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Highlights 

• The increasing impacts of climate change evidenced by a greater frequency and 

severity of extreme weather events, elevated rates of coastal erosion, and the 

increased likelihood of coastal flooding pose a risk of releasing potentially hazardous 

elements into the coastal zone. 

• Numerous metal concentrations across both colliery and steel slag-based waste 

exceed established sediment guideline values. 

• The release of metals would result in considerable environmental and ecological 

damage. 

• The release of elements in oxidised conditions was most prevalent in deionised 

water leachant, with numerous leached elements exceeding WHO drinking water 

quality guideline values. 

• Environmentally representative ARW and ASW displayed minimal leaching in 

contrast to the deionised water leachant. 

• Improvements to the British standard leaching method (BS EN 12457-2-2002) is 

recommended, as to be more representative of real-world conditions. 
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Abstract 

Historic industry dating back to the Industrial Revolution from the 19th century onwards is 

responsible for the presence of PTE (potentially toxic element) concentrations within the 

coastal environment, of which colliery and steel industries were a considerable contributor. 

The increasing impacts of climate change on the coastal environment, as evidenced by a 

continuous global increase in sea level, elevated rates of coastal erosion and coastal flooding, 

alongside an increasing frequency and intensity of extreme weather events poses a serious 

threat to mobilisation of hazardous elements, subsequently dispersing into nearby sensitive 

environmental receptors including: SSSI’s, RAMSAR sites, and designated bathing zones. As 

there are limited studies addressing the mobilisation of elements pertaining to coastal legacy 

waste sites in saline and representative rainwater conditions, this study focuses on 

establishing the total element concentrations of coastal legacy waste sites associated with 

colliery and/or steel waste across North West England and North Wales, and to determine 

the level of mobilisation of element concentrations under deionised water, artificial 

rainwater (ARW), and artificial seawater (ASW) conditions. It was found that across colliery 

and steel slag-based waste, V, Cr, Se, Ni, As, and Cu exceeded sediment guideline values 

across the majority of sample sites, thereby establishing these waste sites as significantly 

hazardous. Furthermore, leaching under deionised water conditions proved most 

concerning, with leached As, Pb, Al, and Mn exceeded WHO drinking water quality guideline 

values. Moreover, ARW and ASW leachants displayed significantly reduced leaching in 

contrast to deionised water leachant. As such, leaching mechanisms only attributable to 

deionised water conditions such as the low ionic strength of the leachant is likely the primary 

cause of element mobilisation. The findings of this study imply that leaching of significantly 

hazardous elements under saline and mildly acidic ARW conditions did not contribute to 

considerable leaching of elements in complex legacy waste sediments. Moreover, stark 

differences in concentrations seen within deionised water compared with artificial leachate 

highlight the need for adaptations to be made to the British standard leaching method (BS 

EN 12457-2-2002), as studies using this method may overestimate/underestimate element 

leaching potential under oxidised conditions. 
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1. Introduction 

1.1. A global context 

In recent years, global and national attention surrounding coastal legacy landfill and the 

subsequent impact on the coastal landscape has gained more traction, with an upsurge of 

media attention, government research reports, and research publications contributing to 

public awareness (Brand, 2017; Edwards, 2017; Hughes and Seely, 1996; BBC, 2017). Despite 

this, the total extent of coastal legacy waste on a global scale is unknown. Nonetheless, 

estimates suggest a substantial presence of such landfills within the European Union, ranging 

from approximately 350,000 to 500,000 sites, a considerable proportion of which are 

presently inactive (Willie, 2018). These landfills predate contemporary pollution prevention 

legislation and are present in coastal areas (Willie, 2018; Nicholls et al, 2021). For instance, 

France is estimated to harbour around 1,000 coastal landfill sites, while the German 

coastline accommodates 1,027 such sites (Nicholls et al, 2021). The potential for pollution 

emanating from coastal landfill sites is a matter of significant concern due to the array of 

associated hazards and their impact on contaminant mobility (Riley et al, 2022) such as the 

erosion and discharge of contaminated municipal solid waste, unregulated release of landfill 

leachate, formation of leachate plumes, and heightened exposure to bioaerosols originating 

from landfills (Brand, 2017; Nicholls et al, 2021; Zhang et al, 2023; Rajmohan et al, 2019). 

This paper aims to explore the pollution risk of coastal legacy waste, now labelled as 

‘pollution time-bombs’ due to the significantly hazardous contaminants present and their 

continued release, and also the potential for catastrophic contaminant release exacerbated 

by the increasing effects of climate change (Propp et al, 2021; Nicholls et al, 2021). To 

classify legacy landfills, the Environment Agency has defined historic legacy waste as “historic 

(closed) landfill site is one where there is no PPC [Pollution Prevention and Control] permit or 

waste management licence currently in force” (Environment Agency, 2023a). 

1.2. Waste type and geochemistry of coastal legacy waste 

The sediment geochemistry of coastal legacy waste is multifaceted, characterised by a 

diverse array of pollutants. Notwithstanding this, there are similarities in detected elements 

across various landfill sediments, including chromium (Cr), nickel (Ni), copper (Cu), zinc (Zn), 

and lead (Pb) (Podlasek et al, 2024; Sayadi et al, 2015; Mavakala et al, 2016). Moreover, the 

nature of the waste itself can serve as an indicator of potential contaminants, as evidenced 

by the significant presence of critical raw materials such as Cr, vanadium (V), and numerous 

rare-earth elements within steel slag waste (Riley et al, 2020). However, the composition of 
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coastal legacy waste can reflect different origins and industrial processes, further adding to 

its complexity. Despite these complexities, the presence of PTEs within legacy waste are a 

serious concern due to the impacts on environmental receptors. 

Pollutants present within coastal legacy landfill range from biological, organic, and inorganic 

(Siddiqua et al, 2022). The presence of inorganic contaminants is considered by many to be 

of severe concern (Nieder and Benbi, 2023; Guagliardi, 2022; Siddiqua et al, 2022). Inorganic 

pollutants primarily consist of heavy metals such as Cr, Pb, Zn, mercury (Hg), cadmium (Cd), 

and arsenic (As), which are considered potentially toxic elements (PTEs), as they are 

considered toxic at low concentrations (Siddiqua et al, 2022; Sidana et al, 2020). 

Concurrently, organic pollutants originate from the disposal of industrial chemicals, 

domestic, and agricultural waste. Notably, landfill sites containing chlorine (Cl) 

concentrations have been identified as sources of dioxins, persistent organic pollutants 

renowned for their longevity and high toxicity (Njoku et al, 2019). Additionally, the presence 

of biological pollution is presented in the form of bioaerosols as seen by pathogens enriched 

by microbes containing dust, brine water droplets, and harmful chemicals present within 

landfill (Zhang et al, 2023; Dias and Viegas, 2021; Humbal et al, 2018). Depending upon the 

waste type, the pollutants within can span across multiple pollutant categories; for instance, 

municipal solid waste (MSW) is a significant contributor within coastal legacy landfill sites. 

MSW is comprised of organic and inorganic material and in toxic concentrations., originating 

from general public waste, some of which include plastic, paper, food, metals, glass, and 

industrial material (Hong et al, 2017; Gupta, 2019). For further context, in 2014, MSW 

accounting for 65% of Chinas waste disposal (Hong et al, 2017). Furthermore, leachate 

production from coastal legacy landfill sites encompasses a mixture of organic and inorganic 

compounds alongside nutrients, often in toxic and volatile forms (Vaverková, 2019; 

Wdowczyk and Szymańska-Pulikowska, 2020). The hazardous nature of pollutants within 

coastal legacy landfills, characterized by corrosive, toxic, and ignitable properties, poses 

substantial risks to human and environmental health, with the exacerbation of transport 

mechanisms by human-induced climate change further amplifying these risks. 

1.3. Potential impacts of climate change on mobilisation and risk 

Given that climate change is expected to increase the of rate sea-level rise and heighten the 

intensities and frequencies of weather events, including coastal flooding and erosion on a 

global scale (Oppenheimer et al, 2019), this will have direct implications on coastal legacy 

waste sites. The repercussions will include the mobilisation of various pollutants, including 
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PTEs into the surrounding environment, posing substantial risks to various environmental 

receptors. 

The leaching of potentially hazardous elements within coastal legacy waste sites, 

exacerbated by intensified precipitation and infiltration events, poses severe toxic 

implications for environmental receptors. Coastal legacy leachate, often categorised as 'old 

landfill leachate,' are characterised by a decrease in concentrated organic and inorganic 

compounds and a reduction in biochemical oxygen demand compared to younger forms of 

leachate (Vaverková, 2019). Youcai (2018) acknowledges precipitation, including snow and 

rainfall events infiltrating through landfill contents, as a primary source of leachate 

production. According to the UK Met Office, based on 'more likely' UKCP climate data 

scenarios, by 2070, precipitation events are projected to undergo significant fluctuations, 

with alterations in the seasonality of extremes compared to the present day. Notably, heavy 

precipitation events in the autumn season are expected to escalate in both intensity and 

frequency, and rainfall expected from a 1-in-2-year event expected to increase by 

approximately 29% (Met Office, 2022). Consequently, it is anticipated that the severity of 

leachate production from coastal legacy waste will further intensify during the 

autumn/winter period, recognised as the wettest period of the year in the UK. 

Surface water infiltration was also acknowledged as a primary influence in leachate 

production (Youcai, 2018), which includes surface runoff in regions with a high-water table 

and/or impermeable surfaces. Brand et al (2017) highlights that saltwater intrusion into 

coastal legacy waste will likely mobilise inorganic contaminants situated within. Salinity is 

understood to be a key factor influencing the bioavailability of major and trace elements 

within sediments (Acosta et al, 2011; Du Laing et al, 2008). In soil environments containing 

bound inorganic contaminants, salinisation can enable mobilisation due to the high ionic 

strength of salts, in particular Pb and Cd (Acosta et al, 2011). It is therefore likely that the 

influence of seawater salts on inorganic contaminants within coastal legacy waste to increase 

metal mobilisation in various forms, including leachate. The inundation and exposure of 

seawater on coastal legacy landfill sites is expected to increase as a consequence of climate 

change. For instance, IPCC scenarios forecast a mean average sea-level rise ranging from 

0.32 to 0.4 meters (RCP2.6 scenario) to 0.61 to 0.72 meters (RCP8.5 scenario) for North West 

England and North Wales by 2100 (NASA, 2021). Nevertheless, it is inevitable that sea-level 

rise will elevate the exposure of coastal legacy waste to seawater, thus increasing the 

mobilisation of inorganic metal pollutants. Examinations from Njue et al (2012) note that the 

attenuation of bioavailable heavy elements originating from closed landfill sites at Lodmoor 
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marsh, Dorset, UK, was attributed to the surrounding fine-grain sediments and fauna within 

the saltmarsh. This attenuation persisted beyond the peak flow of contamination from the 

landfill as it matured. However, the increase in ionic strength attributed to salinisation 

altered the bound chemical state of elements within the sediment matrix, enabling a higher 

degree of mobility, thus elevating the risk of nearby human and environmental receptors 

(Brand et al, 2017; Njue et al, 2012; Acosta et al, 2011; Vaverková, 2019).  

With the coastal environment experiencing increasing storm conditions, compounded by 

enhanced coastal erosion (Oppenheimer et al, 2019), the distribution and dispersion 

potentially toxic element throughout the coastal environment is an increasing concern. The 

redistribution of contaminated landfill-derived materials, such as solid particulate matter, 

through aeolian transport mechanisms poses a significant challenge in landfill management 

and is considered another primary emission source of waste (Vaverková, 2019; Brand et al, 

2017; Breshears et al, 2012). The increased suspension of landfill-based particulate matter 

and the size of the particulate matter strongly correlate with air velocity (Tian et al, 2008), 

which is further exacerbated by strong coastal weather events increasing air velocity in 

coastal areas, thus triggering erosion of coastal landfill; followed by the suspension; and 

distribution of landfill-based particulate matter and municipal solid waste, resulting in 

deposition of hazardous waste in areas away from the landfill source. Sea surface 

temperatures have risen by a global average of ~0.6°C from 1980-2020 (Fox-Kemper et al, 

2021), which directly increases the severity and frequency of severe storm events (Aumann 

and Ruzmaikin, 2008). Consequently, severe storm events have the potential to structurally 

compromise the integrity of coastal legacy waste, thus having the potential to release bound 

and readily bioavailable contaminants. 

1.4. The human and environmental risk of coastal legacy waste 

As a consequence of mobilised toxic element concentrations, enhanced by climate change, 

the risk to human and environmental receptors is elevated. It is estimated that by 2055, 

approximately 122 coastal legacy waste sites in England are anticipated to undergo erosion 

into coastal waters, with this figure expected to rise to 144 sites by 2105 (Brand et al, 2017). 

The risk of human exposure towards PTE concentrations is likely to rise, as evidenced by 32% 

of England's total bathing water zones being within 100 meters of coastal legacy landfill sites 

(Brand et al, 2017), thus heightening the likelihood of direct human exposure through 

ingestion, inhalation, exposure during bathing, and contact with open wounds. 
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Presently, municipal solid waste landfill sites rank as the third-largest anthropogenic source 

of bioaerosol production (Zhang et al, 2023). Inhalation of these bioaerosols can induce 

respiratory irritation, inflammatory effects, cancers, and allergic responses. Moreover, the 

dispersion of bioaerosols is amplified by natural aeolian transport and human-induced 

climate change events and is prone to re-suspension due to inherent dynamics of particulate 

matter, contributing to their presence in the troposphere (Zhang et al, 2023; Xie et al, 2021). 

Exposure to toxic concentrations of PTEs such as As, Cr, Cd, Zn, and iron (Fe), contained 

within coastal legacy landfill sites can have significant repercussions on human health (Lin et 

al, 2022). PTEs with carcinogenic properties, such as Cr, As, Cd, and beryllium (Be), can be 

readily ingested during bathing. Skin diseases induced by heavy metals are also of concern 

(Lin et al, 2022), with absorption through the skin serving as a primary pathway for heavy 

metal poisoning (Witkowska et al, 2021). The biophysiochemical properties of Cd, Pb, 

calcium (Ca), and magnesium (Mg) are similar, facilitating the replacement of Ca and Mg with 

Pb and Cd in the human body, thereby posing a threat to cellular integrity. Exposure is 

further compounded when the skin is compromised, as less penetration is required for 

metals, enabling easier access to the bloodstream (Magnano et al, 2022). 

Landfill debris has been documented to inflict harm upon surrounding flora and fauna, in 

part due to the varied nature of legacy waste, including industrial, commercial, and domestic 

types. Non-biodegradable plastic waste is especially common in coastal areas (Rajmohan et 

al, 2019) and poses a detrimental impact on nearby bird and fish species. Digestion of micro-

plastics can prove toxic due to chemicals used during production, as well as the absorption 

properties accumulating significant element concentrations (Vedolin et al, 2018). Whilst not 

always outright fatal, adverse impacts on animal species resulting from plastic ingestion 

include reproductive complications, reduced growth rates, inflammatory issues, and reduced 

digestion efficiency (Prata et al, 2021; Jewett et al, 2022; de Souza-Silva et al, 2022). 

1.5. A UK perspective on coastal legacy waste 

Inherited from a rise in industrial practices from the 19th century onwards, the issue of waste 

generation subsequently grew, with the need for waste storage substantially increasing 

(Brand et al, 2017; Louis, 2004). In response, areas deemed ‘low-value coastal zones’, for 

instance, saltmarshes, saw a significant increase in landfilling (Riley et al, 2020; Nicholls et al, 

2021; Wadey et al, 2019), driven by: 1) a lack of meaning legislation regulating the 

composition and deposition of industrial waste (Brand et al, 2017); 2) the close proximity to 

industrial hubs; 3) a lack of environmental protection incentives, and limited understanding 
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of potential impacts (Jones and Tansey, 2015; Riley et al, 2020); and 4) the increasing 

industrialisation of coastal towns paired with advancements in transport infrastructure 

facilitating larger-scale disposal of industrial waste. 

The introduction of meaningful legislative frameworks including the ‘Environmental 

Protection Act 1990,’ ‘Control of Pollution Act 1974,’ and ‘House of Commons published 

Landfill research paper (Hughes and Seely, 1996)’ provided a modernised approach to landfill 

management, mandating documentation of waste deposited in landfills, to exclude 

significantly hazardous deposits. Subsequently, a ‘Duty of Care’ approach towards waste 

disposal was adopted to place a level of responsibility those who involved in the production, 

transport, and disposal of waste. Moreover, leachate control measures were introduced, 

with impermeable linings at landfill sites becoming mandatory to mitigate concerns 

regarding contaminant release (Brand et al, 2017). Whilst significant progress was made 

regarding MSW disposal, pre-legislative landfills still pose a severe risk. Furthermore, Nicholls 

et al (2021) compared the international community’s approach to tackling the issue of 

coastal legacy waste. It was found that unlike other developed countries, policymakers in 

England are still not fully appreciative of the impacts and influences of coastal legacy waste.  

Across England, there are approximately 420 coastal legacy waste sites within 100m 

proximity designated ecological sites. More specifically, 120 SSSI locations (Sites of Special 

Scientific Interest), 47 OSPAR marine protected areas, and 37 Ramsar sites. Furthermore, 

there are 128 designated UK bathing zone areas in England are situated within this proximity 

(Brand et al, 2018). Throughout England, an estimated 1264 legacy landfill sites are situated 

in coastal and estuarine regions vulnerable to flooding and erosion, with the associated risk 

linked to the shoreline management plan (SMP) adopted at each site (Brand, 2017). 

Predominantly, these coastal legacy landfill sites are located in areas governed by SMPs of 

'managed retreat' and 'no intervention,' with notably fewer situated in regions adopting a 

'hold the line' approach (Brand, 2017; Williams et al, 2018), coinciding with no current 

funding policy to protect legacy coastal landfills. (Beaven et al, 2020). In Wales, there are 

over 1,500 landfill sites, a significant proportion of which are historical and fall within coastal 

zones (Robbins et al, 2023). The majority of coastal landfill sites in Wales are situated in 

areas designated with a ‘hold the line’ SMP, with over 30% classified as ‘undefended’ 

(Robbins et al, 2023). 

The inevitability of sea-level rise poses a substantial threat to the UK coastal zone. The Met 

Office (2023) annual sea-level rise projections in UK capital cities based on RCP climate 
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scenarios reflect different rates of sea-level rise depending on the climate scenario. 

Projected sea-level changes for RCP scenarios 2.6, 4.5, and 8.5 are estimated to increase by 

0.4m, 0.5m, and 0.7m by 2100, respectively. Many unprotected or inadequately defended 

coastal legacy waste sites across the UK are already susceptible to erosion, however, the 

increasing intensity and frequency of weather events pose a growing concern regarding 

contaminant mobilisation. Moreover, legacy waste sites further inland will become 

increasingly at risk (Brand et al, 2017). While there is an ever-increasing urge to shift towards 

pragmatic approaches to shoreline management policies to address coastal erosion and 

flooding, coastal legacy waste sites present an obstacle to achieving this goal (Beaven et al, 

2020), highlighting the need for management. 

1.6. Current gaps in literature and justification of research 

Despite the growing body of scientific literature on coastal legacy waste, significant 

knowledge gaps persist: 

• There is a limited understanding of the specific contents of legacy waste, such as 

steelmaking slag and coal mine waste, despite the significant roles played by the 

steel and coal industries in regional economies (Nicholls et al, 2021; Riley et al, 

2021). Further understanding of the contents of coastal legacy waste could provide 

further insights into potential contaminants released into surrounding coastal waters 

and habitats, allowing for a more pragmatic guide towards future management 

policies dependent on the waste type. Although recent academic literature has 

addressed the leaching behaviours of municipal solid waste exposed to simulated 

rainfall events (Linh et al, 2020; Takahashi and Shinaoka, 2012), deionised water has 

been used to represent rainwater conditions. The complexities of both aqueous 

matrixes are substantially different and thus are not representative of natural rainfall 

conditions. The identified gaps in the literature serve as the rationale for further 

investigation in this paper. 

