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Solid wastes deposited in the coastal zone that date from an era of lax environmental regulations continue to pose significant challenges for regulators and coastal managers worldwide. The increasing risk of contaminant release from these legacy disposal sites, due to a range of factors including rising sea levels, associated saline intrusion, and greater hydrological extremes, have been highlighted by many researchers. Given this widespread challenge, and the often-limited remedial funds available, there is a pressing need for the development of new advanced site prioritization protocols to limit potential pollution risks to sensitive ecological or human receptors. This paper presents a multi-criteria decision analysis that integrates the principles of Conceptual Site Models (Source-Pathway-Receptor) at a national scale in England and Wales to identify legacy waste sites where occurrence of pollutant linkages are most likely. A suite of spatial data has been integrated in order to score potential risks associated with waste type (Source), likelihood of pollutant release relating to current and future flood and erosion climate projections, alongside current management infrastructure (Pathway), and proximity to sensitive ecological features or proxies of human use in coastal areas (Receptors). Of the 30,281 legacy waste deposits identified in England and Wales, 3,219 were located within the coastal zone, with coastal areas containing a density of legacy wastes (by area) 10.5 times higher than inland areas. Of these, 669 were identified as priority sites in locations without existing coastal defences or flood management infrastructure, with 2550 sites identified in protected areas where contaminant transfer risks could still be apparent. The majority (63%) of the priority sites have either undefined source terms, or are classified as mixed wastes. Mining and industrial wastes were also notable waste categories, and displayed strong regional distributions in the former mining areas of north-east and south-west of England, south Wales, and post-industrial estuaries. The large-scale screening process presented here could be used by environmental managers as a foundation to direct more high-resolution site assessment and remedial work at priority sites, and can be used as a tool by governments for directing funding to problematic sites. List of Acronyms.
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1 INTRODUCTION
The concentration of urban areas and industrial activities in coastal regions has led to large-scale disposal of a range of household, commercial and industrial wastes in the coastal zone (Cooper et al., 2013). Whilst modern environmental regulation should limit the risks posed by contemporary solid waste disposal, in countries that were early to industrialise, or those with less-strict regulatory regimes, the associated environmental legacies have been highlighted as a growing concern (Nicholls et al., 2021). ‘Legacy wastes’ (originating from historical, weakly-regulated coastal waste disposal) often occur in close proximity to their production, and this was particularly the case for high-volume industrial by-products, where high production rates (and often temperature) limited their transportation range prior to disposal (Lee, 1974; Riley et al., 2020). Many of these intensive industries were located in coastal regions given the proximity to trade routes, the utility of water in industrial processes, and the use of the marine and estuarine environment to enable contaminant dispersal. Similarly, in many coastal orefields and coalfields, disposal of waste rock in the littoral or sub-littoral zone was commonplace and has been shown to impact a range of marine receptors (Giusti, 2001; Ahrens and Morrissey, 2005). Estuarine locations in proximity to major urban areas have also been widely used for disposal of locally-generated municipal wastes, with the low perceived land value of low-lying coastal areas leading to disposal of municipal wastes in flood zones (Brand and Spencer, 2018). As such, the coastal zone is particularly vulnerable to the enduring environmental risks associated with a range of different wastes. These risks are further compounded by incomplete official records, which means that the exact contents of each landfill site are often uncertain and, in many cases, contain a mixture of different unknown waste types (Brand & Spencer, 2018).
Coastal legacy waste sites are subject to a suite of hazards which may lead to, or exacerbate, pollutant release and transport pathways. These hazards, namely coastal erosion, tidal flooding and saline intrusion are projected to increase in rate, frequency, and severity as climate change continues to affect global weather systems (Robins et al., 2016; Vitousek et al., 2017; Toimil et al., 2020). It may be argued then, that coastal legacy waste sites represent a pollution ‘time-bomb’, with potential for widespread pollutant release in countries where coastal deposition of wastes was practiced. The need for a greater understanding of the distribution, content, and environmental behaviour of coastal wastes in light of a changing climate has been recognised as a key challenge for future environmental management (Nicholls et al., 2021).
The coastline of the United Kingdom (United Kingdom) is managed by a number of different governmental, charitable, and private stakeholder groups, with regional variations in their respective jurisdictions. To facilitate the effective management of these coastal legacy waste sites with limited public budget, there remains a need for a robust method to prioritise sites based on potential environmental risk. Similar large-scale environmental risk assessments have been undertaken for other legacy pollution sources, such as coal mine water pollution, non-coal mine wastes and contaminated land sites, as a means of providing a focus for subsequent regulatory attention and site intervention (e.g. Jarvis and Younger, 2000; Neitzel et al., 2002; Mayes et al., 2009). One approach for prioritising a large number of sites is through multicriteria decision analysis (MCDA), whereby each site is assessed against a number of defined and weighted criteria, and ranked to identify priority sites. The MCDA approach is particularly adaptable for use within GIS software for analysing large spatial datasets (Malcewski, 1999), and is a method that has been applied previously for assessing environmental risks in coastal zones (Le Cozannet et al., 2013). Previous studies have also used GIS-based MCDA for determining coastal landfill vulnerability, for example an investigation of historical landfill sites along the coastline of Wales used spatial MCDA to identify six sites at-risk of exposure and pollutant release due to future coastal erosion and sea level rise (Irfan et al., 2019). A prioritisation of coastal mine spoil deposits also used a variant of MCDA to identify coastal sites at risk, using a simple four-criteria assessment to profile the sites at highest-risk of erosion and subsequent pollutant release over the next 100 years (Riley et al., 2021).
