 

analysis to identify or predict the origins of PTEs in urban soil.  For example, to 

detect if PTEs in urban soils originate from atmospheric pollution and different 

industrial activities. 
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Appendix. A 4.1. List of selected Tellus soil samples collected from 

the metropolitan area of Belfast 

No. Sample Easting Northing No. Sample Easting Northing No. Sample Easting Northing 

1 570004 328394 383304 35 570356 329215 369274 69 570778 338727 373646 

2 570021 338743 385771 36 570368 327021 371212 70 570784 347679 379580 

3 570037 331298 382356 37 570376 335269 375631 71 570793 339755 374845 

4 570041 341101 388229 38 570378 330284 373395 72 570797 342323 380241 

5 570042 338056 384989 39 570392 327763 367893 73 570803 344371 378797 

6 570049 339707 388728 40 570400 329256 372854 75 570818 349242 375528 

7 570050 344024 388418 41 570430 327424 366167 76 570893 342661 374245 

8 570060 330246 381276 42 570451 331851 368855 77 570894 348149 372632 

9 570066 343158 389916 43 570456 326214 364811 78 570899 341327 377470 

10 570076 330745 381711 44 570472 330176 370381 79 571002 336648 371265 

11 570079 341400 390267 45 570477 326563 363689 80 571054 331305 370959 

12 570081 342684 389690 46 570488 326325 362271 81 571073 324780 366383 

13 570084 343378 389343 47 570492 326305 365668 82 571084 329867 367065 

14 570097 340244 388880 48 570493 327192 364869 83 571097 323580 363330 

15 570125 332952 380812 49 570501 335278 368730 84 571118 350831 382378 

16 570178 334275 379265 50 570504 334108 369777 86 571168 339702 387252 

17 570179 332245 385258 51 570518 334306 372415 87 571187 337741 365331 

18 570181 333316 380316 52 570528 344311 381216 88 571209 335545 381095 

19 570184 330793 383675 53 570543 334664 370662 89 571216 336771 386102 

20 570207 333228 376950 54 570591 350386 380920 90 571246 336560 383441 

21 570242 335609 376716 55 570597 334252 370737 91 571257 333932 383367 

22 570243 326717 371673 56 570602 336778 366700 92 571276 331659 375116 

23 570261 329879 377751 57 570637 335673 372755 93 571287 334710 377250 

24 570266 333847 374762 58 570638 338143 374685 94 571300 332845 380155 

25 570283 332063 376866 59 570655 353213 379264 95 571316 330760 368103 

26 570284 331303 377187 60 570657 340813 372633 96 571353 340717 380284 

27 570292 335700 373700 
61 570669 334791 372584 

97 571354 332715 377213 

28 570294 330677 375638 
62 570671 340256 372263 

98 571356 339635 379180 

29 570300 331793 374801 
63 570685 351233 378430 

99 571386 330741 373393 

30 570311 335630 375872 
64 570695 336407 374789 

100 571392 341812 381146 

31 570317 330777 372796 
65 570701 336265 365928 

101 571395 327788 366299 

32 570322 332333 373089 66 570716 337131 377436 102 571480 336845 375717 

33 570335 331535 372583 67 570725 336672 363666 103 571489 333668 372427 

34 570351 332326 371107 68 570761 346365 378583 
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Appendix.  A 7.1. Name and locations of the soil samples on the 

Collstrup site, Denmark 

Sample 

no. 

Sample Type Shallow (cm) Deep (cm) Easting Northing 

1 Shallow/Deep 15 30 12.3552 55.9550 

2 Shallow 15 
 

12.3550 55.9555 

3 Shallow/Deep 15 30 12.3558 55.9556 

4 Shallow/Deep 15 30 12.3548 55.9559 

5 Shallow 15 
 

12.3556 55.9560 

6 Shallow/Deep 15 30 12.3564 55.9561 

7 Shallow 15 
 

12.3546 55.9563 

8 Shallow 15 
 

12.3554 55.9564 

9 Shallow 15 
 

12.3562 55.9566 

10 Shallow/Deep 15 30 12.3544 55.9568 

11 Shallow/Deep 15 30 12.3560 55.9570 

12 Shallow 15 
 

12.3543 55.9572 

13 Shallow/Deep 15 30 12.3552 55.9569 

14 Shallow/Deep 15 30 12.3550 55.9573 

15 Shallow 15 
 

12.3558 55.9574 

16 Shallow 15 
 

12.3549 55.9547 

17 Composite_1.1 15 
 

12.3551 55.9549 

18 Composite_1.2 15 
 

12.3554 55.9549 

19 Composite_1.3 15 
 

12.3554 55.9551 

20 Composite_1.4 15 
 

12.3550 55.9551 

21 Composite_2.1 15 
 

12.3549 55.9553 

22 Composite_2.2 15 
 

12.3552 55.9554 

23 Composite_2.3 15 
 

12.3551 55.9556 

24 Composite_2.4 15 
 

12.3548 55.9555 

25 Composite_11.1 15 
 

12.3559 55.9569 

26 Composite_11.2 15 
 

12.3562 55.9569 

27 Composite_11.3 15 
 

12.3562 55.9571 

28 Composite_11.4 15 
 

12.3558 55.9571 

 

 

 