• Research into the interactions between saline environments and coastal landfills, as 

well as the environmental impacts of municipal solid waste released into the 

surrounding areas, remains limited (Brand et al, 2017). Existing studies often 

prioritise freshwater influences on coastal legacy waste, inadvertently disregarding 

the potential influence of saline salts on the mobility of elements stored within these 

sites (Brand, 2017; Chen and Ye, 2023; Brand and Spencer, 2020), thereby, delaying 

our understanding of saline water influences on leachate contaminant loads. Salinity 



 MPhil Thesis 795123 

P a g e  | 25  Liverpool John Moores University 

is known to alter the mobility of elements such as Pb, Zn, Cu, and Cd species in soils 

and sediments (Acosta et al, 2011). Moreover, the salts present in the aqueous 

matrix directly affect mobilization by competing with Ca for metal elements, leading 

to the release or precipitation of trace elements. Furthermore, acidification induced 

by high saline conditions provides additional opportunities for element mobilisation 

(Costis et al, 2021). 

1.7. Aim and objectives 

In response to the increasing concern surrounding coastal legacy waste, this research aims to 

establish the environmental risk of potentially toxic elements situated within coastal legacy 

landfills. To accomplish this aim, two research questions must be explored: 

1. What is the geochemical composition of coastal legacy waste sediments? 

2. What is the leaching potential of potentially toxic elements from coastal legacy waste 

under various oxidised aqueous environmental matrixes?  
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2. Study site 

2.1. North West England and North Wales 

The selection of study sites for this investigation was chosen in relation in part to reports 

made by Brand and Spencer (2018) highlighting the North West of England as a hotspot area 

for coastal legacy waste sites, due to the widespread heavy industry that once occurred in 

these regions. Additionally, a paper published by Riley et al (2022) investigating the extent of 

protected and unprotected coastal waste sites, and the level of prioritisation across England 

and Wales was also used to determine suitable study site locations. The prioritisation of 

coastal legacy waste sites was based on parameters such as current and predicted shoreline 

management policy adopted within that region; the presence of coastal flood defences; and 

the proximity to sensitive receptors, with areas most probable for human interaction 

designated higher in significance. 

The extent of coastal legacy waste sites in North West England and Wales covers 

approximately 3,500ha, ranking it as the third-largest area of waste accumulation concerning 

the entirety of England and Wales. Within this region, approximately 500ha have been 

classified as 'unprotected,' with 55% of the total coastal steel and iron slag waste in England 

and Wales concentrated in North West England (Riley et al, 2022). The distribution of 

protected and unprotected coastal legacy waste sites varies across North West England and 

North Wales, contributing to the rationale for selecting specific sample sites. For instance, in 

the southern section of the Solway Firth region, protected sites range between 11 and 20, 

while unprotected sites range between 1 and 5. Similarly, the Duddon Sands estuary hosts 

between 11 and 20 protected sites and 11 and 20 unprotected sites. In North Wales, 

particularly the Dee Estuary, there are 24 protected sites and 6 to 10 unprotected sites (Riley 

et al, 2022). 

The chosen study sites depict two distinct scenarios: legacy waste sites protected by the 

relevant Shoreline Management Plan (SMP) strategy and those that remain unprotected. 

Additionally, these sites are either situated within or adjacent to zones designated as 'Flood-

Zone 3' risk areas by the Environment Agency (2023b) or classified as 'high-risk' by Natural 

Resources Wales (2023) (see sections 2.1.1. – 2.1.6.). Moreover, the proximity of landfill sites 

to culturally, scientifically, and environmentally significant areas is noteworthy. These include 

several SSSI locations, such as the Duddon Estuary neighbouring Borwick Rails and St. Bees 

Head at Whitehaven (Defra, 2023a), as well as numerous designated bathing areas like 

Haverigg and St. Bees (Defra, 2023b). Moreover, these study sites reflect the waste from two 
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prominent forms of industry, including colliery-based and steel/metalwork-based. As such, 

the study sites chosen include: Talacre, Bagillt, Maryport, Borwick rails, Whitehaven, and 

Siddick (as seen in figure 1). 
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Figure 1. A map of North Wales and North West England depicting the locations of each study site. Map data 

©TerraMetric 2024. 
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2.1.1. Study site: Bagillt 

As seen in figure 2, Bagillt, situated in North Wales along the banks of the Dee Estuary within 

the Flintshire principal area, approximately 11km upstream from the mouth of the river Dee, 

was a former industrialised coastal town marked by lead and iron works, as well as coal 

mining operations, notably the 'Bettisfield colliery.' Presently, the area contains 

approximately 11 coal-based coastal legacy waste sites. Furthermore, this area has been 

categorised as "high risk" for coastal flooding, with the likelihood of such events exceeding 1-

in-30 per year (3.3%) (Natural Resources Wales, 2023). While the SMP in place adopts a 

partial "hold-the-line" strategy, featuring embankment defences (Environment Agency, 

2023), certain coastal legacy waste sites lie beyond these defences, which are therefore 

more vulnerable to coastal erosion. Notably, Dee Bank, Bagillt, ranks among the ‘top 10 

legacy mine spoil deposits most at risk in England and Wales,’ (Riley et al, 2021). 

Consequently, two landfill sampling sites were chosen west of the embankment defence, 

both displaying distinct top layer sediment colour variations, with sample site DBB1 showing 

a ‘black’ top layer, whereas sample site DBB2 having a ‘red-orange-based’ top layer, as seen 

in figure 3. In addition, very minimal vegetation was present amongst the previously eroded 

waste sediment within the immediate proximity to the coastline. Vegetation approximately 

15m from the shoreline drastically increases where waste sediment is still yet to be eroded. 

These sample sites were selected due to their positioning away from the flood embankment, 

differences in appearance and visible exposure, as well as the accessibility and proximity of 

the coastal legacy waste sites to surrounding receptors including the Dee estuary SSSI.  
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Figure 2. Study site map of Bagillt depicting the location of the legacy waste sample sites, with the addition of the 

shoreline management policies and the coastal flood zone area and designation. Map data ©TerraMetric 2024. 
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Figure 3. Erosion of coastal legacy waste sediment at Dee bank, Bagillt. 
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2.1.2. Study site: Talacre 

As seen in figure 4, The Point of Ayr Gas Terminal, situated in Talacre, Northern Flintshire, 

along the Dee estuary, was previously an industrial hub located in North Wales, on the 

Northern outskirts of the Flintshire principal area. This region's industrial activities primarily 

revolved around colliery operations, notably the Point of Ayr colliery, which operated from 

the 1880s until 1996, undergoing modernisation in the 1950s to increase the coal extraction 

capacity. Consequently, substantial coal-based legacy waste remains in the surrounding 

coastal area, and as such the Point of Ayr site is now considered within the ‘top 10 legacy 

mine spoil deposits most at-risk in England and Wales’ as seen previously (Riley et al, 2021). 

A ‘hold-the-line’ approach has been adopted on the eastern side of the Talacre coastline, 

which can be seen by the flood embankment defence present (Environment Agency, 2023). 

Where coastal legacy waste is present, the embankment is situated further inland parallel to 

the coastline. However, coastal flood risk has been deemed ‘high risk’ and ‘low risk’ for areas 

further inland from the embankment and into residential areas, highlighting the risk of 

coastal erosion impacts on nearby settlements. Observations made at the Talacre-bound 

sample sites show differences between both sites. Sample site GTT1 depicts an embankment 

possibly composed of coal spoil, whereas sample site GTT2 is positioned central near old 

railway lines in the periphery of a dried-out pool. Additionally, both sample sites were similar 

in black/grey surface sediment colour, had minimal vegetation present, with both samples 

present on old industrial land (as seen in figure 5 and 6). As such, 2 sample sites were chosen 

where coastal flood risk is deemed ‘high’ and unprotected from ‘hold-the-line’ SMP policy 

and flood embankment defences, where coastal legacy waste mobilisation is high.  
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Figure 4. Study site map of Talacre depicting the location of the legacy waste sample sites, with the addition of 

the shoreline management policies and the coastal flood zone area and designation. Map data ©TerraMetric 

2024. 
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Figure 5. Exposed legacy waste surface at sample site GTT1 in Talacre gas terminal. 

Figure 6. Exposed legacy waste surface at sample site GTT2 in Talacre gas terminal 
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2.1.3. Study site: Maryport 

Maryport is a town located in Western Allerdale, Northern Cumbria with significant 

industrial, maritime, and historical heritage (figure 7). The period of industrialization from 

the 1860s onwards enabled a diverse array of industries, including iron and metal works, 

colliery operations, timber yards, and dockyards, alongside significant improvements in 

transportation infrastructure such as the railway network. Industrial practices dominated the 

region until the 1940s, and as a result, is partially responsible for the >55 million cubic 

metres of slag waste identified in Cumbria recognised by Riley et al (2020), making Cumbria 

the county with the highest amount of slag waste deposit in the UK; with North Lincolnshire 

2nd at 17.5 million cubic meters. The SMP for Maryport is segmented into two sections: 

North of Maryport Dockyard, adopts a 'hold-the-line' approach, while the southern section 

adopts a 'no active intervention' strategy in the short, medium, and long terms. Additionally, 

the entire coastline of Maryport falls within the 'Flood Zone 3' designation set by the 

Environment Agency (2023), signifying a 0.5% or greater chance of sea-induced flooding in 

any given year. Four sample sites were chosen in the southern section of the coastal area of 

Maryport, once neighbouring the ‘Solway Iron Works’ and the ‘Risehow Colliery.’ 

Additionally, observations of legacy waste material at sample sites MPC1 and MPC3 depict 

white eroding steel slag material with soil cap intermixed with ochreous gravels, whereas 

sample sites MPC2 and MPC4 appeared to show eroding waste sediment alongside ochreous 

soil cap/overburden. With no active sea defence or suitable management policies, these 

sites remain entirely exposed, presenting significant risks to nearby residents and 

environmental receptors. 
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Figure 7. Study site map of Maryport depicting the location of the legacy waste sample sites, with the addition of 

the shoreline management policies and the coastal flood zone area and designation. Map data ©TerraMetric 

2024. 
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2.1.4. Study site: Whitehaven 

Whitehaven is a coastal port town located south of Maryport, situated in the North West of 

Copeland Borough, Northern Cumbria (as seen in figure 8). Similar to previous study sites, 

industrialisation in Whitehaven from the 1840s onwards was predominately colliery-based, 

with examples including Wellington Pit, Haig Colliery, and Saltom Pit. The SMP for the 

Whitehaven coastline south of the harbour predominantly adopts a 'no active intervention' 

strategy, with limited areas implementing a 'hold-the-line' approach (Cumbria County 

Council, no date; Environment Agency, 2024). Concurrently, this area holds a ‘Flood Zone 3’ 

designation, similar to previous study sites. The accelerated erosion of coastal areas, 

particularly those housing colliery and metal slag coastal legacy waste, presents a significant 

concern as the Whitehaven coastline is currently eroding at approximately 1.5m per year 

(Cumbria County Council, no date). Moreover, the degradation of coastal defences within the 

Saltom Pit area highlights the escalating risk of contaminant mobilization in the event of 

defence failure. Consequently, four sample sites situated south of Whitehaven harbour were 

chosen, adjacent to former colliery sites, all of which are within areas of ‘no active 

intervention’ SMP. Furthermore, observations at sample site HC1 reveal an eroding 

escarpment characterised by layers of coal spoil, soil, sand, gravel, and cobble. In contrast, 

sample site HC2 exhibits a coal spoil outcrop positioned west of the Haig Colliery. Sample 

sites HC3 and HC4 display an eroded cliff face predominantly composed of black coal spoil, 

with red gravel deposits and an underlying clay layer also observed. 
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Figure 8. Study site map of Whitehaven depicting the location of the legacy waste sample sites, with the addition of 

the shoreline management policies and the coastal flood zone area and designation. Map data ©TerraMetric 2024. 
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2.1.5. Study site: Borwick Rails 

The period of industrialisation in Borwick Rails mirrors the sites aforementioned across 

Cumbria. Located in the southern region of Copeland Borough, Cumbria, the industry is 

primarily centred on ironworks. The consequence of this led to extensive slag deposits (Riley 

et al, 2020) encircling the outskirts of the ‘salting zone.’ The SMP for this area is a ‘no active 

intervention’ strategy (Cumbria County Council, no date) due to the limited economic 

significance and the presence of established flood defences westward of the former 

ironworks. However, unlike previous sites across Cumbria, the study site does not lie within 

any designated flood zone. Nonetheless, the surrounding environs are encompassed within 

'Flood-Zone 3' (Environment Agency, 2021), indicating that heightened coastal erosion and 

rising sea levels could potentially expose these sites, mobilising bound contaminants and 

redistributing them to receptors. Observations made at the study site reveal both similarities 

and differences among each sampled location. Coastal erosion is present across all sample 

site locations, characterised by eroding slag faces and scattered rubble. Variations in soil 

texture at each site was also noticeable, and as a consequence, six sampling sites were 

identified along the periphery of the "salting zone," where slag deposition occurred (as seen 

in figure 9). Specifically, sample sites MP1, MP2, and MP5 exhibit eroding slag faces with 

loose rubble and minimal soil coverage. Sample sites MP3 and MP4 present similar eroding 

slag features, distinguished by a darker red tinge in the eroded sediment. Lastly, sample site 

MP6 is visually distinguished by ferrocrete sediments with a distinctive orange to purple 

colouration. 
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Figure 9. Study site map of Borwick rails depicting the location of the legacy waste sample sites, with the addition 

of the shoreline management policies and the coastal flood zone area and designation. Map data ©TerraMetric 

2024. 
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2.1.6. Study site: Siddick 

Situated along the western coastline of Allerdale in Northern Cumbria, Siddick underwent 

industrialisation, giving rise to industries such as the 'Oldside Iron and Steel Works' and 'St. 

Helens Colliery.' The addition of railway infrastructure at these sites facilitated the 

transportation and disposal of generated waste, which was subsequently deposited along 

the coastal periphery of these railways. In contrast to previous study sites, the SMP adopted 

at the Siddick study site is a 'hold-the-line' strategy (Cumbria County Council, no date; 

Environment Agency, 2024), due to the surrounding land value, elevated by the nearby 

‘Siddick wind farm.’ However, the coastal legacy waste sites along the Siddick coastline are 

not within this designation and coupled with the designation of 'Flood Zone 3' (Environment 

Agency, 2021), the risk of mobilisation of bound contaminants will only increase. Five 

sampling sites were chosen, of which, three were situated in areas once occupied by 'St. 

Helens Colliery' and the remaining two near to the 'Oldside Iron and Steel Works' (as seen in 

figure 10). Specifically, sample sites WWF1 and WWF2 exhibit erosion of legacy waste 

sediment with visible white and black concrete layers and ochreous nodules inside. 

Additionally, sample sites WWF 3 and WWF4 depict an eroding ‘black gravel’ legacy waste 

spoil, with ochreous nodules inside and yellow clays dispersed throughout. Finally, sample 

site WWF5 depicts an eroding white concrete waste deposit. 
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Figure 10. Study site map of Siddick depicting the location of the legacy waste sample sites, with the addition of 

the shoreline management policies and the coastal flood zone area and designation. Map data ©TerraMetric 

2024. 
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3. Methodology 

3.1. Sample collection 

To address the outlined research questions, six study site locations (as mentioned in section 

2.1) corresponding to coastal legacy landfill sites in North West England and North Wales 

were selected, from which a total of 23 sediment samples were collected. Sediment samples 

were selected through a targeted sampling strategy of cluster sampling and point sampling 

of legacy waste sediments. For the initial cluster sample, 5 surface sediment samples within 

a ~10m2 area was collected using a trowel until 5kg of mixed sample was reached. 

Subsequently, the sediment was thoroughly mixed, followed by the coning of quartering of 

the sample to collect ~0.5 kg of the homogenous sample matrix, which were then sealed 

within plastic sample bags and ready for laboratory preparation. 

3.1.1. Sample preparation 

Before any laboratory analysis, the preparation of samples required thorough cleaning of all 

glassware and plasticware with 5% nitric acid rinse to ensure no contamination of samples. 

This follows a similar protocol to that of Brand and Spencer (2020). Furthermore, in 

preparation for acid digestion, scanning electron microscopy, and leachate generation, the 

landfill samples underwent initial compaction followed by pulverization to ensure sample 

homogenization, making them suitable for analysis. 

Proctor compaction was utilised as a crushing technique to alter the sample specimen by 

reducing the clast and aggregate size of samples unable to be initially pulverised to due size 

restraints, also seen in Choi et al (2018). A minimum of 100g rock samples extracted from 

legacy coastal landfill sites were crushed to a size fraction <2mm in preparation for further 

crushing through a “Fritsch mortar grinder Pulverisette.” To prevent cross-contamination 

during the grinding process, the equipment was thoroughly cleaned after processing each 

sample. 

Samples crushed to <2mm were placed into the Pulveriser, whereby the samples were 

further grounded down to a size fraction of <63μm resulting in the production of a microfine 

powder (Erdoğan et al, 2007). Subsequently, sieve analysis using a plastic sieve was 

performed to separate any particulate matter >63μ that are unsuitable for analysis. 
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3.2. Major element analysis by scanning electron microscopy 

Scanning electron microscopy (SEM) is a routine forensic method of analysis used in 

numerous studies in the past to identify the characteristics of various soils and minerals. The 

application of SEM is an appropriate method for coastal legacy waste samples for 

compositional and geochemical analysis. (Huliselan et al, 2010; Östürk and Sevimoğlu, 2021). 

Following the initial preparation of landfill samples, each sample was attached to an 

aluminium stud using a small amount of graphite adhesive. Subsequently, samples were 

sputter coated in gold to standardise the surface of the sample to provide adequate 

electrical charging of elements within the sample, given that most geological materials are 

primarily non-conductive (Echlin, 2011; Leslie and Mitchell, 2007). Analysis of major element 

concentrations in legacy waste sediments was conducted using a “FEI Quanta200 SEM” with 

an inspect S range of 0.1-30kv, while also equipped with secondary electron, backscattering, 

and large field detectors. 

Analysis of the samples involved examining 8-10 'sites of interest' per sample, consisting of 

23 samples obtained from coastal legacy landfills. SEM analysis utilised the ‘secondary 

electron mode,’ an accepted method of element analysis (Dai et al, 2020; Pina et al, 2000). 

However, a backscattering approach was also employed to identify heavier elements within 

the sample images (Goldstein et al. 2017). Careful consideration was given to the 'spot size' 

during sample analysis, as variations in spot size directly influenced the intensity of emitted 

x-rays. Consequently, an increase in spot size could potentially disrupt or redistribute the 

sample under examination, while a reduction in spot size might compromise image 

resolution (ThermoFisher, 2023). Hence, spot size adjustments were made to balance the 

need to minimize sample disturbance whilst achieving satisfactory imaging resolution. The 

elements detected through SEM are considered major elements for this study due to the 

high detection limits, in comparison to other analytical methods of element analysis 

(mentioned below in section 3.3). 
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3.3. Trace metal analysis by acid digestion and ICP-MS 

3.3.1. Acid digestion 

The reverse Aqua regia method in a 4:1 ratio of nitric acid (HNO3) to hydrochloric acid (HCl) 

was selected to dissolve the landfill sediments into a liquid for, due to previous publications 

establishing this method as highly effective in extracting metals while preserving their 

integrity (Lu et al, 2007; Siaka et al, 1998). Initially, 1g of landfill sample was dispensed into a 

standard microwave digestion tube, with triplicate digestions conducted for each sample. An 

additional set of duplicate sets for two landfill samples and four blanks were also produced 

alongside the batch. 

Following sample deposition, the samples were moistened with 2 mL of deionized water, 

followed by the injection of 3ml HCl and 12ml HNO3. To mitigate foam formation during acid 

introduction, a gradual drop-by-drop approach was adopted upon initial signs of foaming. 

Subsequently, the samples were allowed to rest for 30 minutes in a fume cupboard to 

alleviate pressure on safety valves during the digestion process, thereby minimizing the 

release of hot acid vapor. White pressure caps and screwcaps were then placed on each 

digestor tube after the rest period to complete the preparation for digestion. 

Microwave digestion was selected as the appropriate method for converting geological 

samples into a liquid matrix. This method enables complete sample digestion in less than 

two hours, requiring a reduced volume of acid relative to traditional wet-digestion 

techniques (Papp and Fischer, 1987). The use of microwave digestion was also conducted in 

guidance with procedures from Lamble and Hill (1998). 