The determination of current and future pollutant risks within any coastal legacy waste site is challenging, and requires the integration of several distinct criteria related to the waste itself and external processes which may act to exacerbate pollutant release. One previous risk assessment presented a method which used a range of input parameters (n = 23) to calculate four sub-indices which may impact potential pollutant release; coastal drivers, landfill vulnerability, landfill hazard, and environmental vulnerability (Brand and Spencer, 2018). These sub-indices were then combined to create an index for the risk of waste release, and the risk posed to the environment by the likely pollution released, which generated an overall risk score for the eight landfill sites analysed in the study. As in Irfan et al. (2019), this method was able to integrate a broad suite of input data to effectively generate a list of priority sites.
Although the aforementioned studies provide a valuable basis for determining present and future risks at coastal legacy landfills, there is opportunity for further development. Key areas for development are in the geographical coverage of landfills and the inclusion of additional waste types beyond those recorded within the datasets of environmental regulators, which do not comprehensively cover (or categorise) certain waste types (e.g. large volume process wastes such as iron and steelmaking slags and coal or non-coal mine wastes) that are both expansive and regionally-important (Riley et al., 2020, 2021). The existence of current coastal defences is important in determining landfill vulnerability (e.g. Brand and Spencer, 2018), however a more holistic assessment of current and future vulnerability may be achieved through the inclusion of the broader Shoreline Management Plan (SMP) approach along the section of coast in which landfills are located. For example, despite a hard defence being present at a site, the longer-term SMP may deviate away from a ‘hold the line’ approach (where constant efforts are made to maintain shoreline position), which would not be reflected in a prioritisation analysis that does not consider these longer-term management plans. Finally, one of the key limitations of past approaches has been in the conflation of hazards (e.g. risk of erosion, tidal flooding) with the sensitivity of the receiving environment (e.g. proximity to designated receptors such as conservation sites). This was the case in Irfan et al. (2019), Brand and Spencer (2018), and Riley et al. (2021), where it was possible for a landfill to receive a high risk score through proximity to sensitive receptors alone, without necessarily requiring an identified pollutant transport pathway. For example, if a waste site (source) is co-located with a designated site (e.g. Ramsar site or Site of Special Scientific Interest (SSSI), which are common along United Kingdom coastal and estuarine settings given the widespread migratory and breeding bird populations (receptors)), a site may score highly even if no contaminant linkage pathway (e.g. active erosion) was established.
To improve the prioritisation process for legacy waste landfills, an approach is suggested which borrows from the fundamental principles of contaminated land assessment; namely a conceptual site model (CSM) approach using the principles of Source-Pathway-Receptor (SPR) models. At a site-specific level, the CSM approach is used by environmental practitioners as part of contaminated land statutory guidance in the United Kingdom (HM Government, 2012) and more broadly around pollution impact studies globally (O’Brien et al., 2021). The process determines the potential sources of contamination within a site boundary, and potential sensitive receptors within and around the site, but most importantly requires a feasible pollutant linkage (the ‘pathway’) to be established between the source and the receptor. Without evidence of this pollutant linkage, it is difficult to justify remedial action. At a national scale, such a site-specific approach to determining pollution risk is not feasible, given the costly requirements for surveyor time and the high-resolution data required at such a large number of coastal legacy waste sites (conservatively estimated at over 1200 sites in England alone (Brand et al., 2018; Nicholls et al., 2021)). However, by using available national-scale data of coastal erosion rates and tidal flood risk, it is possible to determine environmental risks at waste sites, and structure prioritisation analyses in a way that places emphasis on establishing feasible pollutant transport linkages, which brings the method more closely in line with established CSM approaches.
Herein a new method for coastal legacy landfill prioritisation is presented, based on a broad-scale conceptual model of pollutant release using the SPR framework. For the first time, a complete database of all known coastal legacy waste sites, from a range of domestic and industrial sources, has been generated and prioritised to determine those sites presenting the greatest environmental risks under present-day and future climate scenarios. Prioritised outputs are provided based on River Basin Districts (RBDs), which broadly align with shoreline management cells in the United Kingdom. As such, opportunity is provided for these results to inform existing River Basin Management and Shoreline Management Plans (SMPs). Whilst the method has been developed and tested for coastal legacy waste sites in England and Wales, it may also be effectively applied to coastlines worldwide, in areas where historical waste deposition has occurred. The results presented are of national importance to environmental regulators and practitioners, where rapid low-cost and broad-scale site assessments can aid in management decision making.