Digestion was carried out using the "1600w MARS CEM" microwave digestion system, with 

the temperature set at 170°C and maintained for 20 minutes, preceded by a 10-minute ramp 

time for the microwave to reach the desired temperature. Following the digestion process, a 

30-minute cooling-off period was allowed before continuing further. 

Digested samples were decanted from the digestor tubes onto filter paper to separate 

precipitates. In the few cases where insoluble mixtures were present, <1ml nitric acid was 

applied to the samples until the filtrate had completely passed through. Subsequently, 

sample dilution of acid-based samples was carried out in preparation for sample analysis. 

Diluting digested samples by a factor of 1000x was carried out to achieve suitable results 

within the calibration range generated with use of external standards (referred to below), 

and to protect the integrity of the analytical instruments.  
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3.3.2. ICP-MS and ICP-OES 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Optical Emission Spectroscopy 

(ICP-OES) are designed to detect and quantify elements at trace levels often corresponding 

to regulatory limits within the parts per billion (ppb) range. Now a widely adopted method 

since its inception in the 1980s (Lum and Leung, 2016), this technique of element analysis 

has been implemented vastly throughout the literature and also used in similar studies, as 

seen in Khan et al, (2017) and Brand and Spencer (2019). 

Following guidance outlined by Prichard and Barwick (2003), a calibration range comprising 

eight calibration standards, along with one blank and two duplicates was produced. As such, 

minimising the level of prediction and estimations and increased the level of confidence in 

the obtained results. Calibration standards were prepared using the ‘SPEX Certiprep’ multi-

element solution 2 (Spex Certiprep, 2023) certified reference material (external standard). 

Depending on the nature of the samples under analysis, such as leachate or digested 

samples, adjustments to the calibration ranges were made to ensure that the analysed 

concentrations fell within the calibration range. 

3.3.3. ICP quality control: total dissolved metals 

An Agilent Technologies 7900 ICP-MS was utilised to determine the element concentrations 

of the aforementioned digested samples, of which the elements analysed included As, Cu, V, 

Pb, Ni, Zn, Cr, Co, Be, Sb, Tl, and Se. Prior to sample injection, calibration standards were 

introduced to establish a suitable R2 value and detection limit, as seen in table 1. The limit of 

detection varies depending on the analytical instrument used. For instance, ICP-MS is well-

suited for detecting analyte concentrations ranging from low ppb to low parts per million 

(ppm), contrasting with ICP-OES, which is more adept at analysing concentrations within a 

higher ppm range. Subsequently, diluted digested landfill samples were introduced to the 

ICP-based instrument. Notably, a blank sample was analysed after every set of ten digested 

samples, with two check standard measures performed after each blank analysis.  
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Total 

dissolved 

elements 

R2 Value Limit of 

detection 

(mg/kg) 

Al 0.976 0.1 

K 0.999 0.3 

Mg 0.982 0.6 

Fe 0.987 0.05 

Mn 9999 0.001 

As 9999 0.001 

Ba 998 0.02 

Cd 998 0.02 

Co 0.9999 0.0006 

Cr 0.999 0.007 

Cu 0.998 0.01 

Ni 0.9999 0.003 

Pb 0.9999 0.009 

Zn 0.998 0.1 

V 0.999 0.0008 

Tl 0.999 <0.001 

Se 0.9999 0.07 

Sb 0.999 0.0003 

Be 0.999 0.001 

Table 1. R2 value and limit off detection (mg/kg) results of total dissolved elements prior to ICP analysis. 
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3.4. Leaching experiments 

Leaching experiments were undertaken to assess the leachable forms of elements from 

coastal legacy waste sediments. These experiments were performed in accordance with the 

British standard leaching test (BS EN 12457-2-2002), also seen in Brand and Spencer (2020), 

and Little et al (2008). Adaptations to the British standing leachate test were implemented by 

integrating artificial rainwater (ARW) (section 3.4.2) and artificial seawater (ASW) (section 

3.4.1), as the current British standard method does not entirely reflect real-world conditions. 

Notably, the differences in composition between deionised water, ASW, and ARW could 

significantly influence the mobility of elements, justifying such adjustments. 

3.4.1. Artificial seawater production 

ASW was produced using manufactured synthetic sea salt from ‘Aquarium Systems.’ A 2L 

batch of artificial seawater was produced by measuring out 33g (with precision up to three 

decimal places) of the aforementioned artificial sea salts and thoroughly mixing with 2L of 

deionised water. This formulation yielded artificial seawater with an approximate density of 

1.020 g/ml at 24 degrees Celsius, with magnesium (1200 mg/L), calcium (370 mg/L), and 

potassium (350 mg/L) concentrations falling within appropriate ranges. 

3.4.2. Artificial rainwater production 

ARW was generated in accordance with an ARW recipe used in academic literature to depict 

rainfall precipitated in Plynlimon, mid-Wales (Lynch, 2015; Neal et al, 2001), of which can be 

seen in table 2 below. 

 

 

 

 

 

  

Salt (mg/L) 

K2SO4 0.2 

CaSO42H2O 0.74 

MgSO47H2O 0.56 

NaCl 4.47 

MgCl26H2O 1.36 

NH4NO3 0.726 

(NH4)2SO4 0.18 

Table 2. List of ingredients and quantity needed to produce artificial rainwater based on Plynlimon precipitation, 

Mid-Wales (Lynch, 2015). 
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3.4.3. Deionised water production 

Deionised water throughout the project was produced at 18.2MΩ using a ‘Suez water 

purification system.’ 

3.4.4. Leachate sample preparation 

The finely prepared sample used for ICP and SEM analysis was also utilised for the leaching 

sample as it was within particulate size required by the BS EN 12457-2-2002 leaching 

method, whilst it also allowed to save on potential legacy waste sample should the need for 

re-running of tests be necessary. 10g of sample was partitioned into thirds, approximately 

3.33 grams each. To determine the dry matter content, each sub-sample was placed in a 

105°C oven for 3 hours, then followed by weighing. Following this, each sub-sample was 

transferred into a 50ml clean bottle, where leachant was added in accordance with the 

10l/kg of leachant water ratio to comply with leaching standards. This method was carried 

out three times, employing deionised water, ASW, and ARW as leachants separately. 

Moreover, measurements of temperature and pH (EUTECH Instruments pH 700), Oxygen 

Reduction Potential (ORP) (EUTECH Instruments Ion 2700), and electrical conductivity 

(EUTECH Instruments CON 2700) were conducted both before and after leaching. 

3.4.5. Leaching test 

The batch leaching method, in accordance with the BS EN 12457-2-2002 method, was 

performed to assess the leaching of hazardous element concentrations within coastal legacy 

waste sediments. A total of 90 samples were subjected to leaching (30 samples per leachant 

type), with 10 sample sites selected and an additional two duplicates for each sample. 

Furthermore, a blank sample was included for each sample site, containing only leachant, to 

assess background conditions and identify potential contamination. Leachate samples were 

agitated on an orbital shaker (Adolf Kühner AG Schweiz Lab-Shaker) for 24 hours at 95 rpm. 

Following agitation, each sub-sample was allowed to settle for 15 minutes. Subsequently, 

samples that did not settle within one hour were centrifuged (HERMLE Labortechnik model Z 

446) at 2000 rpm for 10 minutes to separate suspended sediments from leachate, as seen in 

Brand and Spencer (2020). The samples were then filtered through a 0.45 µm cellulose filter 

using the syringe filtering method. The volume of filtered eluate was measured, and the 

temperature, ORP, pH, and electrical conductivity of the eluate were determined as 

previously described. 

In preparation for ICP-MS analysis, the leachate samples were acidified with 2% nitric acid to 

stabilise the elements within the sample matrix and prevent alteration of analytes before 
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analysis. Deionised leachate samples were initially diluted by a factor of 2, followed by a 

subsequent dilution by a factor of 5 to ensure that the results fell within the calibration range 

established. ASW and ARW were not diluted, as the ICP-MS instrument was equipped with a 

'Mira Mist nebuliser,' allowing it to withstand total dissolved solid concentrations exceeding 

35,000 mg/l. The samples were then refrigerated pending ICP-MS analysis of dissolved metal 

concentrations. 

3.4.6. ICP-MS quality control: leaching test 

Similar to quality control measures for total dissolved metals (seen in section 3.3.3), limits of 

detection and R2 value results for the leaching tests are displayed in table 3 below.  



 MPhil Thesis 795123 

P a g e  | 51  Liverpool John Moores University 

Element R2 value Limit of detection (mg/kg) 

 Deionised 

leachate 

ARW 

leachate 

ASW 

leachate 

Deionised 

leachate 

ARW 

leachate 

ASW 

leachate 

Al 0.996 0.999 0.999 0.001 0.003 0.003 

K 0.998 0.998 n/a 0.001 0.03 n/a 

Mg 0.999 0.998 n/a 0.006 0.006 n/a 

Fe 0.999 0.999 n/a 0.002 0.003 n/a 

Mn 0.999 0.999 0.9996 0.002 0.0002 <0.001 

As 0.9996 0.999 0.9997 0.001 0.0004 <0.001 

Ba 0.999 0.999 0.999 0.02 0.001 <0.001 

Co 0.999 0.999 0.999 0.001 <0.0001 <0.001 

Cr 0.999 >0.999 0.9998 0.003 <0.0001 <0.001 

Cu 0.999 0.999 0.9994 0.001 0.0018 0.001 

Ni 0.999 0.9996 0.9997 0.003 0.0003 <0.001 

Pb >0.999 0.9996 0.999 0.009 0.0001 <0.001 

Zn 0.999 0.9996 0.9997 0.01 0.004 0.001 

V 0.9998 0.9992 0.9998 0.007 0.0001 <0.001 

Table 3. R2value and limit of detection (mg/kg) results of elements throughout all leachant types prior to ICP-MS 

analysis. 
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3.5. Statistical analysis 

Statistical analysis was performed using OriginPro 9 (OriginLab, 2012) scientific graphing and 

data analysis software to identify differences in element concentrations between colliery and 

steel-based waste types. Regarding the first research question, total digest concentration 

data was plotted using box-and-whisker plots, displaying the elements present within each 

study site. Moreover, element data was separated into two distinct groups based on the 

waste type of the sample, either colliery-based or steel slag-based waste. A subsequent 

assessment of normality was performed using the Shapiro-Wilk normality test to determine 

if the null hypothesis regarding data distribution can be rejected or not, followed by a Mann-

Whitney test to determine differences between waste types. Similarly, in addressing the 

second research question, element leachate data was represented through box-and-whisker 

plots along with conducting distribution and difference tests on leached elements based on 

waste type. Furthermore, an analysis of distribution and differences was carried out using 

the previously mentioned analysis methods for pH, Oxygen Reduction Potential (ORP), and 

Electrical Conductivity (EC) values before and after leaching. Additionally, Pearson's 

correlation coefficient was conducted to evaluate potential associations among leached 

elements within specific leachants. 
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4. Results and Discussion 

4.1. Geochemistry of legacy waste sediments 

4.1.1. Major element concentrations 

SEM analysis of elements in to colliery sediments (seen in figure 11 and table 4) is listed in 

order from highest average concentrations: O (53wt%) > Si (18wt%) > Al (12wt%) > Fe (8wt%) 

> Ca (3wt%) > K (2wt%) > Mg (1wt%) > Mn (0.6wt%) > Ti (0.4wt%). Additionally, the highest 

average element concentrations in steel waste sediments are listed as: O (53wt%) > Si 

(13wt%) > Ca (11wt%) > Al (8.2wt%) > Fe (8wt%) > Mn (3.5wt%) > Mg (1wt%) > K (1wt%) 

(seen in figure 12 and table 4). The distribution of element concentrations across colliery-

based and steel slag-based waste sediments can be seen in table 5. The distribution of 

elements within colliery-based sediments, K, Ca, Ti, Si, Mn, and Mg concentrations are 

indicative of non-normal distribution, whereas O, Mn, Al, and Fe are representative of 

normal distribution. As for steel-slag based waste, distribution of O, and Mg concentrations 

were indicative of non-normal distribution, with Al, Si, K, Ca, and Fe representative of normal 

distribution. Moreover, Mann-Whitney U analysis of major element concentrations across 

both waste types illustrate significant differences in Mg, Al, Si, and Ca concentrations, 

whereas similarities in Fe, K, and O concentrations were apparent (as seen in table 6). 

Focusing on major metal concentrations, Aluminium (Al) concentrations make up the largest 

proportion within landfill sediment matrix across the majority of sample sites across steel 

and colliery waste. Al concentrations detected across all waste sites fall within typical Al 

concentrations detected within soils according to US EPA (2003a) (1-30wt%). This is 

indicative of feldspars and aluminosilicates present in soil, which are also used in the steel-

making process (EPA, 2003). Whilst abundant in soil, Al is typically not readily bioavailable, 

with the majority of the concentration bound to minerals and sediments (BGS, 2012). 

Furthermore, concentrations are of relatively low risk seen by no sediment quality guidelines 

values available. Whilst Sediment guideline values (SGVs) are not a direct indicator for 

element toxicity within soils and sediment (O’Connor, 2004), they provide a basis for the 

likelihood of toxic effects to occur if the SGV is used as a threshold, with the likelihood 

increasing further as concentrations increasingly exceed the guideline value. 

Iron (Fe) made up the 2nd largest proportion of total metal concentrations across most 

sample sites. Similarly to Al, Fe concentrations present in soil range from 2-55wt% (EPA, 

2003), of which concentrations detected did not exceed. Fe is ubiquitous in soil and 

sediments, and is also considered a major constituent in coal ash (USGS, 2015) and iron and 
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steel slag waste (Piatak et al, 2019). Although only a small fraction of the overall Fe 

concentrations in soils and sediments may be deemed bioavailable (BGS, 2012), in aerobic 

soils and sediments characterized by moderately neutral to high pH levels, Fe primarily exists 

in a relatively insoluble form as ferric oxide (Fe₂O₃) (Morrisey and Guerinot, 2009). Under 

saline conditions, whilst dissolved Fe can be present within seawater, the solubility of Fe(III) 

limits total dissolved Fe concentrations present within seawater (Liu and Millero, 2002). 

Similarly to Al, no Fe sediment quality guidelines have been established, and as such, are less 

of a concern in contrast to more toxic PTEs at lower at trace level concentrations.  

Average potassium (K) concentrations across both colliery and steel-based waste types 

constitute the 3rd largest proportion of total metal concentrations. Potassium concentrations 

in soils and sediments vary, typically falling within the range of approximately 0.15-5wt% at 

the surface layer of soil down to 0.2 metres. K is predominantly integrated within the soil and 

sediment structure, making it largely unavailable for uptake by surrounding vegetation 

(Sparks, 2001; Kaiser, 2018). Furthermore, K concentrations within both waste types are 

comparable to the aforementioned approximate K range in surface layer sediments. The 

fraction of readily available K within soils represents a minor portion of the total K content, 

with certain soils in Nebraska containing single-digit percentages (Shaver, 2014), highlighting 

the immobile nature of K within the soil matrix. Nevertheless, K oxide species are present 

within coal ash waste (USGS, 2015). The risk associated with K contamination is relatively 

low, and no established guideline values for K in soils and sediments have been determined. 

Average Magnesium (Mg) concentrations seen across both colliery and steel slag-based 

waste types make up a considerable portion of the sediment matrix. Mg concentrations were 

within typical values found in terrestrial soils, typically falling between 0.5-4wt% (Yan and 

Hou, 2018). In coal ash, Mg oxides are present, although the proportion can vary depending 

on internal and external factors, such as sample specificity, and industrial processes (USGS, 

2015). Mg in oxide form is also a prevalent constituent in steel slag waste, alongside FeO, 

SiO2, and CaO (Wang, 2016). Similarly to K, only a small fraction of total Mg in soils exist in an 

exchangeable form. The absence of Mg SGVs reflects a lower level of concern of toxic 

implications towards receptors in relation to more toxic PTEs at lower at trace level 

concentrations. 

Manganese (Mn) concentrations make up a considerable fraction in both steel slag-based 

coastal legacy waste sediments and colliery-based sediments. Mn is ubiquitous in soil, 

however concentrations in this study drastically exceed general background Mn 
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concentrations in soils of 0.004-0.09wt% (ATSDR, 2012). Elevated concentrations are 

associated with industrial activities, particularly steel production, which generates Silicon 

Manganese slag as a by-product, along with manganese oxide resulting from combustion 

processes (Ji et al, 2022; BGS, 2012). The readily available Mn fraction is regulated by 

microorganisms and the biological activity of plant life (Schulte and Kelling, 2004). Mn SGVs 

have not been established due to the primary routes of exposure leading to health effects 

being inhalation and ingestion. Moreover, ingestion or inhalation of large quantities of Mn 

may result in symptoms such as gastrointestinal irritation, nausea, vomiting, headaches, and 

myalgia. Typically, these symptoms resolve within a 48-hour period (PHE, 2015). As such, like 

the aforementioned elements, Mn concentrations are of low concern in contrast to more 

toxic PTEs at lower at trace level concentrations. 

The major element fraction of Ti was only detected in colliery-based sediments. Ti 

concentrations in soils vary considerably in nature as a result of rock type (Aubert and Pinta, 

1977). Additionally, Ti concentrations typically in soils can range from 0.01-1wt%, of which 

colliery concentrations detected did not exceed. Whilst concentrations are not insignificant, 

mobility is limited due to the high weathering resistance of Ti (Cornu et al, 1999), and to 

coincide with no clear toxic health implications at low concentrations (Tarpada et al, 2020), Ti 

concentrations within coastal waste sediments are of low risk. 

Some major elements detected such as Oxygen (O), Silica (Si), and Calcium (Ca) are indicative 

of nutrients and potential mineral composition within the sediment. Whilst SEM has 

provided geochemical insight, analysis through XRD would identify mineral compositions 

present within colliery sediments (Ali et al, 2022), with substantial O, Al, Si, and Fe 

concentrations indicative of oxide, pyrite, and silica-based minerals within the legacy waste 

sediments. 
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 Colliery Steel slag 

Major 
elements 

Average 
concentration 

(wt%) 

Concentration 
range (wt%) 

Average 
concentration 

(wt%) 

Average 
concentration 

(wt%) 

O 53 46-57 53 42-57 

Al 12 9-18 8.2 1-19 

Si 18 11-21 13 7-21 

Fe 8 0.4-11 8 0.2-21 

Mg 1 0.5-2 1 0.7-4 

K 2 0.3-3 1 0.1-3 

Ca 3 0.4-17 11 0.5-25 

Ti 0.4 0.2-0.5 n/a n/a 

Mn 0.6 0.1-2 3.5 0.3-9.3 
Table 4. Major element concentrations detected through SEM analysis of colliery-based coastal legacy waste 

sediments (n=11), and steel slag-based coastal legacy waste sediments, presenting average element 

concentrations and concentration ranges (wt%) (n=11). 

 Colliery waste type 
 

Steel slag waste type 
 

Elements Statistic df p df Statistic p 

O 11 0.94883 >0.05  12 0.70516 <0.01* 

Mg 11 0.65509 <0.01* 12 0.65455 <0.01* 

Al 11 0.95332 >0.05  12 0.87577 >0.05  

Si 11 0.80671 <0.05*  12 0.86679 >0.05  

K 11 0.62855 <0.01* 12 0.91771 >0.05  

Ca 8 0.53707 <0.01* 12 0.94054 >0.05  

Ti 11 0.82378 <0.05*  n/a n/a n/a 

Fe 11 0.95662 >0.05  12 0.92456 >0.05  

Mn 11 0.76039 <0.01 9 0.50795 <0.01 

Table 5. Shapiro-Wilk test of normality results of individual major elements across both waste type data sets to 

determine whether data was drawn from a normally distributed population (p< 0.05). 
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 Colliery waste type 
 

Steel slag waste type 
 

  

Element Median IQR Median IQR U p 

O 52.83 46.33-54.31 54.7 41.7-55.14 48 >0.05  

Mg 0.72 0.59-0.87 1.02 0.67-1.37 22.5 <0.01*  

Al 12.36 10-14.12 5.96 4.06-13.72 98 0.05 

Si 18.9 15.81-19.63 14.58 8.04-17.85 100 <0.05*  

K 2.73 2.38-2.89 1.07 0.45-2.45 77 >0.05  

Ca 0.79 0.42-2.5 5 0.48-16.05 18 <0.05*  

Fe 7.23 4.63-11.08 5.5 3.81-13.93 63 >0.05  

Table 6. Mann-Whitney U analysis of individual major element concentrations (wt%) detected through SEM 

analysis across both colliery-based waste (n=11) and steel slag-based waste (n=12) sediment types (p< 0.05). 
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Figure 11. A box-and-whisker plot depicting major elements and concentrations (wt%) detected in colliery-based 

coastal legacy waste sediments (n=11). 

Figure 12. A box-and-whisker plot depicting major elements and concentrations (wt%) detected in steel slag-based 

coastal legacy waste sediments (n=12). 
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4.1.2. Trace element concentrations 

Trace element analysis through ICP-MS detected twelve elements within colliery and steel 

waste matrixes. The highest average element concentrations within colliery waste are listed 

as: As (925ppm) > Cu (532ppm) > V (527ppm) > Pb (494ppm) > Ni (416ppm) > Zn (365ppm) 

> Cr (344ppm) > Co (134ppm) > Be (17ppm) > Sb (12ppm) > Tl (10ppm) > Se (8ppm) (seen in 

figure 13 and table 7). As for steel slag waste, the highest average element concentrations 

are listed as: Zn (1966ppm) > Pb (1080ppm) > As (353ppm) > Cu (286ppm) > V (236ppm) > 

Cr (182ppm) > Ni (146ppm) > Sb (85ppm) > Co (55ppm) > Be (40ppm) > Se (10ppm) > Tl 

(3ppm) (seen in figure 13 and table 7). As highlighted by Brand and Spencer (2019), studies 

on variability surrounding total element concentrations within numerous waste types is 

limited. Nevertheless, statistical analyses reveal both similarities and disparities in 

concentrations between elements amongst waste types. Trace element distributions across 

colliery-based and steel-slag based waste sediments can be seen in table 8. The distribution 

of Cr, Be, Co, and As concentrations in colliery-based sediments are indicative of non-normal 

distribution, whereas, V, Ni, Cu, Zn, Se, Sb, and Pb concentrations are representative of 

normal distribution. As for steel-slag based waste, distribution of Be, Ni, Zn, and Pb 

concentrations were indicative of non-normal distribution, with V, Cr, Co, Cu, Se, Sb, and As 

concentrations representative of normal distribution. Moreover, Mann-Whitney U analysis of 

trace element concentrations across both waste types illustrate significant differences in V, 

Cr, Be, Co, Ni, and Sb concentrations, whereas similarities in Cu, Zn, Se, Pb, and As 

concentrations were apparent (seen in table 9). The differences underline the elements of 

greater potential concern based on waste type. For example, in colliery waste sediments, 

elevated concentrations of V, Cr, Co, and Ni are more concerning compared to steel slag 

waste. Conversely, Be, and Sb are more prominent concerns in steel slag sediments. 

It was determined that across both waste types, V concentrations exceeded Canadian 

sediment quality guideline values for a majority of sample sites with, 9 of 11 sample sites for 

colliery waste and 8 of 12 sample sites for steel slag waste exceeding the limit More 

specifically, exceeded values for colliery sample sites include DBB2 (545ppm), GTT1 

(511ppm), GTT2 (487ppm), WWF3 (594ppm), WWF4 (913ppm), HC1 (801ppm), HC2 

(803ppm), HC3 (683ppm), and HC4 (323ppm), with steel slag waste sample sites being MP1 

(178ppm), MP2 (162ppm), MP3 (320ppm), MP4 (175ppm), MP5 (280ppm), MP6 (361ppm), 

MPC2 (549ppm), and MPC4 (632ppm). Mann-Whitney U analysis of V concentrations 

between each waste type revealed a significant difference, with colliery waste presenting 

higher concentrations. While concentrations are further elevated in colliery waste, the 
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significance of the hazardous nature of V concentrations across both waste categories should 

not be underestimated. V enters the soil environment through natural and anthropogenic 

means, from parent material to metal industry and mine tailings (Chen et al, 2021). In oxic 

conditions, tetravalent V and pentavalent V are the most likely forms of V in the soil 

environment (Chen et al, 2021). Additionally, V is highly absorbent to Fe, Mn, and Al 

hydroxides, which can directly influence the level of V mobility seen within the environment 

(Wnuk, 2023; Yang et al, 2017). As the major elements within waste sites include Al, Fe, and 

Mn (see section 4.1.1.), it is reasonable to assume these minerals are constituents within the 

sediments, storing significant amounts of V. The fate of V can be directly tied to these major 

elements, with changes in sediment geochemistry a potential mobilising factor, posing a 

significant environmental risk. In terms of toxicity towards receptors, V pentoxide (a form of 

pentavalent V) is a notably toxic form of V (Ścibior et al, 2021), which is extremely hazardous 

to human health. Ingestion of V can result in allergic responses, respiratory issues, DNA 

damage, birth defects, and more serious conditions such as pulmonary tumours (Zhang et al, 

2019; Ścibior et al, 2021; Cseh et al,2012). Additionally, high concentrations of V in soils can 

disturb and impede important physiological processes (Aihemaiti et al, 2020) leading to 

deformities in plant and root growth, and subsequently plant death. 

Similar to V, Cr concentrations across the majority of colliery and steel slag waste sites 

exceeded Canadian sediment quality guideline values, with 9 of 11 colliery sites and 10 of 12 

steel slag waste sites exceed values. More specifically, exceeded colliery sample sites include 

DBB2 (417ppm), GTT1 (441ppm), GTT2 (422ppm), WWF3 (397ppm), WWF4 (496ppm), HC1 

(512ppm), HC2 (438ppm), HC3 (329ppm), and HC4 (226ppm), whereas with steel slag waste 

sites, this includes sample sites WWF2 (142ppm), MP1 (169ppm), MP2 (113ppm), MP3 

(152ppm), MP4 (125ppm), MP5 (199ppm), MP6 (302ppm), MPC2 (388ppm), MPC3 

(168ppm), and MPC4 (389ppm). Mann-Whitney U analysis of Cr concentrations between 

each waste type revealed a significant difference, with colliery waste presenting higher 

concentrations. Even though concentrations are higher at colliery waste sites, concern 

regarding Cr concentrations across both waste types is important. Recognised as a common 

metal contaminant in soils and sediments (Liu et al, 2021), Cr contamination is a widespread 

issue for many environments globally and elevated Cr concentrations are a result of 

industrial metal work practices, tanneries, fossil fuel combustion mine tailings, and parent 

rock material (Ullah et al, 2023; Liu et al, 2021). Oxidised forms of Cr typically found in the 

environment range from Cr2− to Cr6+, of which trivalent Cr (Cr III) and hexavalent Cr (Cr VI) are 

most commonly found in soil and sediment environments (Liu et al, 2021; EPA, 2000b). In 
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soils and sediments above 5.5 pH, Cr (III) is relatively stable, typically forming Cr-hydroxide, 

Cr-oxide, with Cr-hydroxide relatively immobile (Kim and Dixon, 2002). Unlike Cr (III), Cr (VI) is 

more readily mobile and is more toxic, as it is considered a human carcinogenic (Jabasingh et 

al, 2015). Sorption of Cr (VI) onto Fe-oxide has been documented and has also been utilised 

in remediation efforts (Park et al, 2022; Kim and Dixon, 2002), however, seeing as there is a 

reasonable assumption of Fe-oxide minerals within legacy waste sediments (see section 

4.1.1.), Fe-oxide minerals in sediments are likely to contain Cr (VI). Furthermore, Bartlett and 

James (1988) highlight that the presence of Mn-oxides can further oxidise Cr (III) into Cr (VI), 

which is also likely present in legacy waste sediments suggesting that Cr (VI) is more 

prevalent in waste sediments. Other than the carcinogenic properties of Cr, physiological 

impacts of Cr toxicity include respiratory implications such as asthma, chronic bronchitis, and 

irritation; skin conditions including swelling, and erythema; alongside severe liver damage, 

gastrointestinal implications, and mutagenic effects (Dianyi, no date). Additionally, as 

documented by Yan et al (2023), Cr (VI) can be toxic to soils, sediments, and plants and 

microorganisms living in the soil, by impeding plant development and productivity, 

decreasing rates of photosynthesis, and accumulation of Cr enabling bioaccumulation into 

local wildlife. As such, Cr concentrations across both waste types are potentially hazardous, 

and the potential release of Cr, especially Cr (VI), can have serious implications for the 

surrounding environment. 

Nickel concentrations detected across both waste types exceed Canadian sediment guideline 

values, with 10 of 11 colliery sites and 10 of 12 steel slag-based sites exceeding the value set. 

More specifically, colliery waste sample sites that exceed the guideline limits include DBB1 

(57ppm), DBB2 (513ppm), GTT1 (295ppm), GTT2 (284ppm), WWF3 (667ppm), WWF4 

(931ppm), HC1 (398ppm), HC2 (802ppm), HC3 (332ppm), and HC4 (268ppm), with steel slag 

sample sites including WWF1 (55ppm), WWF2 (117ppm), MP1 (132ppm), MP2 (68ppm), 

MP3 (155ppm), MP4 (108ppm), MP5 (169ppm), MP6 (126ppm), MPC2 (2644ppm), and 

MPC4 (521ppm). Mann-Whitney U analysis of Ni concentrations between each waste type 

revealed a significant difference, with colliery waste presenting higher concentrations. 

Nevertheless, concentrations at both sites are of hazardous concern. The origins of Ni in soil 

and sediment environments can be attributed to natural and anthropogenic influences 

including parent rock material, natural existence in flora, consumption of fossil fuels, alloying 

agents during the steel-making process, and agriculture (Iyaka, 2011). Nickel from 

anthropogenic sources is primarily soluble in oxide (Ni2+), sulphide, and silicate form, which, 

as seen in section 4.1.1. is more likely prevalent in the waste sediment, as opposed to 
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naturally occurring insoluble Ni-based minerals, though soluble forms of Ni can also be 

present in nature (Begum et al, 2022). The mobility of Ni is notably dependent upon pH 

conditions. Whilst Ni-oxide is resistant to alkaline corrosion, at pH <6.5, Ni becomes readily 

soluble in natural oxidising acids (Genchi et al, 2020), which can be present in landfill 

leachate (Chou et al, 2013). In addition, Ni in chloride and/or sulphate form is easily water-

soluble (Genchi et al, 2020). The compound of Ni can determine the nature of toxic 

implications, with Ni salts able to remain within the human body for a prolonged period 

(Gates et al, 2023). The primary pathways for Ni toxicity in humans include ingestion, 

inhalation, and absorption onto the skin (Gates et al, 2023; Genchi et al, 2020; Das et al, 

2019). Additionally, Ni toxicity is not cumulative and will not effectively bioaccumulate in the 

human body for a prolonged period, however, Ni can bind to the blood and lead to organ 

and tissue damage throughout the body, leading to potential cardiac arrest and respiratory 

distress (Das et al, 2019). Even though Ni is an essential element for plant development, 

chronic and acute toxicity can lead to restricted growth and plant development, limited seed 

germination, chlorosis, and necrosis (Hassan et al, 2019). As such, Ni sediment 

concentrations are of high concern, although to determine a risk level, leaching tests to 

determine the mobile fraction is required (see section 4.2).  

Selenium (Se) concentrations across 10 of 11 colliery-based waste sites and all steel slag-

based waste sites exceed Canadian sediment quality guideline values established. More 

specifically, exceeded colliery waste sample sites include DBB2 (9ppm), GTT1 (5ppm), GTT2 

(7ppm), WWF3 (9ppm), WWF4 (8ppm), WWF5 (12ppm), HC1 (13ppm), HC2 (7ppm), HC3 

(12ppm), and HC4 (6ppm), whereas steel slag waste sample sites include WWF1 (20ppm), 

WWF2 (13ppm), MP1 (14ppm), MP2 (16ppm), MP3 (6ppm), MP4 (4ppm), MP5 (3ppm), MP6 

(5ppm), MPC1 (14ppm), MPC2 (6ppm), MPC3 (10ppm), and MPC4 (7ppm). Mann-Whitney U 

analysis revealed no significant difference in Se concentrations between each waste type, 

suggesting that concentrations are equally concerning in both waste types. Se in the soil 

environment can pose as inorganic SeO4
2- (Selenate), Se2– (Selenide), and HSeO3

−/SeO3
2− 

(Selenite) (Puhakka et al, 2019; Mehdi et al, 2013) which can sorb onto Mg and Ca-based 

minerals present such as phlogopite and calcite (Tolu et al, 2022). Erosion of sulphide 

minerals known to contain selenite and selenide is responsible for initial Se in soils. As a 

result, anionic selenate salts and free Se which are sorbed onto Fe leading to Fe(III) selenite, 

which are the common forms of Se in soil. Furthermore, anionic Se has high solubility and 

mobility and recognised as a bioavailable fraction of Se (Mehdi et al, 2013). As Fe is a major 

element within both waste sediments, it is reasonable for Fe(III) selenite to be present within 
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the sediment matrixes alongside selenate salts. The fate of Se in waste sediment depends 

upon various external geochemical variables which may mobilise a specific fraction of bound 

Se. Investigation of which can be seen in section 4.2. Regarding toxicity in humans, Se is 

primarily cytotoxic and genotoxic, with documented side effects including impaired cell 

growth and damage to DNA structure, in addition to cardiovascular disease, diabetes, and 

hepatocarcinogenesis (Sun et al, 2014). As for surrounding flora, 2 main processes cause 

toxicity in plant life; oxidative stress and malformed selenoproteins (Gupta and Gupta, 2017), 

causing significant damage to protein function and decreased glutathione levels leading to 

plant growth limitations. It is apparent that Se concentrations in legacy waste sediments are 

potentially hazardous and may pose a severe risk to the coastal environment if mobilised. 

Canadian sediment quality guideline value for Thallium (Tl) was exceeded at sample sites 

across both waste types. Of colliery waste sites, 9 of 11 sample sites exceeded the SGVs, with 

specific sample sites including DBB2 (3ppm), GTT1 (6ppm), GTT2 (5ppm), WWF3 (8ppm), 

WWF4 (34ppm), HC1 (15ppm), HC2 (8ppm), HC3 (20ppm), and HC4 (8ppm), whereas 6 of 12 

steel slag-based waste sites exceeded the established Canadian values. More specifically, 

these include sample sites MP3 (5ppm), MP4 (6ppm), MP5 (3ppm), MP6 (2ppm), MPC2 

(5ppm), and MPC4 (12ppm). Additionally, Mann-Whitney U analysis of Tl concentrations 

between each waste type revealed a significant difference, with colliery waste presenting 

higher concentrations. Whilst found naturally in the environment, elevated Tl concentrations 

directly correlate with industrial practices including coal burning and mineral smelting 

(Karbowska, 2016). As a result of steel smelting and coal combustion, the majority of Tl 

present, bound to sulphides and to a lesser extent aluminosilicates and organic compounds 

are subsequently oxidised through combustion, make up a considerable portion of Tl(I) to a 

lesser extent Tl(III)in sediments (Karbowska, 2016). Due to Tl's resemblance with alkali 

metals, cation exchanges between Tl(I) and K ions can occur, causing elevated Tl 

concentrations in environmental and biological organisms to occur, enabling concentrations 

to exceed guideline values (Hodorowicz et al, 2022; Belzile and Chen, 2017). It is reasonable 

to suggest significant concentrations of Tl(I) in legacy waste sediments, more prevalent in 

colliery waste based on Tl concentrations and O concentrations seen in section 4.1.1. Whilst 

considered toxic in low concentrations, further information regarding the geochemical 

fraction and mobility of Tl is recommended (Liu et al, 2019), what is known is that even 

though Tl(III) is more toxic than Tl(I), it is less bioavailable in circumneutral conditions (Belzile 

and Chen, 2017). Secondly, human symptoms of acute human toxicity can include 

gastrointestinal issues, degeneration of internal organs including the heart and liver, 
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haemorrhaging, hallucinations, and dementia also documented (Saddique and Peterson, 

1983). Thirdly, on plant toxicity, a study by Mazur et al (2016) found that increases in Tl(I) in 

the soil lead to initial leaf discolouration and subsequent tissue damage. Consequently, Tl is a 

known bioaccumulative element in soil organisms and plants (Health Canada, 2020), there is 

potential for considerable environmental repercussions if currently bound Tl is dispersed into 

the widespread coastal environment. Whilst colliery waste appears more potentially 

hazardous than steel slag-based waste, both waste types are of concern. To determine 

whether Tl concentrations are less likely on average to exceed SGVs at steel slag-based legacy 

waste sites, further investigation of concentrations of additional sites is required to be more 

representative of general concentrations. This also applies to all elements across both waste 

types. 

Arsenic concentrations across all colliery and steel slag-based waste sites exceeded Canadian 

sediment quality guideline values More specifically, concentrations of colliery waste sample 

sites are as follows: DBB1 (788ppm), DBB2 (399ppm), GTT1 (285ppm), GTT2 (206ppm), 

WWF3 (500ppm), WWF4 (4526ppm), WWF5 (328ppm), HC1 (89ppm), HC2 (815ppm), HC3 

(977ppm), and HC4 (1266ppm). Additionally, steel slag waste sample concentrations include 

WWF1 (65ppm), WWF2 (435ppm), MP1 (343ppm), MP2 (155ppm), MP3 (343ppm), MP4 

(514ppm), MP5 (403ppm), MP6 (768ppm), MPC1 (70ppm), MPC2 (402ppm), MPC3 

(66ppm), and MPC4 (674ppm). However, using the UK Environment Agency commercial land 

guideline values, only 5 of 11 colliery waste (sample sites DBB1, WWF4, HC2, HC3, and HC4) 

and 2 of 12 steel slag-based waste sites (sample sites MP6, and MPC4) As concentrations 

exceed guideline values. Mann-Whitney U analysis revealed no significant difference in As 

concentrations between each waste type, suggesting that concentrations are equally 

concerning in both waste types. Resulting As concentrations in soil is primarily caused by 

anthropogenic means, of which a large fraction can be attributed to the unrecovered As 

portion in mine and smelted ores (Nriagu et al, 2007). Even though the form of As cannot be 

specifically determined, Makowska et al (2019) noted significant correlations between As 

and pyritic S contents. Whilst there are considerable amounts of Fe in waste sediments (see 

section 4.1.1.), it is reasonable that waste sites pertain S concentrations, although, As bound 

to pyritic-S may not make up a major portion of the sediment matrix. Additionally, the 

probability of As in sulphide minerals in colliery waste was also documented, of which has 

been detected (Makowska et al (2019). There is a strong association between inorganic As 

(arsenate) and Fe(III) oxide/hydroxide due to highly efficient equilibrium processes, which is 

therefore commonly seen in soils (Aftabtalab et al, 2022; Frazer, 2005). Furthermore, it is 
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likely that considerable portions of pyrite-based As are currently stored in both waste-type 

sediments. In regard to As toxicity, it is well-documented that As in arsenate and arsenite 

form is a human carcinogenic and is also responsible for neurotoxicity, skin lesions and 

blisters, cognitive impairment, and neurodegeneration (Muzaffar et al, 2023; Nail et al, 

2023). As for flora, As can bioaccumulate in plants whilst also causing morphological 

changes, necrosis, growth limitations, and chlorophyll degradation to plant species (Abbas et 

al, 2018). With climate change influencing the coastal environment, potentially hazardous As 

concentrations currently immobilised in the soil is a growing concern, as increasing 

mobilising influences are interacting with coastal legacy waste sites, As is a serious concern, 

as displacement is increasingly likely in the coastal environment. 