2 METHODS
2.1 Landfill database creation
A spatial dataset of legacy landfill sites was generated using a range of publicly-available secondary datasets and newly-generated shapefiles containing locations of several key waste types. For England and Wales, the Historic Landfill Databases (Natural Resources Wales, 2021; Environment Agency, 2022a) were merged using ArcMap 10.8 GIS software to represent historical landfill sites known by regulators to have no current environmental permit in force, predominantly those whose closure predated the enforcement of stricter environmental regulations. Specific landfill contents were not recorded in these datasets, although contents were broadly categorised as “industrial”, “commercial”, “household”, or a combination of these descriptors. To extend coverage of waste types, a dataset of coal and metal spoil areas in England and Wales were added, which originated from digitisation of historical Ordnance Survey (OS) mapping previously collated in Mayes et al. (2009) and Riley et al. (2021). Further coverage of additional waste types was achieved by merging an existing database of shapefiles representing areas of iron and steel slag deposition within Great Britain (detailed in Riley et al., 2020). The combined dataset is herein referred to as the ‘Legacy Waste Database’. Given the absence of an equivalent Historic Landfill Database for Scotland, and variations in the other datasets used, this iteration of prioritisation analysis was constrained to England and Wales only.
2.2 Spatial data analysis
A multitude of factors have potential to influence the overall environmental risk associated with a legacy waste site. These may be further categorised as; the risks posed by the release of waste to receptors in the receiving environment, and external environmental risk factors which may exacerbate contaminant release pathways by affecting the integrity of a waste site. Both forms of risk have potential to result in greater environmental damage. To unify these factors into a consistent format, a CSM approach was applied, by grouping risk factors into three categories aligned with SPR models. These categories were those related to; 1) the content of wastes, likely presence of priority substances (defined in the Water Framework Directive (WFD; Environment Agency, 2016), and reported leaching products (‘source’), 2) factors affecting pollutant transportation (‘pathway’), and 3) factors related to sensitive environmental receptors of pollution (‘receptor’). A number of sub-criteria were used in the process of calculating source, pathway, and receptor risk scores for each landfill site, as detailed in the following sections. ArcMap 10.8 GIS software was used to generate all of the raw scores for each of these criteria, as detailed in the following sections.
2.2.1 Waste type (source)
For the iron and steelmaking slag and mining-related waste deposits, details of the specific waste type were already recorded within constituent datasets (Riley et al., 2020, 2021). Within the Environment Agency (EA) and Natural Resources Wales (NRW) Historic Landfill Databases, exact waste types were not specified, but were largely categorised as containing “industrial”, “commercial”, or “household” wastes, or a combination of these categories. For deposits within the EA/NRW databases which contained wastes of multiple origin, these were re-categorised as “mixed” wastes. Within these mixed wastes, a further category was generated based on landfill closure date to categorise those which were more likely to contain wastes from the 1960s–70s, which are reported to contain hazardous organic contaminants whose production has since been legislated against, such as poly-chlorinated biphenyls (PCBs: Harrad et al., 1994) and persistent organic pollutants (POPs: Vane et al., 2021). As a result of this process, 10 waste categories were generated, which were then straight-ranked (high to low; 1.0 to 0.1) based on their perceived relative likelihood of containing hazardous priority substances, and their potential leaching products (based on authors’ consensus and literature review), as detailed in Table 1.
TABLE 1 | Waste categories with details of key probable pollutants, references, and weighting.
[image: Table 1]2.2.2 Extent of historical and current coastal erosion (pathway)
Where the shapefile for a landfill site partially extended beyond the constraints of the present-day coastline, it was assumed that these areas had been subject to historical erosion or submerged, and therefore were also currently being actively eroded. A shapefile of the coastline of England and Wales was ‘clipped’ in ArcMap against the legacy waste database to extract the portion of each shapefile which extended into the sea. The area of these sections were then calculated, and used to represent the area (m2) of landfill already lost to coastal erosion processes. A calculated value of zero for this parameter would indicate that no erosion is currently taking place along the seaward edge of the landfill.
2.2.3 Projected coastal erosion rates (pathway)
The National Coastal Erosion Risk Mapping (NCERM) dataset (Natural Resources Wales, 2022a; Environment Agency, 2022b) details the projected extent of coastal erosion along sections of the English and Welsh coastline over three nominal timescales; short-term (20 years), medium-term (50 years), and long-term (100 years), along with the relevant Shoreline Management Plan (SMP) for each coastal section. These erosion maps are informed by a range of geological, topographical and hydrographic factors (Natural Resources Wales, 2022a; Environment Agency, 2022b). Buffers were generated in ArcMap using each erosion estimate, and analysed against landfill locations to determine the total area (m2) of each deposit likely to be eroded over each time scale.
2.2.4 Risk of tidal flooding (pathway)
The risk of each waste deposit being inundated by tidal flood waters was estimated using the EA/NRW Flood Map for Planning datasets (Environment Agency, 2022c,d; Natural Resources Wales, 2022b) which consists of shapefiles related to the annual risk of fluvial and tidal flooding. These data were first filtered to include only tidal flood zone designations, which were further separated into two Flood Zones based on their likelihood of experiencing tidal floods; Flood Zone 2 (areas with annual probability of 0.1–0.5% chance of tidal flooding), and Flood Zone 3 (probability greater than 0.5%). The area of each waste deposit within each of these zones was calculated and used as a factor in prioritisation analysis.