Beryllium concentrations across both waste-type sediments exceeded Canadian sediment 

quality guideline values at a minority of sample sites, with 1 of 11 colliery sediments and 5 of 

12 steel slag-based sediments exceeding guideline values. More specifically, at colliery 

sample site WWF5 (61ppm) and steel slag sample sites WWF1 (61ppm), WWF2 (68ppm), 

MP1 (73ppm), MP2 (84ppm), and MPC1 (68ppm). Mann-Whitney U analysis of Be 

concentrations between each waste type revealed a significant difference, with steel slag-

based waste presenting higher concentrations. In natural soil and sediment environments, 

Be is relatively sparse with low background concentrations (Gehle, 2011). Elevated Be 

concentrations are attributed to fossil fuel combustion. Be association with Fe and Mn 

hydroxides is reportedly high, with reported Fe-oxide precipitation correlating with increased 

particulate Fe and Be concentrations in the sediment (Bolan et al, 2023). Based on Mn, Fe, 

and O concentrations in section 4.1.1., it is reasonable that a considerable portion of Be is 

sorbed onto the aforementioned minerals, though further analysis to determine specific 

mineral fractions is required. As for toxicity, Be is documented as a probable human 

carcinogen (EPA, 2000a) with acute toxicity leading to high likelihood of developing CDB, 

inflammation of airways, and chronic beryllium disease, however, toxicity is dependent upon 

the level of solubility (Stearney et al, 2023). Flora response to Be toxicity is dependent on 

exposure level. Whilst concentrations at a micromolar level is beneficial to plant life, elevated 

accumulation can replace Mg which is essential for effective phosphoglucomutase, causing 

an imbalance in plant metabolism (Tanveer and Wang, 2019). Beryllium concentrations at a 

minority of steel slag-based waste sites are potentially hazardous and can potentially pose a 

high environmental risk if concentrations are mobilised into the surrounding environment. 

Whilst concentrations at colliery waste sites are elevated, sediment concentrations are less 
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of a concern. Additionally, determining risk level requires investigation of the mobile fraction 

of Be (see section 4.2). 

Cobalt (Co) concentrations in coastal legacy waste sediments do not exceed the established 

Netherlands soil remediation intervention value. Specifically, only 1 of 11 colliery-based 

waste sites exceed value set, at sample site WWF3 (289ppm). There is a significant difference 

in Co concentrations between each waste type, with colliery waste presenting higher 

concentrations according to Mann-Whitney U analysis. The speciation of anthropogenically 

sourced Co in soils and sediments is an oxidative state, with divalent Co2+ (cobaltous) as the 

most likely state, notable for complexations with carbonate and ferromanganese oxides 

(Srivastava et al, 2022). It is reasonable that Co speciation in coastal legacy waste sites for 

this study to be in a ferromanganese oxide state, based on concentration data from section 

4.1.1., and ferromanganese oxide is known to inhabit waste sediments relating to fossil fuel 

consumption and further industrial practices. Whilst concentrations do not predominately 

exceed intervention values present, Co is not as potentially hazardous compared to the 

aforementioned elements. Although, clarification of mobility within leachate will help 

determine risk levels associated with Co in coastal legacy waste sediment, which can be seen 

in section 4.2. 

Colliery and steel slag-based coastal legacy waste sites present elevated Antimony (Sb). 

Specifically, 4 of 11 colliery sample sites including DBB2 (16ppm), GTT2 (18ppm), WWF4 

(27ppm), and HC3 (20ppm) and 8 of 12 steel slag-based waste sample sites including WWF2 

(105ppm), MP1 (79ppm), MP2 (440ppm), MP3 (132ppm), MP4 (183ppm), MP5 (206ppm), 

MP6 (188ppm), and MPC2 (63ppm) exceed the established Netherlands soil remediation 

intervention value. Mann-Whitney U analysis of Sb concentrations between each waste type 

revealed a significant difference, with steel slag-based waste presenting higher 

concentrations. In soil and sediment environments, Sb occurs in oxidised states including –III, 

0, +III, and +V, of which trivalent Sb(III) and pentavalent Sb(V) including antimonite and 

antimonate are most commonly seen (Bolan et al, 2022; Diquattro et al, 2020). Additionally, 

the toxicity of Sb species is as follows: antimonite (Sb(III)) > antimonate (Sb(V)) > 

organoantimonials (Wei et al, 2015), with antimonite 10x higher than antimonate. Sorption 

of Sb in sediments, especially Sb(III) is highly influenced Mn and Fe oxides, transforming 

Sb(III) to Sb(V), documented to have increased solubility and mobility potential (Liu et al, 

2015; Bolan et al, 2022). Human exposure to toxic Sb concentrations towards humans has 

been documented to cause pneumoconiosis, increased blood pressure and cardiovascular 

abnormalities, internal ulcers, and “antimony spots.” (Sundar and Chakravarty, 2010; Cooper 
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and Harrison, 2009) As for flora, as recognised by Vidya et al (2022), elevated Sb 

concentrations are known to inhibit rates of photosynthesis, upset plant membrane systems, 

and alter root and leaf composition, and as such pose considerable harm to plant health and 

well-being (Tang et al, 2022). Sb concentrations in steel slag-based waste sites should be 

considered potentially hazardous, with the need for awareness of concentrations at colliery 

waste sites also necessary. Determining the risk towards the surrounding environment 

requires assessments of Sb mobility, which can be seen in section 4.2. 

Across both waste types, Cu concentrations in the waste sediments predominately exceed 

the Canadian sediment quality guideline value. More specifically, 10 of 11 colliery waste sites 

including DBB1 (180ppm), DBB2 (528ppm), GTT1 (220ppm), GTT2 (262ppm), WWF3 

(1017ppm), WWF4 (347ppm), HC1 (1244ppm), HC2 (893ppm), HC3 (771ppm), and HC4 

(340ppm) and 9 of 12 steel slag-based waste sample sites including WWF2 (196ppm), MP1 

(244ppm), MP2 (181ppm), MP3 (596ppm), MP4 (370ppm), MP5 (301ppm), MP6 (96ppm), 

MPC2 (587ppm), and MPC4 (742ppm) exceed the value. Mann-Whitney U analysis of Cu 

concluded no significant difference in concentrations across colliery and steel slag-based 

legacy waste. Copper species in the soil and sediment environment from anthropogenic 

industrial waste are almost entirely present in a divalent form, primarily crystal lattices of 

primary and secondary minerals (Mengel et al, 2001). More specifically, Cu has an affinity 

towards sorption onto carbonate, phyllosilicates, and/ Fe, al, and Mn hydroxide-based 

complexes (Reed and Martens, 1996). Copper is likely present in the aforementioned 

complexes, which is further supported by major concentrations present in section 4.1.1. 

however, mineralogic analysis is required to make detailed assertions. Human toxicity 

involving Cu is predominantly a result of ingestion of Cu through contaminated aqueous 

sources. Neurological side effects of Cu toxicity include fatigue and depression, while physical 

side effects include abdominal pain, hematemesis, and jaundice, with severe implications 

including hepatic necrosis, renal failure, and death (Royer and Sharman, 2023). As for plant 

life, whilst an essential micronutrient, Cu toxicity can result in considerable root damage and 

deformation, and decreasing photosynthesis rates (Chen et al, 2022), although Cu-resilient 

flora is less susceptible. Total Cu concentrations across both waste types are potentially 

hazardous in coastal legacy waste sediments. Additionally, mobility assessments of bound Cu 

are required to determine the current level of risk to the coastal environment (see section 

4.2). 

Zinc concentrations in legacy waste sediments from 11 colliery and 12 steel slag-based sites 

were compared to the Canadian sediment quality guideline. 4 colliery sample sites including 
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DBB2 (575ppm), GTT2 (736ppm), HC1 (678ppm), and HC2 (587ppm) and 6 steel slag-based 

waste sites including MP3 (2560ppm), MP4 (3984ppm), MP5 (4156ppm), MP6 (413ppm), 

MPC2 (411ppm), and MPC4 (9746ppm) exceeded the threshold. Mann-Whitney U analysis 

determined that there is no significant difference in the Zn concentrations between each 

waste type. Zinc speciation in soils and sediments is very diverse, and Zn form and total 

sediment concentration is dependent upon industrial practices, the geochemistry of soils, 

and geology, which are significantly impacted by smelter slag waste and coal ash waste 

(Vodyanitskii, 2010). Zinc minerals in the earth's crust including sphalerite, franklinite, zinc 

hydrosilicate, and smithsonite are commonly found in many regions (Vodyanitskii, 2010). In 

steel slag waste, Zn is usually in the form of Zn ferrite (ZnFe2O4) and Zincite (ZnO) (Smith et 

al, 2021), though can also be present in a Zn sulphide form given that it is the main source of 

Zn metal (Ma et al, 2018). As for colliery waste, a study by Struis et al (2004) determined 

that fly ash from municipal solid waste sites was predominately comprised of approximately 

60% Zn oxide, specifically hydrozincite (Zn5(OH)6(CO3)2), with the remaining fraction made 

up of willemite (Zn2SiO4) and gahnite (ZnAl2O4). It is reasonable that the aforementioned Zn 

species are likely present amongst coastal legacy waste sediments, however further analysis 

as mentioned previously is required to remove assumptions. Zinc toxicity and human health 

implications are tied to the presence of Zn in the environment. Acute exposure to Zn oxide 

through ingestion/inhalation can result in ‘metal fume fever’ (NJDHSS, 2007), with Zn sulfate 

and chloride resulting in hematemesis, nausea, and potential renal injury (Agnew and 

Slesinger, 2022). Chronic Zn exposure has been known to result similar acute implications 

though to a lesser extent (Plum et al, 2010). Flora toxicity on the other hand has been 

documented to cause similar growth and development, photosynthesis, and structural 

abnormalities that previous elements can cause, although the precursing factors leading to 

these implications can differ (Kaur and Garg, 2021). Given the fluctuating concentrations 

across steel slag-based waste sediments, and to a lesser extent colliery waste sediments, Zn 

concentrations can be potentially hazardous across coastal legacy waste sites, and sites 

where Zn concentrations do not exceed the guideline value, attention should be given to 

these sites also, as concentrations are not too dissimilar to the guideline value. However, 

assessing risk requires analysis of Zn leaching, which can be seen in section 4.2. 

Concentrations of Pb in coastal legacy waste sediments were compared to the Canadian 

sediment quality guideline value, including sites DBB2 (419ppm), GTT2 (386ppm), WWF3 

(316ppm), WWF4 (806ppm), WWF5 (386ppm), HC1 (734ppm), HC2 (659ppm), HC3 

(844ppm), and HC4 (534ppm). On the other hand, out of 12 steel slag-based waste 
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sediments, 5 exceeded the guideline value, including sample sites MP3 (2617ppm), MP4 

(3107ppm), MP5 (1166ppm), MPC2 (468ppm), and MPC4 (5209ppm). Through Mann-

Whitney U analysis, no significant difference was found in Pb concentrations between waste 

sediments based on colliery and steel slag. It should be noted that concentrations vary 

notably more in steel slag-based sediments, and as such, the relatively small sample size 

could have impacted the outcome. Pb speciation can vary depending upon natural and 

anthropogenic influences. Within coal, Pb is typically found in sulphide form, specifically 

galena and pyrite (Cui et al, 2019). Sauvé et al (1997) assessed the Pb complexes in 

contaminated soils including agricultural and sewage sludge-based soils and found that 

between 60-80% of Pb is associated with organo–Pb complexes. It is reasonable that the soil 

fraction within coastal legacy waste sediments is less than typical residential and rural soils, 

thus the inorganic fraction within legacy waste sediments should theoretically be higher. 

During the lead refinement and process, at the PbS stage, PbS is oxidised, separating S and 

producing PbO. As the refinement process cannot produce perfect yields, PbO and PbS is 

present amongst the blast furnace slag waste, subsequently deposited through landfilling 

(Pan et al, 2019). In addition, a study by Funatsuki et al (2012) determining lead speciation in 

fly ash in Japan noted that amongst the samples analysed, XANES analysis found PbSiO3, 

PbCl2, and Pb2O(OH)2 dominated Pb speciation in the sediment matrixes. It is reasonable that 

based on the major elements identified, PbSiO3 and Pb2O(OH)2 could make up a notable 

fraction of Pb in coastal legacy waste sediments. Additionally, Cl concentrations were 

detected across a minority of sites, so PbCl2 cannot be categorically ruled out. In terms of 

human health implications, inorganic Pb can pose a severe human health hazard. 

Neurological effects of Pb toxicity have been documented. Mild toxicity can affect behaviour 

and temperament, and lead to cognitive and motor skill impairment, whereas moderate to 

severe toxicity can result in dizziness, tremors, seizures, and unconsciousness. Other known 

effects are known to include reduced fertility rates, renal impairment, and smoothing of 

intestinal muscle lining. More severely, Pb is reasonably anticipated to be a human 

carcinogen (ATSDR, 2020; Patočka and Černý, 2003). Documented flora implications have 

been set out by Ravipati et al (2021) whereby elevated Pb concentrations in soils and 

sediments can inhibit photosynthesis rates, impede growth rates, interfere with cell division 

and water retention, and root abnormalities. There are PTE concentrations across the 

majority of colliery-based waste sediments. Attention should also go to steel slag-based 

waste sites as a minor proportion of sites exceed the guideline value. 

  



 MPhil Thesis 795123 

P a g e  | 70  Liverpool John Moores University 

 Colliery Steel slag Sediment 
Quality 

Guideline 
value 

(mg/kg) 

Trace 
elements 

Average 
concentration 

(wt%) 

Concentration 
range (wt%) 

Average 
concentration 

(wt%) 

Average 
concentration 

(wt%) 

 

Be 17 2-61 40 13-84 30*** 

V 527 58-913 236 17-632 130* 

Cr 344 31-512 182 10-389 87* 

Co 134 8-289 55 4-203 240*** 

Ni 416 31-931 146 20-521 
50* 

1,800** 

Cu 532 52-1244 286 16-742 91* 

Zn 365 47-736 1966 23-4156 360* 

Se 8 1-13 10 3-20 2.9* 

Sb 12 0.5-27 85 3-206 15*** 

Tl 10 0.4-34 3 0.1-12 1* 

Pb 494 113-844 1080 14-5209 260* 

As 925 89-4526 353 66-768 
12* 

640** 
Table 7. Trace elements detected through ICP-MS analysis of colliery-based and steel slag-based waste sediments 

across all study sites, presenting average element concentrations and concentration ranges (mg/kg), with the 

inclusion of sediment guideline values.  

*Canadian sediment quality guideline value (CCME, 2007) 

**UK Environment Agency sediment quality guideline value for commercial land (EA, 2009) 

***Netherlands soil remediation intervention value (ESDAT, 2000). 
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 Colliery waste type 
 

Steel slag waste type 
 

Elements Statistic df p df Statistic p 

V 11 0.93276 >0.05 12 0.90447 >0.05  

Cr 11 0.84182 <0.05*  12 0.90845 >0.05  

Be 11 0.72556 <0.01* 12 0.81124 0.01* 

Co 11 0.84182 <0.05*  12 0.91744 >0.05  

Ni 11 0.94141 >0.05  12 0.77475 <0.01*  

Cu 11 0.91759 >0.05  12 0.90487 >0.05  

Zn 11 0.91554 >0.05  12 0.69595 <0.01* 

Se 11 0.95111 >0.05  12 0.93512 >0.05  

Sb 11 0.94712 >0.05  12 0.88259 >0.05  

Pb 11 0.95227 >0.05  12 0.70322 <0.01* 

As 11 0.6135 <0.01* 12 0.92359 >0.05  

Table 8. Shapiro-Wilk test of normality results of individual trace elements across both waste type data sets to 

determine whether data was drawn from a normally distributed population (p< 0.05). 

 Colliery waste type 
 

Steel slag waste type 
 

  

Elements Median IQR Median IQR U p 

V 544.84 322.55-913.25 176.13 51.19-350.64 104 <0.05*  

Cr 417.31 225.83-440.92 160.22 115.99-276.42 107 0.01* 

Be 14.04 8.84-21.07 24.6 16.03-67.79 24 0.01* 

Co 417.31 225.83-440.92 44.44 10.41-83.69 122 <0.01* 

Ni 331.51 267.64-666.77 121.57 57.92-163.93 107 0.01* 

Cu 346.58 219.76-893.04 220.01 82.48-532.42 92 >0.05  

Zn 329.45 147.87-587.13 272.02 64.05-2915.7 58 >0.05  

Se 8.31 6.14-12.18 8.69 5.57-14.27 56 >0.05  

Sb 14.24 3.11-18.03 70.83 8.71-170.2 30 <0.05* 

Pb 418.95 316.48-734.59 98.82 47.32-2254.16 81 >0.05  

As 500.31 285.19-976.54 372.54 91.32-493.89 90 >0.05  

Table 9. Mann-Whitney U analysis of individual trace element concentrations (mg/kg) detected through ICP-MS 

analysis across both colliery-based waste (n=11) and steel slag-based waste (n=12) sediment types (p< 0.05). 
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Figure 13. A box-and-whisker plot depicting trace elements and concentrations (wt%) detected in colliery-based 

coastal legacy waste sediments (n=11). 

Figure 14. A box-and-whisker plot depicting trace elements and concentrations (wt%) detected in steel slag-based 

coastal legacy waste sediments (n=12). 
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4.2. Leaching under oxidising conditions 

4.2.1. Concentration and leaching behaviour of elements within deionised water 

leachant 

Leaching of legacy waste sediments in deionised water presented considerable leaching 

potential of elements For instance, average dissolved element concentrations within colliery-

based leachate are as follows: K (112.86mg/l) > Al (47.55mg/l) > Mn (4.4mg/l) > Fe 

(2.28mg/l) > Pb (1mg/l) > As (0.63mg/l) > Cu (0.34mg/l) > Ni (0.25mg/l) > Zn (0.2mg/l) > V 

(0.19mg/l) > Co (0.09mg/l) > Cr (0.07mg/l). Conversely, elements in steel slag-based 

deionised leachate are listed as: K (113.74mg/l) > Al (18.97mg/l) > Mn (8.24mg/l) > Zn 

(2.8mg/l) > Pb (1.07mg/l) > Mg (0.39mg/l) > Cu (0.38mg/l) > As (0.12mg/l) > Ni (0.09mg/l) > 

V (0.07mg/l) > Co (0.04mg/l) > Cr (0.03mg/l). 

The distribution of element concentrations seen within deionised water leachate pertaining 

to colliery-based and steel-slag based waste sediments can be seen in table 10. The 

distribution of Cr, Co, Ni, Mn, Pb, and As concentrations in colliery-based leachate are 

indicative of non-normal distribution, whereas K, Cu, Zn, Al, and V concentrations are 

representative of normal distribution. As for steel-slag based leachate, the distribution of V, 

Al, Zn, Mn, Pb, and As concentrations were indicative of non-normal distribution, with Cr, Co, 

Cu, Ni, and K concentrations representative of normal distribution (seen in table 10). 

Moreover, Mann-Whitney U analysis of leached element concentrations across both waste 

types illustrate no significant differences in individual element concentrations (seen in table 

11), indicating that waste type had a minimal influence on element mobility. However, no 

definitive conclusions can be made due to the limited sample size per waste type. 
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 Colliery waste type 
 

Steel slag waste type 
 

Element df statistic p df Statistic p 

V 5 0.77689 >0.05  5 0.58456 <0.01* 

Cr 4 0.64164 <0.01* 4 0.88121 >0.05  

Al 5 0.86546 >0.05  5 0.66337 <0.01* 

Co 5 0.62181 <0.01*  4 0.83532 >0.05  

Zn 4 0.99659 >0.05  5 0.67677 <0.01*  

Cu 5 0.86324 >0.05  5 0.87774 >0.05  

Ni 5 0.63951 <0.01*  4 0.84921 >0.05  

K 4 0.9248 >0.05  5 0.94933 >0.05  

Mn 5 0.6728 <0.01*  5 0.71726 <0.05*  

Pb 5 0.60585 <0.01* 5 0.56102 <0.01* 

As 5 0.57251 <0.01* 5 0.58882 <0.01* 

Table 10. Shapiro-Wilk test of normality results of individual leached elements in deionised water leachant across 

both waste type data sets to determine whether data was drawn from a normally distributed population (p< 

0.05). 

 Colliery waste type 
 

Steel slag waste type 
 

  

Element Median IQR Median IQR U p 

V 0.09 0.02-0.42 0.01 0.004-0.17 21 >0.05  

Cr 0.03 0.03-0.14 0.02 0.01-0.06 10 >0.05  

Al 26.34 13.71-92.01 6.89 3.88-40.11 20 >0.05  

Co 0.02 0.01-0.19 0.02 0.001-0.1 12 >0.05  

Ni 0.02 0.02-0.58 0.07 0.05-0.13 8 >0.05  

Cu 0.19 0.1-0.7 0.22 0.09-0.82 4 >0.05  

Zn 0.2 0.13-0.28 0.22 0.16-6.74 8 >0.05  

K 106.23 58.54-146.81 119.05 53.12-171.71 8 >0.05  

Mn 2.7 1.78-7.86 3.97 0.6-18.01 12 >0.05  

Pb 0.13 0.03-2.4 0.02 0.01-2.65 17 >0.05  

As 0.07 0.03-1.51 0.01 0.01-0.28 19 >0.05  

Table 11. Mann-Whitney U analysis of individual leached element concentrations (mg/kg) under deionised water 

conditions detected through ICP-MS analysis of both colliery-based waste (n=5) and steel slag-based waste (n=5) 

sediment types (p< 0.05). 



 MPhil Thesis 795123 

P a g e  | 75  Liverpool John Moores University 

The abundance of dissolved trace element concentrations in deionised leachate can be 

influenced by geochemical properties such as pH, EC (electrical conductivity), and ORP 

(Lévesque et al, 2023; Zhang et al, 2016; Farahat et al, 2019; Mahedi et al, 2019; 

Kommonweeraket et al, 2015; Bhaat et al, 2019; Schlieker et al, 2001), with small 

adjustments having potentially notable consequences on solubility. The Shapiro-Wilk 

distribution test carried out on geochemical parameters including pH, EC, and ORP for each 

individual waste type pre and post leaching alongside Mann-Whitney U test of difference 

concluded no significant difference in pH, ORP, and EC values between pre-leaching and post-

leaching values of colliery sediment, and also steel slag-based sediments. Additionally, no 

differences in values relating to sediment types. (seen in tables 12-16). The pH levels 

observed in deionised leachate range from acidic to alkaline (seen in tables 17 and 18 and 

figures 15 and 16). Roy and Berger (2011) conducted a study on the pH variability of coal fly 

ash leachate, observing significant variations in pH values during sediment introduction and 

mixing, with pH levels ranging from strongly acidic (pH 4) to alkaline (pH 12) conditions. 

These variations are likely attributed to the sorption rate of SO2 onto particulate surfaces, 

hydrolysis of Al3+ from Al2(SO4)3, and Ca content. An initial cause for acidic/alkalinity is a result 

of the Ca and S ratio within sediments (Bhaat et al, 2019; Izquierdo and Querol, 2012). Over 

time, acidic and alkaline leachates neutralise, as the dissolution of CaO and MgO under 

acidic conditions increases negatively charged ions present in leachate (Mahedi et al, 2019; 

Kommonweeraket et al, 2015), whereas alkaline leachates often decrease in pH with 

increased exposure to atmospheric CO2. The Electrical conductivity (EC) results (seen in table 

17 and table 18) indicate no considerable disparity in values before and after leaching. 

However, EC levels observed are considerably higher than normal deionised water EC levels 

under unexposed conditions of approximately 0.055μS (MyronL, no date), with only marginal 

increased in EC detected post leaching. Elevated EC values are comparable to normal 

background levels for a majority of rivers (200-1000µS/cm) (CCME, no date), with a minority 

of sites presenting values beyond this value, values far higher than pure deionised water. The 

increase in EC is attributed to the mineral fraction within the sediment, salt dissolution, high 

iron content, and temperature (Karato and Wang, 2013). Slag EC reportedly increases with 

increasing temperatures, and also the increase in FeO and/or CaO contents, whereas 

increased SiO2 contents reduce slag EC (Farahat et al, 2019). The contents of Ca and Fe 

detected in section 4.1 present a reasonable explanation for increased EC values. In all 

instances except for sample MPC1, positive oxygen reduction potential (ORP) ORP values 

were observed (seen in tables 17 and 18). Notably, a reduction in ORP was observed at pH 
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levels exceeding 10 at sample sites MPC1 and WWF1, contrasting with more neutral 

conditions. Zhang et al (2016) determined that ORP typically decrease as pH increases due to 

higher reducing agents present, with ORP increasing under lower pH conditions are there are 

more oxidising metal oxide agents present. 

 Pre-leaching colliery sediment waste 
type 

Pre leaching steel slag sediment 
waste type 

 df  statistic p df statistic p 

pH 5 0.98857 0.97447 5 0.92548 0.56591 

ORP 5 0.93054 0.60004 5 0.97623 0.91353 

EC 5 0.66243 0.00371 5 0.85776 0.2203 

Table 12. Shapiro-Wilk normality test of individual geochemical factors in deionised water from colliery-based and 

steel slag-based waste sediments including pH, ORP (R.mv), and EC (mS cm-1) prior to leaching, to determine 

whether data was drawn from a normally distributed population (p< 0.05). 

 Pre-leaching colliery 
sediment waste type 

(n=5) 

Post-leaching colliery 
sediment waste type  

(n=5) 

  

 Median IQR Median IQR U p 

pH 7 6.25-8.05 7.6 6.35-7.8 10.5 0.75 

ORP 173.7 102.8-198.45 163.2 156.65-180.85 14 0.83 

EC 0.32 0.22-1.07 0.49 0.26-1.26 8 0.4 

Table 13. Mann-Whitney U analysis of colliery-based sediment pre (n=5) and post-leaching (n=5) data sets for 

geochemical parameters including pH, EC, and ORP pre and post leaching under deionised water conditions (p< 

0.05). 

 Pre-leaching steel slag 
sediment waste type 

(n=5) 

Post-leaching steel slag 
sediment waste type  

(n=5) 

  

 Median IQR Median IQR U p 

pH 9.2 7.15-11.05 8.1 7.05-10.55 15 0.68 

ORP 82.3 -3.2-182.75 114.5 6.45-163.55 12 1 

EC 2.2 0.74-2.8 2.43 0.79-3.05 9 0.53 

Table 14. Mann-Whitney U analysis of steel-slag-based sediment pre (n=5) and post-leaching (n=5) data sets for 

geochemical parameters including pH, EC, and ORP pre and post leaching under deionised water conditions (p< 

0.05). 
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 Post-leaching colliery sediment waste 
type 

Post leaching steel slag sediment 
waste type 

 df statistic p df statistic p 

pH 5 0.83216 0.1444 5 0.96352 0.83229 

ORP 5 0.953 0.75862 5 0.94395 0.69399 

EC 5 0.71524 0.01373 5 0.79311 0.07112 

Table 15. Shapiro-Wilk normality test of individual geochemical factors in deionised water from colliery-based and 

steel slag-based waste sediments including pH, ORP (R.mv), and EC (mS cm-1) post leaching, to determine 

whether data was drawn from a normally distributed population (p< 0.05). 

 Pre-leaching of both 
sediment waste types 

(n=10) 

Post-leaching of both 
sediment waste types 

(n=10) 

  

 Median IQR Median IQR U p 

pH 8.05 6.48-9.53 7.8 6.6-8.58 51.5 0.94 

ORP 140.15 61.73-193.58 156.65 95.25-174.5 50 1 

EC 0.74 0.3-2.31 0.79 0.44-2.58 42 0.57 

Table 16. Mann-Whitney U analysis of the combined data set of colliery (n=5) and steel slag-based (n=5) 

geochemical parameters including pH, EC, and ORP pre and post leaching (p< 0.05) under deionised water 

conditions. 

 ORP (R.mv) pH EC (mS cm-1) 

Sample 

site 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

GTT1 208.2 163.2 -45 7 7.8 0.8 0.3 0.5 0.2 

MP1 75.5 152.2 76.7 8.6 7.6 -1.1 0.2 0.3 0.1 

DBB2 130.1 173.1 43.1 6.7 6.7 0.0 0.2 0.2 0 

HC1 173.7 161.1 -12.6 7.5 7.8 0.3 0.4 0.5 0.1 

WWF4 188.7 188.6 -0.1 5.8 6 0.2 1.7 2 0.3 

Table 17. Mean ORP (R.mv), pH, and EC (mS cm-1) values for colliery-based coastal legacy waste samples in 

deionised water before and after leaching (n=5). 
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 ORP (R.mv) pH EC (mS cm-1) 

Sample 

site 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

MP5 150.2 148.4 -1.9 8.9 7.8 -1.1 2.2 2.4 0.2 

HC4 215.3 178.7 -36.6 5.4 6.3 0.9 0.8 0.8 0 

MPC1 -26.8 -24.6 2.2 11.6 11.1 -0.4 2.6 3 0.4 

MPC4 82.3 114.5 32.2 9.2 8.1 -1.1 0.7 0.8 0.1 

WWF1 20.4 37.5 17.1 10.5 10 -0.5 3 3 0 

Table 18. Mean ORP (R.mv), pH, and EC (mS cm-1) values for steel slag-based coastal legacy waste samples in 

deionised water before and after leaching (n=5). 

 

 

 

 

Figure 11. A box-and-whisker plot depicting ORP (R.mv), pH, and EC (mS cm-1) values for colliery-based coastal 

legacy waste samples in deionised water before and after leaching (n=5). 
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Pearsons’s correlation coefficients analysis was carried out on the combined datasets to 

illustrate the inter-elemental relationship of dissolved trace elements (seen in table 19). Very 

high positive correlation coefficients with Al and Pb, Al and Cr, Al and Co, Al and Ni, As and Cr, 

As and V, Pb and Cu, V and Cr, Mn and Co, Mn and Cu, and Co and Ni. As Al and Mn are 

major elements (see section 4.1), this suggests that the dissolution/precipitation of Al/Mn in 

the sediment is an influential mechanism for related trace element mobility. This also 

appears the case for high positive correlation coefficients such as Cr and Ni, Al and V, Pb and 

Zn, and Co and Pb.  

  

Figure 12. A box-and-whisker plot depicting ORP (R.mv), pH, and EC (mS cm-1) values for steel slag-based coastal 

legacy waste samples in deionised water before and after leaching (n=5). 
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  Zn As Pb Al K V Cr Mn Co Ni Cu 

Zn Pearsons 
corr. 1.00 0.01 0.70 0.28 -0.07 0.28 0.11 -0.05 0.13 -0.07 0.66 

Sig -- 0.97 0.04 0.47 0.85 0.47 0.82 0.91 0.76 0.88 0.23 

As Pearsons 
corr.  1.00 0.01 0.38 0.31 0.92 0.98 -0.20 -0.10 -0.02 -0.27 

Sig  -- 0.99 0.28 0.41 <0.01 <0.01 0.57 0.81 0.97 0.61 

Pb Pearsons 
corr.   1.00 0.82 -0.29 0.40 0.20 0.16 0.79 0.66 0.98 

Sig   -- <0.01 0.45 0.26 0.64 0.66 0.01 0.05 <0.01 

Al Pearsons 
corr.    1.00 -0.20 0.67 0.81 0.10 0.87 0.84 0.71 

Sig    -- 0.61 0.03 0.02 0.79 <0.01 <0.01 0.11 

K Pearsons 
corr.     1.00 0.16 0.41 -0.04 -0.23 -0.47 -0.17 

Sig     -- 0.69 0.36 0.91 0.58 0.24 0.78 

V Pearsons 
corr.      1.00 0.97 -0.13 0.22 0.24 0.14 

Sig      -- <0.01 0.72 0.57 0.54 0.79 

Cr Pearsons 
corr.       1.00 -0.31 0.18 0.77 -0.05 

Sig       -- 0.46 0.71 0.04 0.94 

Mn Pearsons 
corr.        1.00 0.97 0.22 0.82 

Sig        -- <0.01 0.56 0.04 

Co Pearsons 
corr.         1.00 0.97 0.76 

Sig         -- <0.01 0.08 

Ni Pearsons 
corr.          1.00 0.56 

Sig          -- 0.33 

Cu Pearsons 
corr.           1.00 

Sig           -- 

Table 19. Pearsons's correlation coefficient values of dissolved element concentrations in deionised leachate, with 

high and very high positive correlations highlighted in bold. The significant correlation is tested on the level of p< 

0.05 (n=10). 
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The unique constitution of deionised water presents significant differences compared with 

forms of water seen in the environment (Verma and Kushwaha, 2014), including rainwater 

and seawater. As such, studies investigating element leaching potential in deionised water 

are not necessarily transferable to environmental waters. Furthermore, average element 

concentrations alongside concentration range and water quality guideline values for colliery 

sediment and steel slag leachate can be seen in tables 20 and 21, and figures 17 and 18. 

Potassium concentrations show the highest average concentrations of elements leached in 

deionised water, with 112.86mg/l in leached colliery sediments and 113.75mg/l in leached 

steel slag-based sediments. The Soluble K+ fraction in solutions has been investigated 

throughout the literature (Jalali and Jalali, 2022; Goulding et al, 2021) and can be attributed 

to the solubility potential of K salts in aqueous conditions (Merck, no date). The presence of 

K2CO3, KCl, and K2SO4  in coal fly ash has been documented by Wang et al (2019a). The 

subsequent mixing of salts can promote the dissolution of K salts, resulting in elevated 

leaching concentrations. The interaction between carbonic acid generated in deionised 

water through air exposure and (H₂CO₃) and K2CO3 is also worth considering (Izquierdo and 

Querol, 2012). 

Aluminium concentrations within deionised leachate make up the 2nd highest proportion of 

all detected elements, with an average concentration of 47.55mg/l in colliery sediments and 

18.97mg/l in steel slag sediments. The release of Al into a soluble form (Al3+), and other trace 

elements including Ni, Cr, Pb, Cu, and Zn throughout the literature illustrates that solubility is 

severely limited at near-neutral pH conditions, with the rate of solubility increasing 

approximately at <pH 6 and >pH 12 conditions (Kròl et al, 2020; Mahedi et al, 2019; 

Kryzevicius et al, 2019 Kommonweeraket et al, 2015; Garrabrants et al, 2004). An inverse 

pattern regarding Al is reflected in this study within deionised water, whereby dissolved Al 

concentrations are higher in near-neutral pH conditions than an acidic and basic pH, with 

other trace elements suggesting no pattern with pH. Studies investigating Al solubility reflect 

notable differences with this study during their leaching investigation, whereby Al leaching is 

investigated within a more homogenised matrix or through fundamental differences in the 

design of the leaching test (Mahedi et al, 2019; Semwal et al, 2006). This study presents very 

complex heterogeneous sediment matrixes, likely containing various large-scale inorganic 

impurities (such as Al(OH)3), which can inhibit changes in morphology, altering the solubility 

equilibrium when exposed to water (Wei et al, 2014). Soluble Al (Al3+) and other soluble 

trace elements within deionised water can be attributed to complex interactions between 

deionised water and metals within waste sediments, through the drawing of ions from 
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neighbouring metals. Changes enabling Al release into water can directly induce changes in 

other trace metal mobility (Vojteková et al, 2010). Furthermore, as mentioned previously, 

the significant correlation coefficient of Al with Cr, Co, Ni, and Pb suggests the release of Al 

increases the leached concentrations of the other metals. Additionally, within deionised 

water, a galvanic corrosion electrochemical process can occur when two dissimilar metals 

(primarily in their metallic form) are in contact while immersed in an electrolyte (enabled by 

elevated EC and temperature) (Selwyn, 2021; Hao et al, 2020; Gustafsson, 2011; Yang et al, 

2021). Additionally, galvanic corrosion has also been documented to occur between metals 

in their mineral form (Liu et al, 2008), suggesting the possibility of galvanic corrosion also 

having an influence on leachate concentrations from waste sediments, although the extent 

to which in this study is unknown. pH values were a result of ion exchange between 

deionised water and waste sediments, therefore had minimal influence on leachate 

concentrations. It is therefore hypothesised that initial ion exchange between deionised 

water and all elements detected contributed towards element mobility, especially with 

elements that highly correlate with each other (Sankar and Das, 2013; Velling, 2020; NASA, 

no date), with galvanic corrosion reactions potentially contributing to leached element 

concentrations in deionised leachate. 

No correlation coefficients could be established for Fe as concentrations were undetectable 

in steel slag-based waste type. Soluble Fe concentrations present elevated leachate 

concentrations in comparison to trace elements detected. Similar to Al, Fe compounds 

solubility in aqueous conditions are influenced by pH, with minimal solubility seen at pH 8-9 

(Baumgartner and Faivre, 2015). It is known that Fe-oxides and hydroxides play important 

roles within environmental chemistry, through element sorption and redox buffering 

(Baumgartner and Faivre, 2015) further influenced by the co-occurrence of Ca and Sulphate. 

The cooperation with Ca and Fe on trace element sorption can result in decreased dissolved 

trace element concentrations. As Ca concentrations were abundant in sediments, Fe and Ca 

cooperation may have resulted in the buffering of dissolved trace elements, more so at pH 

above neutral (Wikkie and Hering, 1996).  

Concentrations of Mn in deionised leachate represent the 3rd most leached element behind 

K and Al. More specifically, colliery leachate presents an average concentration of 4.4mg/l, 

whereas steel slag leachate presents an average concentration of 8.24mg/l. Manganese 

solubility is dependent on various factors including species, pH, ORP, and available anion 

characteristics (WHO, 2020). Typically, Mn2+ is the dominant aqueous form of Mn in water, 

with inorganic Mn present in oxide form. In < pH 6 waters, the favoured Mn form is very 



 MPhil Thesis 795123 

P a g e  | 83  Liverpool John Moores University 

soluble, whereas > pH 8.5 is indicative of insoluble Mn (Chriswell and Huang, 2006). 

Although, as Mn oxides and Mn silicate-based minerals are known to pertain to legacy waste 

(see section 4.1), Mn oxides and silicates are relatively insoluble in neutral waters, therefore 

processes previously hypothesised likely account for Mn concentration release alongside Co 

and Cu which positively correlate with Mn. 

Whilst Mg concentrations account for a considerable fraction in coastal legacy waste 

sediments (see section 4.1), the release of Mg was minimal across both waste types. 

Moreover, concentrations in colliery-based sediments were below detection limits, whereas 

steel slag leachate presented average concentrations of 0.39mg/l. This suggest that Mg-

based minerals were insoluble under deionised leachate conditions, and mechanisms 

hypothesised to mobilise elements were non-consequential on Mg. Moreover, the solubility 

of Mg differs depending on the Mg compound. Magnesium oxides are relatively water-

insoluble, suggesting that either Mg oxide makes up a significant majority of the Mg fraction 

in waste sediments and/or the presence of complex oxide species and Mg absorption, for 

instance binding onto Fe-based minerals (Wang et al, 2020) and gibbsite minerals (Katz et al, 

2013). It is evident that the mobilising influences pertaining to deionised water were non-

influential towards Mg, although further investigation is recommended to ascertain the 

mechanisms prohibiting Mg mobility in deionised leachate in complex waste sediment 

matrixes. 

Regarding trace elements, the availability of As and Cr in reservoir sediments was limited by 

the presence of Al, Fe, and total C, with Al oxides and hydroxides able to rapidly absorb As 

(Ngatia et al, 2021). More specifically, As concentrations in colliery leachate averaging 

0.63mg/l, with steel slag leachate averaging 0.12mg/l, whereas average Cr concentrations in 

colliery leachate and steel slag leachate averaging 0.07mg/l and 0.03mg/l. Whilst no 

significant correlations between As and Al were detected, this suggests Al dissolution can 

enable the release of bound As. Therefore, a relationship between Al and As cannot be 

definitively ruled out. In addition, Cr, As, and V participate in redox reactions between major 

elements Al, Mn, and Fe, with oxide major elements directly contributing to the oxidation of 

V, Cr, and As (Peel et al, 2022; Pahlevaninezhad et al, 2022). Elevated Cr concentrations is 

typical of Cr(VI) due to its relatively higher solubility and bioavailability than the more stable 

Cr(III) (Huggins et al, 2016; IARC, 2012) which is insoluble at near-neutral pH (Rai et al, 1987). 