2.2.5 Proximity to sensitive environmental receptors (receptor)
For the purposes of this work, the proximity of waste deposits to three types of statutory environmental designations were calculated and used as a proxy for potential exposure of pollutants to sensitive environmental receptors. These were Ramsar sites (those areas identified and protected under the Ramsar convention containing internationally important habitat for wading and wetland bird species: Matthews, 1993; Natural England, 2021; Natural Resources Wales, 2022c), National Nature Reserves (NNRs; Natural England, 2022a; Natural Resources Wales 2022d), and Sites of Special Scientific Interest (SSSIs; Natural England, 2022b; Natural Resources Wales, 2022e) which were filtered to remove those designated solely for geological interest.
2.2.6 Potential for human exposure (receptor)
To provide a holistic assessment of risk associated with potential pollutant release, a measure of potential human exposure was required. Areas designated as Bathing Waters are those which are officially listed as being of appropriate quality for public use, and as such provide a good proxy for the potential level of human activity in each coastal area. To determine whether a waste deposit had potential to impact these waters, the Bathing Water Zone of Influence (ZOI) data, specifying the sub-catchments feeding each Bathing Water area, were assessed against landfill locations to determine which were located in these ZOIs. These were then classified accordingly if sites were wholly or partially co-located with ZOIs.
2.3 Prioritisation process
The first step in the prioritisation process was to determine which sites already received a degree of incidental coastal protection based on existing defence infrastructure or management plans. This was achieved by using the NCERM datasets of existing SMPs and coastal or tidal flood defences, covering coastal and estuarine settings, respectively. For the purpose of this analysis, a buffer distance of 500 m from the present-day shoreline was used as the definition of ‘coastal’, given that the spatial extent of the most extreme coastal erosion projections (455 m) were constrained within this boundary. Coastal sites were deemed to be ‘protected’ if either; 1) sites were located behind, but within 500 m, of sections of shoreline with a ‘Hold The Line’ SMP (where there is an aspiration to build or commitment to maintain artificial defences to maintain current shoreline position), and/or 2) sites were located behind, but within 500 m of, existing defences. Sites not meeting these criteria (though within 500 m of the coastline) were categorised as ‘unprotected’ for the operational purposes of this research. Sites which were beyond 500 m of the coastline were categorised as being ‘non-coastal’, and not included in the prioritisation analysis. This was repeated for each timescale (20, 50, 100-year projections) based on future SMPs and erosion projections, and each list of sites was subject to separate prioritisation analyses.
To prioritise the legacy landfill sites, a MCDA approach was implemented, specifically the Analytical Hierarchy Process (Sipahi and Timor, 2010). Following criteria selection and data processing, the resulting data ranges for each criterion were highly variable with different units of measurement. To allow these to be analysed concurrently, data were normalised using the score range procedure such that data were scaled to unitless values between 0 and 1 (Malcewski, 1999). For criteria where a higher original value represented higher risk (e.g. area at risk of coastal erosion and tidal flooding), the ‘benefit’ equation was applied (Equation 1a). Conversely, where a lower original value represented higher risk (e.g. shorter distance to sensitive receptors), the ‘cost’ equation (Eq. (1b) was used, where in both cases i relates to the data associated with the unique landfill site being assessed. For example, to calculate a normalised value representing the area at risk of coastal erosion for a particular deposit (using Equation 1a) and (1the) difference between the measured value for that deposit and the minimum measured value from all deposits would be divided by the range of measured values from all deposits.
Eq. (1): Score range procedure equations for (a) ‘benefit’ and (b) ‘cost’ methods (x’ij = scaled value for ith object of criterion j, xij = original value for ith object of criterion j, xjmin and xjmax are the minimum and maximum values within criterion j, respectively).
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Eq. (2): ‘Rank Sum’ method for normalising criterion weights using assigned rankings (Wj = normalised weight of criterion j, n = number of criteria (k = 1, 2, … , n), rj = rank position of j).
[image: image]
Following the scaling of values, the criteria were weighted based on their relative importance using a straight rank, then weights were normalised to sum to one using the ‘rank sum’ method (Eq. (2)). Inherent to this approach is a degree of subjectivity during criteria weighting. Further to Table 1 for waste type (source) weighting, criteria within the pathway and receptor indices were also weighted on perceived relative importance. Within the pathway section, four criteria were used, in the following order of importance:
(1)historical erosion (proxy for current erosion)
(2)projected future erosion extent (these represent a direct release of contaminated waste to the coastal zone, and the reported higher importance of erosion over flooding for coastal waste release; Beaven et al., 2020)
(3)the area of a deposit within flood zone 3 and, finally
(4)the area of a deposit within flood zone 2 (order based on decreasing annual likelihood of flooding).
For receptor criteria, the highest weighted criterion was co-location with bathing water quality ZOIs (a proxy for potential human interaction), followed by proximity to Ramsar sites (internationally important designations), NNRs (nationally important designations), then non-geological SSSIs (national significance).
Standardised values from Eqss (1a), (1b) were multiplied by the normalised weights for each criterion (from Eq. 2) and summed to produce a score for each waste deposit in the database for the pathway and receptor terms. The source, pathway, and receptor scores were then multiplied to generate an overall risk score for each waste deposit (see Figure 1). The multiplication of these indices was crucial, and meant that in order to achieve a high risk score, a non-zero pollutant pathway score was required, i.e. a feasible pollutant linkage between source and receptor had to be confirmed.
[image: Figure 1]FIGURE 1 | Overview of the multicriteria decision analysis method used to generate overall risk scores for each legacy waste disposal site.
3 RESULTS
3.1 Legacy landfill database characteristics
The legacy landfill database contains information on 30,281 sites across inland and coastal areas. In terms of surface area, the coastal zone (the land within 500 m of the present-day coastline) had an average legacy waste density of 81,160 m2 per km2, approximately 10.5 times higher than the average inland density of wastes (7,711 m2 per km2). Analysis of the spatial distribution of these coastal legacy waste sites by RBDs (sub-divisions of land for management purposes within the WFD - see later Figure 5) indicated that the Humber RBD contained the highest area (approximately 6000 ha), with the Thames RBD also containing a substantial amount (approximately 5000 ha) in terms of total waste area (Figure 2). When considering area by protection status, however, it is apparent that the waste in these RBDs receive considerable protection by the Humber tidal defences and Thames Flood Barrier, respectively. The result of this is that only 10% of sites within the Thames RBD are considered as being higher risk in this analysis, and only a single site in the Humber RBD (Brickyard Lane, former Capper Pass and Son Ltd. Tin smelter) receives no protection. Despite ranking fourth in terms of total waste area, the Northumbria RBD has the highest area of unprotected wastes (1807 ha), representing approximately 72% of the waste deposited along its coastline. The differentiation of wastes based on existing protection status, therefore, is able to provide a more accurate assessment of the distribution of potentially problematic wastes.
[image: Figure 2]FIGURE 2 | Total area of protected and unprotected coastal legacy waste deposits in England and Wales. Left: area per River Basin District (RBD). Right: area by identified waste type.
Figure 2 also indicates that the vast majority of legacy landfills were categorised as being ‘mixed’ wastes (8400 ha), or were unable to be defined (6800 ha) due predominantly to a lack of record keeping during landfill operation and closure. This high prevalence of mixed and undefined wastes in coastal landfills poses an inherently higher risk than those wastes which are well defined, given the unknown contents of the deposits and unknown interactions between the possible wastes that are co-disposed. The area of the two next most prevalent waste types, coal spoil and industrial (4000 and 3500 ha, respectively) was also high, given the coastal settings of many collieries, and the historical industrialisation of multiple estuaries around the United Kingdom. The majority of all waste types (by area) were categorised as being protected, though the proportion of unprotected metal spoil was higher than for other waste types. Only one coastal legacy waste site containing radioactive material was identified (Drigg Low Level Waste Repository; 3.9 ha; protected).
In terms of total area, most waste types were relatively evenly distributed across the coastline of England and Wales, with approximately 5–15% of each waste’s national coastal inventory distributed within each RBD (Figure 3). However, it was clear that certain waste types were relatively enriched within certain regions. Whilst mixed and undefined wastes were relatively more prevalent in the Thames RBD, presumably due to higher population density in this area, most other regionally-enriched wastes were related to industrial activity. The Humber RBD, which covers around 300 km of coastline (and Humber estuary) from Cleethorpes to Saltburn-by-the-Sea, contained 45% of all coastal industrial waste. Similarly, over 55% of coastal iron and steelmaking slags were situated within the North West of England, 56% of all coastal coal spoil were within the Northumbria RBD, and around 60% of all coastal metal spoil deposits (by area) were situated along the coastline of South West England (Figure 3), which is reflective of the dominant historical industries within those regions.
[image: Figure 3]FIGURE 3 | Relative distribution of waste types per RBD, calculated as the total area of each waste type per RBD as a percentage of the total national area of each waste type in coastal regions of England and Wales.
For most waste types (with the exception of metal and coal spoil deposits), it was possible to determine the year of last input to each site, which indicated that the majority of landfills within the dataset ceased operation prior to 1980, with the period between 1980 and 90 seeing the highest frequency of landfill closure (Figure 4). Of the dated landfill sites, it was apparent that these were skewed towards those dating from the latter half of the 20th century, likely through developments in environmental legislation requiring more accurate recording of waste disposal operations. The absence of accurate dates recorded for other waste types, particularly from older industries such as metal mining, also likely influenced this left-skewed age distribution.
[image: Figure 4]FIGURE 4 | Year of last input for landfill sites within the legacy waste database (note that dates of last waste input were unavailable for coal and metal mine spoil deposits).
The spatial distribution of coastal wastes was assessed at a higher spatial resolution in Figure 5 by summarising data by Coastal and Transitional Waterbody areas, as defined within the WFD. The highest density of protected sites tended to be in highly populated estuarine settings, especially in the Thames Middle (n = 68; 1132 ha), Mersey (n = 67; 786 ha), and Medway (n = 53; 361 ha) estuaries. Many of the other water bodies which contained the highest numbers of protected waste sites were also transitional (Figure 5). Estuaries were once hubs of industrial waste-producing activities and so had, and continue to have, high human populations. The result of this is that many of the wastes in these areas are incidentally protected by flood barriers and defences aiming to protect this urban infrastructure.