Lead concentrations in deionised leachate are reflective of predominately insoluble Pb 

species within legacy waste sediments, dictating the overall speciation of Pb(II) speciation in 

water, with an average colliery concentration of 1mg/l and an average steel slag leachate 
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concentration of 1.07mg/l. PbCO₃ or Pb(CO₃)₂ are known for their potential solubility (Zha et 

al, 2021; Lenntech, no date), of which can pertain to coal/fly ash (Abdulla, 2020) and slag 

waste (Xu and Yi, 2022). Sample sites MPC4 and HC1 present Pb concentration anomalies of 

>4mg/l, however the pH range from near-neutral to mildly alkaline, indicative of reduced Pb 

solubility (Australian and New Zealand Guidelines for Fresh and Marine Water Quality, 2000), 

suggesting that pH is not the primary cause of Pb solubility, suggesting a higher proportion of 

PbCO₃ or Pb(CO₃)₂ than in other waste sediments. Leaching of Co in trace amounts was 

present across both colliery and slag waste types. More specifically, an average colliery 

leachate concentration of 0.09mg/l and 0.04mg/l for steel slag leachate. More specifically, an 

average colliery leachate concentration of 0.09mg/l and 0.04mg/l for steel slag leachate. The 

leaching of Co was dictated by pH conditions, with leaching near-neutral pH conditions 

limited. The differing Co species across all waste sediments could explain increased Co 

leachate concentrations in certain leachate samples, irrespective of pH. Cobalt chloride 

hexahydrate (CoCl2·6H2O) in room temperature is soluble in water (83.5g/100g H2O) (Merck, 

no date), whereas Co-based metals are predominately insoluble in water at room 

temperature. Moreover, alterations towards the silicate and glass fraction in waste 

sediments can also contribute to the dissolution of Co (Vítková et al, 2013). Trace amounts of 

dissolved Ni was detected within deionised leachate across both waste types. For example, 

an average colliery leachate concentration of 0.25mg/l and 0.09mg/l for steel slag leachate. 

The compound state also dictates the relative solubility of Ni, with NiO displaying leaching 

under distilled water conditions higher than saline conditions, as amino acids, proteins, and 

coexisting salts act as a leaching suppressant (Yamada et al, 1993). The lack of which, and the 

fluctuating pH conditions of the deionised water leachate explains leaching of Ni. 

Furthermore, significantly positive correlation relationships between Ni and Cr, and Ni and 

Co, suggesting the fate of these elements are tied to one-another, and the mechanisms 

enabling release into a soluble fraction are directly linked. Additionally, anomalies in trace 

metal concentrations within the leachate can be attributed to the complex composition of 

the sediment, still impacted by the same leaching processes as seen across the other 

deionised leachate samples. 

As mentioned previously regarding the composition and mobility mechanisms of deionised 

waters, it is unreasonable to determine the risk towards human and environmental 

receptors. Nevertheless, concentrations were compared to water quality guideline values to 

assess the hazard potential (see tables 20 and 21). As, Pb, Al, and Mn exceeded guideline 

values across a majority of leachate samples, whereas Cr, V, Ni, and Cu were exceeded in a 
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minority. Additionally, screening values established by the National Oceanic and Atmospheric 

Administration (NOAA) for Zn, K, Co, Fe, and Mg were also not exceeded amongst all 

leachate samples across both waste types. Nevertheless, concern for those elements is less 

than As, Pb, Al, and Mn. Leaching of elements within coastal legacy waste sediments under 

deionised water conditions presents hazardous element concentrations that exceed water 

quality guideline values. Whilst these results are not representative of rainwater and 

seawater conditions, this can serve as a warning about the possibility of leaching in legacy 

sites if action is not taken. 
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Leached 

elements 

Zn As Pb Al K V Cr Mn Co Ni Cu Fe 

Average 

concentration 

(mg/l) 

0.2 0.63 1 47.55 112.86 0.19 0.07 4.4 0.09 0.25 0.34 2.28 

Concentration 

range (mg/l) 

0.11-

0.3 

0.01-

2.95 

0.01-

4.47 

10-

117.36 

79.73-

159.25 

0.02-

0.63 

0.03-

0.18 

1.22-

12.93 

0.002-

0.36 

0.02-

1.01 

0.1-

0.72 

0.98-

4.68 

Drinking water 

quality 

guideline value 

(mg/l)  

120** 0.01* 0.01* 0.9* 373,000** 0.12* 0.05* 0.08* 1,500** 0.07* 2* 1,000** 

Table 20. Leached elements in a deionised water matrix detected through ICP-MS analysis of colliery-based waste 

sediments, presenting average element concentrations and concentration ranges (mg/kg) (n=5), in addition to the 

WHO drinking water quality guideline values* and National Oceanic and Atmospheric Administration freshwater 

screening values (Buchman, 2008)**. 

Leached 

elements 

Zn As Pb Al K V Cr Mn Co Ni Cu Mg 

Average 

concentration 

(mg/l) 

2.8 0.12 1.07 18.97 113.74 0.07 0.03 8.24 0.04 0.09 0.38 0.39 

Concentration 

range (mg/l) 

0.13-

11.19 

0.01-

0.52 

0.01-

5.22 

1.37-

69.5 

15.21-

181.57 

0.006-

0.33 

0.01-

0.07 

0.44-

29.86 

0.001-

0.11 

0.05-

0.15 

0.09-

0.82 

0.09-

0.82 

Drinking water 

quality 

guideline value 

(mg/l)  

120** 0.01 0.01 0.9 373,000** 0.12 0.05 0.08 1,500** 0.07 2 1,000** 

Table 21. Leached elements in a deionised water matrix detected through ICP-MS analysis of steel slag-based 

waste sediments, presenting average element concentrations and concentration ranges (mg/kg) (n=5), in addition 

to the WHO drinking water quality guideline values* and National Oceanic and Atmospheric Administration 

freshwater screening values (Buchman, 2008)**. 
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Figure 17. A box-and-whisker plot depicting the elements and their concentrations under an oxidising leaching 

experiment in deionised water conditions (mg/l) from colliery-based sediments (n=5). 

Figure 18. A box-and-whisker plot depicting the elements and their concentrations under an oxidising leaching 

experiment in deionised water conditions (mg/l) from steel slag-based sediments (n=5). 
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4.2.2. Concentration and leaching behaviour of elements within ARW leachant 

Element leaching under ARW conditions presents considerably reduced element 

concentrations in comparison to the deionised water leachant. The highest average dissolved 

element concentrations within colliery-based leachate are as follows: K (8.2mg/l) > Mn 

(0.9mg/l) > Co (0.004mg/l) > Ni (0.003mg/l), whereas K (12.3mg/l), whereas K was the only 

element found to have leached from steel slag-based sediments. Across both waste 

sediments, the majority of trace and major elements including Zn, As, Pb, Al, V, Cr, Cu, and Fe 

were below detection limits and were immobilised under ARW conditions, with Co, Ni, Mn, 

and Mg leaching from colliery-based sediments rather than steel slag-based. 

Geochemical factors influencing element mobility in aqueous conditions are similar across all 

aqueous leachants including ORP, pH, and EC, however, leaching mechanisms can differ 

between deionised water and rainwater, for example, the leaching strength of low ionic 

strength deionised water can leach directly from the soil and sediment matrix whilst 

significantly changing the chemical composition of bioretention media (Stahnke and Poor, 

2017), unlike other forms of water. ARW pH before introduction to leachate introduction was 

5.6. The Shapiro-Wilk distribution test carried out on geochemical parameters including pH, 

EC, and ORP for each individual waste type pre and post leaching alongside Mann-Whitney U 

test of difference concluded significant difference in EC values between pre-leaching and 

post-leaching values of colliery sediment, and also steel slag-based sediments. Additionally, 

EC values significantly differed between post-leaching colliery sediments and post-leaching 

steel slag-based sediments. Furthermore, no significant differences in pH, and ORP pre and 

post leaching, and also no difference between sediment types (see tables 22-26). pH values 

vary from acidic to alkaline across both waste types, indicating that pH values are a result of 

the complexities of individual sediments rather than waste type (seen in tables 27 and 28, 

and figures 19 and 20). No statistical difference was determined between waste types, 

however notable changes in pH of >2 were found in samples GTT1, MP1, DBB2, MP5, and 

MPC1. As mentioned previously, pH variability in waste sediments can vary drastically, with 

pH reaching more neutral conditions over an extended period of time (Roy and Berger, 

2011). The readily available Ca and S fraction under ARW conditions in sediments explains 

variations in pH, with agitation altering Ca and S ratio within sediments (as mentioned 

previously). Similar to deionised leachate, ORP decreased to near neutral/negative as pH 

increases (seen in tables 27 and 28, and figures 19 and 20). As mentioned previously, ORP 

decreases as pH increases due to the reducing agents present. EC values were similar across 

all ARW leachate samples (seen in tables 27 and 28, and figures 19 and 20). ARW EC values 
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are above EC values within other studies (Zdeb et al, 2018; Jonsson and Vonnegut, 1991) due 

to salts consumed to replicate rainwater.  

Furthermore, regarding EC and pH values of steel slag-based leachate, post leaching 

displayed a reduction across the majority of leachate samples. This is contradictory to 

previous literature establishing elevated values of pH and EC post leaching in deionised water 

and seawater conditions (Riley et al, 2024; Hobson et al, 2018), as there is a positive 

correlation between dissolved Ca and increases in pH. One potential explanation is that 

dissolution of soluble Na hydroxides tends to initially buffer the increase in pH associated 

with slower reacting Ca silicates pertaining to steel slag waste (at >pH12). However, 

carbonate dissolution over a prolonged period becomes the more dominant factor altering 

pH (Gomes et al, 2016). However, further research is necessary to accurately determine the 

cause of reduced pH and EC values post leaching within steel slag leachate. Nevertheless, 

this highlights the complexities of real-world environmental conditions. 

It is worth noting that traces of contamination were detected throughout some ARW 

leachate samples, likely due to constraints with instruments to determine ORP, EC, and pH. 

Whilst thorough cleaning was carried out, special attention is required during the cleaning 

process. However, cross-contamination concentrations were minimal and therefore had little 

to no significant consequences on the discussion. 
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 Pre-leaching colliery sediment waste 
type 

Pre leaching steel slag sediment 
waste type 

 df statisitc p df statistic p 

pH 5 0.93499 0.6308 5 0.95509 0.77345 

ORP 5 0.94036 0.66847 5 0.87099 0.27044 

EC 5 0.80563 0.08999 5 0.84238 0.17162 

Table 22. Shapiro-Wilk normality test of individual geochemical factors in ARW from colliery-based and steel slag-

based waste sediments including pH, ORP (R.mv), and EC (mS cm-1) prior to leaching, to determine whether data 

was drawn from a normally distributed population (p< 0.05). 

 Pre-leaching colliery 
sediment waste type 

(n=5) 

Post-leaching colliery 
sediment waste type  

(n=5) 

  

 Median IQR Median IQR U p 

pH 6.9 5.8-7.65 8.3 6.6-10.55 6 0.21 

ORP 145.6 103.7-159.6 101.3 -50.3-162.4 17 0.4 

EC 12.2 12-12.6 13.2 12.45-13.8 2 0.04 

Table 23. Mann-Whitney U analysis of colliery-based sediment pre (n=5) and post-leaching (n=5) data sets for 

geochemical parameters including pH, EC, and ORP pre and post leaching under ARW conditions (p< 0.05). 

 Pre-leaching steel slag 
sediment waste type 

(n=5) 

Post-leaching steel slag 
sediment waste type  

(n=5) 

  

 Median IQR Median IQR U p 

pH 8.4 6.5-10.3 7.6 6.05-7.85 19 0.2 

ORP 69 -105.7-123 134.2 118-171.15 3 0.06 

EC 13.6 12.5-13.8 12.1 11.95-12.65 23 0.03 

Table 24. Mann-Whitney U analysis of steel-slag-based sediment pre (n=5) and post-leaching (n=5) data sets for 

geochemical parameters including pH, EC, and ORP pre and post leaching under ARW conditions (p< 0.05). 

 Post-leaching colliery sediment waste 
type 

Post leaching steel slag sediment 
waste type 

 df statistic p df statistic p 

pH 5 0.94845 0.73 5 0.88678 0.34 

ORP 5 0.96324 0.83 5 0.97515 0.91 

EC 5 0.8938 0.38 5 0.76764 0.04 

Table 25. Shapiro-Wilk normality test of individual geochemical factors in ARW from colliery-based and steel slag-

based waste sediments including pH, ORP (R.mv), and EC (mS cm-1) post leaching, to determine whether data was 

drawn from a normally distributed population (p< 0.05). 
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 Pre-leaching of both 
sediment waste types 

(n=10) 

Post-leaching of both 
sediment waste types 

(n=10) 

  

 Median IQR Median IQR U p 

pH 7.45 5.85-8.78 7.75 6.18-8.78 46 0.79 

ORP 106.3 55.53-152.13 126.9 78.88-164.28 40 0.47 

EC 12.5 12.18-13.63 12.45 12.08-13.33 52.5 0.88 

Table 26. Mann-Whitney U analysis of the combined data set of colliery (n=5) and steel slag-based (n=5) 

geochemical parameters including pH, EC, and ORP pre and post leaching (p< 0.05) under ARW conditions. 

 

 ORP (R.mv) pH EC (mS cm-1) 

Sample 

site 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

GTT1 145.6 -112.2 -257.8 6.9 10.9 4 12.2 
13.2 

1 

MP1 86.2 11.6 -74.6 8.2 10.2 2 11.9 

13.9 

2 

DBB2 167.9 101.3 -66.6 5.9 8.3 2.4 12.1 

13.7 

1.6 

HC1 121.2 122.4 1.2 7.1 7.9 0.8 12.2 
12.4 

0.2 

WWF4 151.3 202.4 51.1 5.7 5.3 -0.4 13 

12.5 

-0.5 

Table 27. Mean ORP (R.mv), pH, and EC (mS cm-1) values for colliery-based coastal legacy waste samples in ARW 

before and after leaching (n=5). 

 

 ORP (R.mv) pH EC (mS cm-1) 

Sample 

site 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

MP5 69 157.4 88.4 8.4 6.3 -2.1 13.7 12 -1.7 

HC4 154.6 184.9 30.3 5.2 5.8 0.6 12.6 13.1 0.5 

MPC1 -218.5 134.2 352.7 10.7 7.6 -3.1 13.6 12.1 -1.5 

MPC4 91.4 131.4 40.1 7.8 7.6 -0.2 12.4 12.2 -0.2 

WWF1 7.1 104.6 97.5 9.9 8.1 1.8 13.9 11.9 -2 

Table 28. Mean ORP (R.mv), pH, and EC (mS cm-1) values for steel slag-based coastal legacy waste samples in 

ARW before and after leaching (n=5). 
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Figure 19. A box-and-whisker plot depicting ORP (R.mv), pH, and EC (mS cm-1) values for colliery-based coastal 

legacy waste samples in ARW before and after leaching (n=5). 

Figure 20. A box-and-whisker plot depicting ORP (R.mv), pH, and EC (mS cm-1) values for steel slag-based coastal 

legacy waste samples in ARW before and after leaching (n=5). 
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Potassium concentrations similarly to deionised leachate account for the majority of total 

dissolved elements leached from the sediment matrix, with the aforementioned average 

element concentrations for both waste sediments in ARW leachant seen in tables 29 and 30. 

However, concentrations are considerably different across both waste types in comparison 

between deionised and ARW, with K concentrations notably higher in deionised water 

leachate than ARW leachate. Leaching of colliery sediments presented concentrations of 

dissolved Mn, Co, Ni, and Mg. Significant differences in Mn and Ni concentrations were 

observed between ARW and deionised leachate, with the exception of Co concentrations 

(see table 31). 

The sorption of trace elements including As, V, Cu, Pb, and Cd is greatly increased with the 

presence of Ca, with the release of readily soluble K+, Na+, Ca2+ and Mg2+ cations, facilitating 

the bonding of trace elements to negatively charged surfaces (Zheng et al, 2012). This aligns 

with previous investigations examining element mobility in coal fly ash sediments (Hartuti et 

al, 2018). The elevated Ca2+ concentrations detected in steel slag-based waste suggests 

sorption is further pronounced in steel slag-based leachate, explaining the further lack of 

leaching in comparison to colliery waste. Additionally, contrary to prior literature (Ghisman et 

al, 2022), in this scenario, pH does not appear to be a significant influence on element 

mobility, as seen be pH values increasing when in contact with legacy waste sediments. 

Furthermore, the leachability of Fe in fly ash sediments can restricted, due to strong bonding 

of Fe to ash particulates (Verma and Verma, 2019). There are variations throughout the 

literature regarding element mobility, concerning elevated and reduced element 

concentration in leachates. For instance, Singh et al (2007) performed leaching experiments 

on pond fly ash collected from numerous thermal power plants. Leached elements differed 

from site to site, with Mn and Cu below detection limits at the Durgapur power plant, though 

differed at the remaining stations, and moreover, Pb was also found to not be detected 

amongst all leachates. Whilst no definitive conclusions on the precise mechanisms were 

found, it was determined that the leachate characteristics are attributed to sediment 

properties, hence the differences in leached elements and concentrations found across the 

sites. Similarly, the unique sediment characteristics across coastal legacy waste sites in this 

study are limiting the leaching of elements under ARW conditions. 

In terms of toxicity, leached concentrations in ARW were less hazardous than in deionised 

leachate. More specifically, only Mg in 3 of 5 leachate samples in colliery leachate exceeded 

WHO drinking water quality guideline values (2022), and as such suggesting that oxidised 

rainwater leaching is of low concern under pH 5.6 conditions. 
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The chemical composition of rainwater differs across regions and countries (Kassamba-Diaby 

et al, 2022; Sanusi et al, 1996). The ARW produced in this study is more representative of 

rural conditions in North Wales and therefore anthropogenic sources of pollution are less 

influential on rainwater composition, and the occurrence of marine salts in rainwater was 

not considered (Kassamba-Diaby et al, 2022; Al Obaidy et al, 2006). Nevertheless, rainwater 

produced for this study is more representative than deionised water, which has been used 

throughout the literature to represent rainwater (Linh et al, 2020; Takahashi and Shinaoka, 

2012). Leaching under ARW conditions presents reduced concentrations compared to 

deionised water, likely explained by the interactions only occurring in deionised water such 

as its instability and dissolution of minerals to achieve equilibrium, and a lesser extent 

corrosion. The hypothesised mechanisms for dissolution in deionised water do not apply due 

to the severe differences in the water matrixes. Furthermore, it is hypothesised that the 

release of Ca facilitates the bonding process of trace metals, prohibiting mobilisation into a 

readily available form. 
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Leached 

elements 

Zn As Pb Al K V Cr Mn Co Ni Cu Fe 

Average 

concentration 

(mg/l) 

n/a n/a n/a n/a 8.2 n/a n/a 0.9 0.004 0.003 n/a n/a 

Concentration 

range (mg/l) 

n/a n/a n/a n/a 0.5-21.6 n/a n/a 0.08-

1.8 

0.003-

0.005 

0.002-

0.004 

n/a n/a 

Drinking 

water quality 

guideline 

value (mg/l)  

120** 0.01* 0.01* 0.9* 373,000** 0.12* 0.05* 0.08* 1,500** 0.07* 2* 1,000** 

Table 29. Leached elements in ARW matrix detected through ICP-MS analysis of colliery-based waste sediments, 

presenting average element concentrations and concentration ranges (mg/kg) (n=5), in addition to the WHO 

drinking water quality guideline values* and National Oceanic and Atmospheric Administration freshwater 

screening values (Buchman, 2008)**. 

 

Leached 

elements 

Zn As Pb Al K V Cr Mn Co Ni Cu Fe 

Average 

concentration 

(mg/l) 

n/a n/a n/a n/a 12.3 n/a n/a n/a n/a n/a n/a n/a 

Concentration 

range (mg/l) 

n/a n/a n/a n/a 6-18.5 n/a n/a n/a n/a n/a n/a n/a 

Drinking water 

quality 

guideline 

value (mg/l) 

120** 0.01* 0.01* 0.9* 373,000** 0.12* 0.05* 0.08* 1,500** 0.07* 2* 1,000** 

Table 30. Leached elements in ARW matrix detected through ICP-MS analysis of steel slag-based waste sediments, 

presenting average element concentrations and concentration ranges (mg/kg) (n=5), in addition to the WHO 

drinking water quality guideline values* and National Oceanic and Atmospheric Administration freshwater 

screening values (Buchman, 2008)**. 