[image: Figure 5]FIGURE 5 | The spatial distribution of protected and unprotected coastal legacy waste deposits in England and Wales per Water Framework Directive (WFD) Coastal and Transitional Waterbody (WB) delineation. Summaries are provided for WBs containing >20 waste deposits.
It is apparent that the majority of coastal and transitional waterbodies of England and Wales contain unprotected legacy wastes, yet strong regional variations exist. Of all 233 water bodies, the Tyne estuary contained the highest density of unprotected deposits, with 100 sites equating to a total area of 747 ha (Figure 5), which when coupled with the Tees (n = 42; 395 ha) and Wear (n = 26; 97 ha) estuaries, and the Tyne and Wear coastline (n = 21; 200 ha), further exemplifies the scale of the legacy waste issue along the north east coast of England and its post-industrial estuaries.
3.2 Landfill prioritisation (MCDA)
The MCDA analysis detailed in Figure 1 produced an overall risk score for each coastal legacy waste site (protected and unprotected), which may be used to compare the relative short, medium, and long-term risks. Sorting sites by these overall scores identifies those which may present a greater risk to the environment. Table 2 presents the 15 highest-ranked protected sites within the whole legacy waste database (England and Wales). All but one of these sites were categorised as containing undefined or mixed wastes, reflecting their higher frequency within the dataset as a whole (Figure 2), with many located within the Thames RBD. The areas of these priority sites were varied, with some smaller sites (e.g. Bathside, Rank #2, 14 ha) ranking higher than larger sites which were likely to contain more waste material (e.g. Shell Haven Refinery sites 1 and 2, Rank #4 and #8, 245 and 128 ha, respectively). This highlights the importance of not including total site area as a criterion in the MCDA, given that in reality only a portion of each landfill may be affected by coastal erosion or tidal flooding, and intervention is likely in scenarios where large volumes of waste began to erode (Brand and Spencer, 2018). When comparing risk projections over the three timescales (20, 50, 100-year projections), there was little change in the ranking of the top priority protected sites, which is likely related to the ongoing planned management at these locations. The exception to this, Hall Road (Crosby, Liverpool), is a site whereby the waste itself (predominantly bricks and rubble cleared during World War 2 ‘Blitz’ attacks on the city) forms the beach and intertidal zone. Presumably due to the hard nature of the material itself, no further erosion is projected beyond the 20-year estimate, and so its relative risk declines over time as other, more-rapidly eroding, sites present a greater relative risk in the future.
TABLE 2 | The 15 highest-priority protected coastal legacy waste sites in England and Wales (n = 2550). ‘Score’ is the combined risk index (Figure 1), S = short-term (20-year), M = medium-term (50-year), L = long-term (100-year). Sites are ranked based on 20-year risk scores.
[image: Table 2]Of the 15 highest priority unprotected sites, a wider variety of waste types was encountered, with Mixed wastes from the 1960s, household, industrial (likely fly ash given the association with Fawley Power Station), iron and steelmaking slag, and coal spoil being identified (Table 3). The highest priority unprotected site, Mostyn Docks, is located entirely below the mean high water mark of the Dee Estuary, and may be related to reported cases of unregulated dumping of dredged material within the estuary (BBC, 2004). Whereas many of the high-priority protected sites were located within the Thames RBD, the distribution of priority unprotected sites is much wider, falling largely within and along former industrial estuaries and coastlines in the North West and North East of England. The truncated national lists in Tables 2 and 3 provide an overview of relative risks between all sites in the database; however, regional assessments can be made using the complete prioritised database (in Supporting Data) to inform management decisions.
TABLE 3 | The 15 highest-priority unprotected coastal legacy waste sites in England and Wales (n = 669). S = short-term (20-year), M = medium-term (50-year), L = long-term (100-year). Sites are ranked based on 20-year risk scores.
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4.1 General patterns and geographical distribution of legacy waste sites
Of the 30,281 legacy waste deposits across England and Wales recorded within the dataset, the risk assessment and prioritisation exercise identified 669 priority unprotected sites and 2550 protected sites along the coastline and estuary margins. The study advances previous risk assessments of coastal landfills in the United Kingdom through using a higher number of input sites (due to greater spatial extent), the inclusion of a larger variety of specified waste types, and by using conceptual site model approaches to incorporate pollutant linkages into prioritisation methods. As such, despite the larger number of input sites considered (n = 30,281), a more constrained number of high-priority sites (n = 669) has been determined, compared to values reported elsewhere (n= >1200 in England; Brand et al., 2018; O’Shea et al., 2018).
The separation of sites based on the operational classifications of protection status will be of use in environmental management, given that most of the protected sites will likely be known and surveyed already by regulatory authorities and managers as part of routine SMP or coastal defence planning works. Hence, the unprotected sites represent those which are less-likely to have been considered before in coastal management settings. It is important to note that whilst protected and unprotected sites have been separated to highlight the likelihood of higher risk of contaminant transfer where no formal defences or ‘hold the line’ management strategies are in place, this does not mean that the risk of contaminant transfer at protected sites is zero. Pathways associated with subterranean leachate plumes, which were not considered in this assessment given the lack of reliable input data, may still create a source-to-receptor pathway, although significant attenuation would be anticipated in estuarine or coastal sediments (Njue et al., 2012; O’Shea et al., 2018).
This assessment also highlights the issue of uncertainty around contaminant risks at sites in which mixed or undefined wastes were disposed, which were the most dominant in terms of total area (Figure 2) and in higher-priority sites (Table 2 and 3). The co-disposal of wastes in this manner may lead to interactions of leaching products from the different wastes, leading to contaminant transport which is very difficult to predict and quantify within a single site. Even for relatively benign by-products with low leachability (e.g. iron-making slags: Foekema et al., 2021), there are examples of sites where these wastes encapsulate or protect more hazardous materials (e.g. Barrow-in-Furness, Cumbria; Carnforth slag bank, Lancashire: Riley et al., 2020) where site specific investigations would be required to provide a full assessment of potential contaminant linkages. It is also the case that the eroded face of a waste deposit, particularly one containing co-disposed wastes) may not be homogenous or constant over time due to variations in disposal patterns during operation. Such a possibility highlights the need for periodical analysis of eroding material to determine any major changes in risk as deposits are eroded and new faces of waste exposed.
The scoring of the source term within the presented method is at present based on a review of published data on the potential leaching behaviour of priority hazardous substances (Table 1). There was only one nuclear waste disposal site that fell within the coastal screening boundary so, despite the higher weighting here, which reflects regulatory concerns, most of the high priority wastes encountered were of mixed or unknown waste types. However, whilst good leaching data are available for certain waste types such as steelmaking slags (Foekema et al., 2021), incineration bottom ashes (Yin et al., 2018) and mixed municipal and construction wastes (Solo-Gabriele et al., 2020), the availability of systematic data describing leaching products is limited for other waste types. Furthermore, most leaching studies usually apply deionised water as the leachant, which may not be reflective of actual leaching processes in coastal locations, where a range of saline conditions are to be expected, related to direct contact with marine or estuarine waters and saline groundwater intrusion. Where leaching tests have taken place using high ionic strength solutions, there is some evidence of exacerbated release of contaminants such as cadmium and zinc due to the formation of chloride complexes (Shanmuganathan et al., 2008; Schmukat et al., 2012; Brand and Spencer, 2018). It is not always the case that leaching behaviour can be directly inferred from the bulk elemental composition of wastes, stressing the importance of robust leachate data for coastal wastes across a range of ionic strengths. Improved and systematic composition and saline leaching data for a range of common coastal waste deposits is a research need that could see further improvements made to this prioritisation method, by reducing the degree of subjectivity within waste rankings.
Geographical differences in waste distribution were observed between coastal regions of England and Wales. Municipal (household and mixed) waste landfills, being associated with urbanised locations, were encountered within most regions, particularly where population density is high, such as Thames and South East of England RBDs (Figure 5). However, wastes originating from certain industrial sources were more geographically constrained. Iron and steelmaking slags were particularly concentrated in the North West of England RBD, which contains notable centres of historical metal production on the Furness peninsula and Cumbrian coastline (Lee, 1974). A previous assessment of the distribution of legacy ironmaking slags identified Cumbria as containing over 55 million cubic metres of slag, with substantial coastal deposits located at Maryport, Workington, and Millom (Riley et al., 2020); the latter ranking within the top 15 unprotected sites in this analysis given direct disposal in the Duddon Estuary (Table 3).
Coal mining wastes are concentrated around major historical coalfields of Northumbria and Durham (Northumbrian RBD) and the South Wales Coalfield (Western Wales RBD; Figure 5), where coal spoil was frequently tipped in coastal areas, in some cases having significant local impacts on coastline geomorphology (Cooper et al., 2017). Likewise, the majority of coastal legacy metal spoil deposits were located within one RBD, with over 60% within the South West of England RBD. The total area of mining spoil (metal and coal) within coastal regions of the South West has previously been estimated at up to nine million m2 (Riley et al., 2021), which is a result of centuries of mining heritage in this region (particularly tin and copper mining, Jordan et al., 2020). Despite the large presence of mining wastes in this region, this prioritisation exercise (and that in Riley et al., 2021) reported a generally lower-risk at these sites given that many are located on hard clifftops less-susceptible to tidal flooding (Rainbow, 2020).
Industrial wastes are concentrated in the estuaries of the Humber and Mersey, which have been traditional centres for petrochemical, chemical and non-ferrous metal industries (Comber et al., 1995). Relatively few of these industrial sites score highly in the prioritisation given extensive tidal flood protection and channelisation in these estuaries (Lee, 1974). The relatively small number of sites in these estuaries that do score more highly are typically sites falling outside of formal defences with known pollution issues (e.g. Brickyard Lane, Sn smelter waste in the Humber, Rawlins et al., 2006) or sites where wastes were deposited in water bodies as part of land reclamation (e.g. Wigg Works Tip, Mersey, where wastes from soda ash production were deposited with wastes from copper extraction and mustard gas production; Wood et al., 2015). It is apparent that the inclusion of additional waste types within this analysis (beyond municipal wastes) has allowed for spatial variations such as these to be quantified, and will assist in regional coastal planning and management of legacy wastes which may have previously been overlooked.