 Deionised leachate  
 

ARW leachate   

Elements Median IQR Median IQR U p 

Mn 2.7 1.78-7.86 0.87 0.39-1.38 24 0.02 

Co 0.02 0.008-0.19 0.003 0-0.004 22 0.06 

Ni 0.02 0.02-0.58 0.003 0.001-0.004 25 0.01 

Table 31. Mann-Whitney U analysis of individual elements leached in deionised water (n=5) and ARW (n=5) 

conditions from colliery-based sediments (p< 0.05). 
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4.2.3. Concentration and leaching behaviour of elements within ASW leachant 

The leaching of hazardous sediments under ASW was the lowest across all leachants in this 

study. More specifically, across both waste sediments, all elements leached except Mn were 

undetected, with Mn concentrations presenting minimal leaching. More specifically, average 

leached Mn colliery was 0.4mg/l, whereas steel slag leachate was 0.08mg/l.  

The Shapiro-Wilk distribution test carried out on geochemical parameters including pH, EC, 

and ORP for each individual waste type pre and post leaching alongside Mann-Whitney U 

test of difference concluded no significant differences detected in pH, EC, and ORP across 

different sediment types, and prior and post leaching (seen in tables 32-36). The majority of 

ASW leachate samples (8 of 10) present a decrease in pH from the blank ASW sample of 8.4. 

pH values are near-neutral, with samples sites MPC1 and WWF1 are within mild alkalinity 

range (seen in tables 32-36, and figures 21 and 22). Moreover, there was no statistical 

difference between pH before and after leaching. As mentioned previously, the leaching 

mechanisms differ from previous leachants, and changes in pH are a result of individual 

waste sediments rather than waste type specific, as pH varies across all leachate samples. 

Whilst not considered a substantial contributor to the decrease of ASW pH, aged plastic 

particulates are exposed to weathering and sunlight (Romera-Castillo et al, 2023). 

Nevertheless, whilst not hypothesised to have a significant influence on pH conditions in a 

laboratory setting, environmental conditions where waste plastics are more apparent may 

notably contribute to a reduction in pH, having additional consequences on the mobilisation 

of elements with lower pH solubility. Additionally, EC values (seen in tables 32-36, and figures 

21 and 22) fall within surface conductivity values seen in UK seawaters (Tyler et al, 2017). 

The presence of waste sediments did not impact conductivity values pre and post-leaching. 

As for ORP, similar to previous leachants, ORP values (seen in tables 32-36, and figures 21 

and 22) decreased to near neutral/negative as pH increases. ORP values remain positive post 

leaching, although sample WWF1 presents differs, as ORP values post-leaching increase to 

97.7 R.mv at pH 9.5, suggesting the absence of reducing agents available within this 

individual sediment matrix. Furthermore, there was no statistical difference between ORP, 

and EC before and after sample leaching, and additionally, no statistical differences in 

geochemical parameters between waste types. 
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 Pre-leaching colliery sediment waste 
type 

Pre leaching steel slag sediment 
waste type 

 df statistic p df statistic p 

pH 5 0.94888 0.7292 5 0.95104 0.74459 

ORP 5 0.80994 0.09742 5 0.76979 0.04493 

EC 5 0.82827 0.13502 5 0.87247 0.27658 

Table 32. Shapiro-Wilk normality test of individual geochemical factors in ASW from colliery-based and steel slag-

based waste sediments including pH, ORP (R.mv), and EC (mS cm-1) prior to leaching, to determine whether data 

was drawn from a normally distributed population (p< 0.05). 

 Pre-leaching colliery 
sediment waste type 

(n=5) 

Post-leaching colliery 
sediment waste type  

(n=5) 

  

 Median IQR Median IQR U p 

pH 7.5 6.95-7.8 7.3 6.65-7.75 15.5 0.6 

ORP 124.9 120.6-167 133.2 120.5-160.7 11 0.83 

EC 43.6 43.5-43.8 43.3 43.2-43.8 19 0.2 

Table 33. Mann-Whitney U analysis of colliery-based sediment pre (n=5) and post-leaching (n=5) data sets for 

geochemical parameters including pH, EC, and ORP pre and post leaching under ASW conditions (p< 0.05). 

 Pre-leaching steel slag 
sediment waste type 

(n=5) 

Post-leaching steel slag 
sediment waste type  

(n=5) 

  

 Median IQR Median IQR U p 

pH 8.1 7.25-9.45 8.1 7.15-9.85 12 1 

ORP 116.6 -117.45-131.5 107 48.95-161.95 9 0.53 

EC 44.3 43.95-44.65 44.1 43.65-44.7 13.5 0.92 

Table 34. Mann-Whitney U analysis of steel-slag-based sediment pre (n=5) and post-leaching (n=5) data sets for 

geochemical parameters including pH, EC, and ORP pre and post leaching under ASW conditions (p< 0.05). 

 Post-leaching colliery sediment waste 
type 

Post leaching steel slag sediment 
waste type 

 df statistic p df statistic p 

pH 5 0.99444 0.99271 5 0.96778 0.86084 

ORP 5 0.97026 0.87691 5 0.94056 0.66987 

EC 5 0.78616 0.0622 5 0.85044 0.1959 

Table 35. Shapiro-Wilk normality test of individual geochemical factors in ASW from colliery-based and steel slag-

based waste sediments including pH, ORP (R.mv), and EC (mS cm-1) post leaching, to determine whether data was 

drawn from a normally distributed population (p< 0.05). 
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 Pre-leaching of both 
sediment waste types 

(n=10) 

Post-leaching of both 
sediment waste types 

(n=10) 

  

 Median IQR Median IQR U p 

pH 7.8 7.13-8.38 7.65 6.8-8.45 54 0.79 

ORP 124.4 86.63-135.35 132.85 104.68-156.75 41 0.52 

EC 43.8 43.6-44.38 43.65 43.28-44.25 60 0.47 

Table 36. Mann-Whitney U analysis of the combined data set of colliery (n=5) and steel slag-based (n=5) 

geochemical parameters including pH, EC, and ORP pre and post leaching (p< 0.05) under ASW conditions. 

 ORP (R.mv) pH EC (mS cm-1) 

Sample 

site 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

GTT1 117.3 133.2 15.9 7.5 7.3 -0.2 43.4 43.2 -0.2 

MP1 124.9 108.5 -16.4 8 8 0 43.6 43.2 -0.4 

DBB2 189.2 132.5 -56.7 7.3 6.9 -0.4 43.6 43.5 -0.1 

HC1 123.9 152.8 28.9 7.6 7.5 -0.1 43.6 43.3 -0.3 

WWF4 144.8 168.6 23.8 6.6 6.4 -0.2 44 44.1 0.1 

Table 37. Mean ORP (R.mv), pH, and EC (mS cm-1) values for colliery-based coastal legacy waste samples in ASW 

before and after leaching (n=5). 

 ORP (R.mv) pH EC (mS cm-1) 

Sample 

site 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

Pre- 

agitation 

mean 

value 

Post- 

agitation 

mean 

value 

Difference 

after 

agitation 

MP5 116.6 107 -9.6 8 8.1 0.1 44.3 44.7 0.4 

HC4 132.2 180.6 48.4 6.5 6.5 0 44.3 43.6 -0.6 

MPC1 -231.6 0.2 231.8 9.7 10.2 0.5 44.7 44.1 -0.6 

MPC4 130.8 143.3 12.5 8.1 7.8 0.3 43.6 43.7 0.1 

WWF1 -3.3 97.7 100.7 9.2 9.5 0.3 44.6 44.7 0.1 

Table 38. Mean ORP (R.mv), pH, and EC (mS cm-1) values for steel slag-based coastal legacy waste samples in 

ASW before and after leaching (n=5). 
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Figure 14. A box-and-whisker plot depicting ORP (R.mv), pH, and EC (mS cm-1) values for steel slag-based coastal 

legacy waste samples in ASW before and after leaching (n=5).  

Figure 13. A box-and-whisker plot depicting ORP (R.mv), pH, and EC (mS cm-1) values for colliery-based coastal 

legacy waste samples in ASW before and after leaching (n=5). 
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The aforementioned average leached element concentrations within ASW leachate can be 

seen in tables 39 and 40. The release of element concentrations in waste sediments through 

the inundation of seawater has been linked to soluble metal complexes Cl− and SO4 2− anions 

and competition for sorption sites (Brand and Spencer, 2020). This study contrasts previous 

suggestions made under saline conditions, with a lack of released metals present in the 

leachate. The biogeochemical properties of carbonate minerals can prohibit the sorption of 

trace elements and incorporate them into the mineral constitution (Smrzka et al, 2019; 

Wang et al, 2019b). CaCO3 is soluble under seawater conditions, forming Ca and Hydrogen 

carbonate ions (Anderson, 2013), and the presence of Ca can enable sorption mechanisms 

with trace elements in a precipitate form, altering the solubility state, and adding to the 

complexity of the sediment (Wise and Gilburt, 1981). Furthermore, the precipitation of 

poorly soluble carbonates and hydroxides presents sorption opportunities for heavy metals 

including As, Zn, Cu, Cd, and As through ion exchanges (Wierzba et al, 2022; Hunter et al, 

2020). Additionally, as mentioned previously, Cl concentrations were detected using SEM 

analysis, although only within a small minority of sites, suggesting the Cl-based minerals 

were less abundant overall in waste sediments. It is therefore hypothesised that the lack of 

competition for sorption sites between trace elements with Ca2+ is enabling the precipitation 

of trace elements, thus immobilising hazardous element concentrations within the waste 

sediment. It is worth mentioning that there were ICP-MS detection issues when investigating 

Mg and K concentrations, likely attributable to the exceedingly high concentrations of 

dissolved Mg and K solids from sea salts used to produce the ASW leachant. Mg 

concentrations were therefore undetectable, whereas K concentrations were exceedingly 

high. 

Leached concentrations fall within WHO (2022) drinking water quality guideline values and 

National Oceanic and Atmospheric Administration screening values (see tables 39 and 40). 

Whilst seawater consumption is not necessarily a concern, guideline values can be used 

utilised to make judgements on either accidental consumption or concentrations that can 

potentially re-attenuate into sediments. Overall, this study presents oxidised ASW leachate 

concentrations as non-hazardous in relation to the elements analysed. However, it is 

recommended that further leachate tests be carried out under different conditions at 

different timescales to determine the risk factors in a wider variety, as this method only 

represents one controlled transport pathway. For instance, batch leaching tests with changes 

in timescales could reflect real-world conditions rather than constant stable exposure in a 

laboratory setting. Secondly, simulating weather events would help to determine whether 
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changes in leached concentrations are detected, thereby reflecting the influence of real-

world weather variability on leaching rates. Additionally, the use of column leaching tests to 

simulate the movement of water percolating through porous and granular waste material 

and the fate of PTEs transported (Siddique et al, 2010). 

 

Leached elements Zn As Pb Al K V Cr Mn Co Ni Cu Fe 

Average 

concentration 

(mg/l) 

n/a n/a n/a n/a n/a n/a n/a 0.4 n/a n/a n/a n/a 

Concentration 

range (mg/l) 

n/a n/a n/a n/a n/a n/a n/a 0.1-

0.8 

n/a n/a n/a n/a 

Drinking water 

quality guideline 

value (mg/l)  

90** 0.01* 0.01* 0.9* n/a 0.12* 0.05* 0.08* 1** 0.07* 2* 300** 

Table 39. Leached elements in ASW matrix detected through ICP-MS analysis of colliery-based waste sediments, 

presenting average element concentrations and concentration ranges (mg/kg) (n=5), in addition to the WHO 

drinking water quality guideline values* and National Oceanic and Atmospheric Administration marine water 

screening values (Buchman, 2008)**. 

Leached elements Zn As Pb Al K V Cr Mn Co Ni Cu Fe 

Average 

concentration 

(mg/l) 

n/a n/a n/a n/a n/a n/a n/a 0.08 n/a n/a n/a n/a 

Concentration 

range (mg/l) 

n/a n/a n/a n/a n/a n/a n/a 0.01-

0.14 

n/a n/a n/a n/a 

Drinking water 

quality guideline 

value (mg/l)  

90** 0.01* 0.01* 0.9* n/a 0.12* 0.05* 0.08* 1** 0.07* 2* 300** 

Table 40. Leached elements in ASW matrix detected through ICP-MS analysis of steel slag-based waste sediments, 

presenting average element concentrations and concentration ranges (mg/kg) (n=5), in addition to the drinking 

water quality guideline values* and National Oceanic and Atmospheric Administration marine water screening 

values (Buchman, 2008)**. 
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4.3. Implications 

This study examines the levels of PTEs found in coastal waste sites in the North West of 

England and North Wales which are comprised of colliery and steel slag. The findings align 

with previous research that describes these sites as "significantly hazardous waste" (Brand et 

al, 2018), indicating that they are a major source of inorganic contaminant pollution. Out of 

the 12 trace elements that were detected, 7 of them in steel slag-based waste and 8 of them 

in colliery-based waste exceed Canadian sediment quality guideline values, highlighting the 

potential of toxic implications on human and other environmental receptors through 

interaction with the contaminated sediments. To add further perspective, there are 

approximately 420 coastal legacy waste sites within 100m proximity of designated ecological 

sites. This includes 120 SSSI locations, 47 OSPAR marine protected areas, and 37 Ramsar 

sites. Additionally, 128 designated UK bathing zone areas in England are situated within this 

proximity (Irfan, 2019; Brand et al, 2018), thus supporting the statement by Riley et al (2022) 

labelling coastal legacy waste sites as “ticking time bombs.” It is unreasonable to generalise 

element concentrations by waste type at this stage, as element concentrations vary across 

sample sites, with instances of exceeded guideline values present at a minority of sample 

sites. It is vital for further assessments of element concentrations across coastal legacy waste 

sites across England and Wales given the hazardous waste present. Further investigation with 

a larger and broader sample size will provide a further in-depth understanding of total 

element concentrations and element speciation, thus potentially identifying further 

similarities and differences between waste types. Unfortunately, it was not possible to 

determine the forms of each specific element and the minerals present in colliery and steel 

slag waste sediments. Therefore, this study recommends using X-ray diffraction spectrometry 

for mineralogical analysis and X-ray absorption spectroscopy for element species 

identification (as seen in Byrne et al, 2016) for future analysis. This will allow for less 

speculative insight into element mobility potential. Furthermore, identifying element species 

will provide greater clarity regarding the level of toxicity, therefore providing a further 

understanding of the hazardous contents present in coastal legacy waste sediments, and also 

the risk to environmental receptors. 

The findings from the leaching experiments emphasise the limited leaching potential of PTEs 

within highly contaminated sediments under oxidating ARW and ASW conditions in 

comparison to deionised leachate results. Unfortunately, element mobility in coastal legacy 

waste is multifaceted, with additional pollution pathways including anoxic environmental 

conditions, and a combination of coastal erosion of legacy waste and aeolian transportation 
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of subsequent landfill particulates (Nicholls et al, 2021). Under reducing conditions, 

anaerobic organisms can alter the bonding mechanisms of oxide-based minerals, enabling 

the distribution of previously bound elements (Lynch et al, 2014). Percolation of leachant 

into sub-surface sediments can temporarily mobilise bound elements, proceeded by re-

attenuation within the leachate plume boundary (Brand et al, 2018). Seafloor erosion can 

expose the leachate plume and enable the release of bound contaminants, acting as a 

considerable source of diffuse pollution. Additionally, direct coastal erosion of legacy waste 

sites can have a severely detrimental impact on the surrounding environment, exacerbated if 

there is a catastrophic failure of the landfill structure. Further transferred by aeolian 

mechanisms, large quantities of highly contaminated sediments transported into ecologically 

sensitive environments can have negative consequences for the aforementioned 420 coastal 

legacy waste sites within a 100m proximity to ecologically protected sites (Brand and 

Spencer, 2019). It is paramount that management of our coastal legacy landfills is carried 

out, as the increasing impacts of climate change through sea-level-rise and increasing 

weather events and intensities progressively act as a destructive force, able to mobilise 

bound contaminants and redistribute directly onto sensitive environmental receptors, 

causing irreparable damage. 

A surprising finding observed in this study regards how current leaching methods are 

performed under oxidising conditions. The findings in this study reflect the considerable 

differences in element leaching potential based on the leachant, with deionised water 

exhibiting a greater leaching potential than ASW and ARW. Presently, the current British 

standard leaching method (BS EN 12457-2-2002) still uses deionised water as a standard 

leachant to determine the leaching potential of soils and sediments, as seen throughout the 

literature (see Kang et al, 2020; Gitari et al, 2018; Silva et al, 2011; Donatello et al, 2012). It is 

imperative that adaptations are made to the standard leaching method such as artificially 

producing rainwater and seawater in a laboratory setting or collecting aqueous samples at 

the sample site to further represent real-world saline conditions, further reflected by steel 

slag-based leachate values for pH and EC post leaching, with decreased values post leaching, 

therefore highlighting that leaching behaviours cannot be accurately predicted using 

standard methods. Current leaching results imply that deionised water leachant considerably 

overestimates the real-world problem of hazardous element mobility in leachates. Changes 

made to the British standard method could have direct management implications, potentially 

changing perceptions on the hazard risk rating of coastal legacy waste hazards, allowing for a 

more targeted approach to landfill management and risk mitigation.  
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5. Conclusions 

This study looked to examine two key research questions that address the aim of establishing 

the environmental risk of potentially toxic elements situated within coastal legacy landfills. 

1. What is the geochemical composition of coastal legacy waste sediments? 

2. What is the leaching potential of potentially toxic elements from coastal legacy waste 

under various oxidised aqueous environmental matrixes? 

The composition of coastal legacy waste sites across the North West of England and North 

Wales are very complex, with diverse array of pollutants attributed to the region’s historical 

industrial practices, mainly colliery and steel-based in this study. Nevertheless, ICP analysis of 

the two waste type sediments classified in this study, namely colliery-based and steel slag-

based, determined significantly hazardous element concentrations pertaining to both waste 

sediments. More specifically, across colliery waste sediments, V, Cr, Se, Ni, Tl, As, Cu, and Pb 

trace element concentrations exceed Canadian SGVs at the majority of colliery sediments, 

whereas across steel slag-based sediments V, Cr, Ni, Se, As, Sb, and Cu concentrations exceed 

Canadian SGVs. This study recommends mineralogical analysis to determine the species of 

elements within the sediment, to further understand the mechanisms enabling/hindering 

the mobility of elements. 

Under oxidising leachate conditions, the leaching potential of coastal legacy waste sediments 

differs. For instance, deionised water leachate presented considerably elevated leached 

element concentrations in contrast to ARW and ASW leachants. Moreover, under deionised 

water conditions, the majority of total leachate samples presented elevated concentrations 

of Al, As, Pb, and Mn, that exceeded WHO drinking water quality guideline values, with Cu, 

Cr, V, and Ni exceeding WHO drinking water guideline values in a minority of samples. ARW 

leaching was substantially less than deionised, as seen by only leached Mg concentrations in 

a majority of colliery-based sediments exceeding WHO drinking water quality guideline 

values. Furthermore, no leaching was under ASW conditions. However, instrumental issues 

did impede the analysis of K and Mg concentrations in ASW conditions. Nevertheless, 

oxidising leachate conditions under real world conditions present minimal leaching of 

elements, thus not a concern. However, oxidising leachate conditions are only one transport 

pathway. Other pathways likely present a greater cause for concern. It is recommended that 

further studies investigating different transport pathways is conducted to broaden the scope 

of understanding the risks of inorganic element mobilisation and the subsequent risk on the 

surrounding environmental receptors. Additionally, significant differences in deionised 
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leachate results in comparison to artificial leachates. Therefore, it is recommended that BS 

EN 12457-2-2002 is updated to reflect the differences in aqueous matrixes that appear to 

have a significant influence on the mobilisation of elements in waste sediments. 

The findings in this report reinforces the previous statement regarding coastal legacy waste 

sites as ‘ticking time-bombs’ (Riley et al, 2022). The leaching potential of these inorganic 

contaminants are highly determined by the leachant under oxidised conditions. Leaching 

potential is minimal under environmentally representative conditions, although is 

considerably higher under deionised water conditions.  
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