4.2 Management implications
The prioritisation method applied here has explicitly followed the framework commonly used in assessing pollution risks: the conceptual site model. As such, the outputs provide regional-to-national-scale information that can inform coastal managers of key sites within their region which may require more in-depth site surveys. Whilst based on robust national-scale datasets, it is important to state that the prioritised output should be viewed only as a relative measure of risk between sites. Furthermore, there is an inherent sensitivity within the output scores to the input data used, and so future iterations of the analysis should use the most-recent input data (e.g. the anticipated update of the NCERM coastal erosion estimates). Having the prioritised output based on RBDs, which broadly align to the shoreline management cells of the United Kingdom, and more locally transitional and coastal water bodies used by environmental regulators for routine ambient monitoring, provides a basis to feed into existing management processes such as River Basin Management Plans and Shoreline Management Plans. In the first instance, the outputs from the screening could help prompt regulators and managers on a regional basis to gather more site specific information (e.g. on coastal/flood defence assets, known local pollution issues) which could permit reappraisal of the prioritisation. Some of the priority sites identified include those locations that have already been subject to remediation efforts or remedial planning where local concerns were apparent, and provide useful demonstration sites for effective remedial interventions (e.g. Cooper et al., 2013). These include the mixed (coal spoil and Municipal Solid Waste (MSW)) Lynemouth landfill in Northumberland (Cooper et al., 2017), coastal slag deposits in the north west where stability concerns have been raised (Cumbria County Council, 2018), Trow Quarry MSW in Tyne and Wear where extensive remedial works have taken place (Cooper et al., 2017) and Dawdon Blast Beach where removal and regrading of coal spoil has taken place (Heritage Coast, 2021).
There are only a small number of coastal water bodies around England and Wales without any protected or unprotected coastal legacy waste sites (69 of 233 water bodies; Figure 5). However, the spatial distribution of priority sites is highly skewed with a large number in heavily industrialised or urbanised estuaries, such as the Thames, Medway, Solent, Humber, Mersey, Tyne, and Wear. In such water bodies, the large number of potential estuarine and upstream pollution sources makes it particularly challenging to apportion effects from any individual site on compromising the chemical or ecological status of receiving water bodies at downstream compliance points. In some cases, contaminant release from individual legacy coastal waste sites has been demonstrated (e.g. Lodmoor Marsh, Dorset, United Kingdom: Njue et al., 2012; Hadleigh Marsh, Essex, United Kingdom: Brand and Spencer, 2020), however coastal legacy waste sites are not the only source of contamination to the coastal zone. A future research need is to evaluate the contribution of legacy waste sites in the context of the overall pollution burden to marine environments from all sources, including contaminant transfers from upstream sources, which may be significant in many areas draining former orefields or inland post-industrial urban districts (e.g. Mayes et al., 2013).
5 CONCLUSION
This study has used a suite of datasets to provide a national-scale risk assessment of legacy waste sites in the coastal zone of England and Wales by adopting a conceptual site model (Source-Pathway-Receptor) approach to screening risks. A total of 30,281 legacy waste sites were identified across England and Wales, of which 3,219 were in the coastal zone. On average, the coastal areas of England and Wales had a 10.5 times higher density of legacy waste deposition than inland areas. There are 669 legacy landfill sites in coastal areas without any active protection (e.g. flood barriers, ‘hold-the line’ coastal management strategy) and 2550 sites in coastal areas that are protected to some degree. The geographic distribution of these waste sites shows particular aggregations in heavily-urbanised and/or post-industrial estuaries such as the Thames, Medway, Solway, Mersey, Tyne, Tees and Wear. Whilst mixed or undefined wastes are the most common waste categories amongst high risk sites, there are clear regional patterns in the distribution of industrial wastes, with coal mining wastes predominantly in the north east of England and south Wales; metal mining wastes in the south west of England; iron and steel production wastes prevalent along the north west coast of England, and municipal wastes concentrated in the south East of England. These newly-quantified distributions are of key significance given the unique hazards which may originate from these waste types, which will disproportionately affect certain regions and require specific management interventions and associated spending. The prioritisation method presented will help to inform strategies for climate adaptation, specifically in the context of how to effectively manage contaminated legacy waste sites, at which environmental risks could increase with a rapidly changing climate. A framework is also provided which could be used to assess risk at other potentially polluting sites where liability for remediation is absent. Future research priorities to refine the prioritisation system should include 1) improved national databases of waste composition and, 2) more comprehensive contaminant mobilisation data across a range of hydrogeochemical conditions for legacy waste types. Such knowledge will underpin more robust ecological risk assessments at coastal waste sites and thereby help protect vitally important coastal habitat into the future.
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