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Abstract 
 

Uncontrolled landfills can cause the release of significant contamination. In South England 

and in other parts of the UK, historical landfills are spread along the coastal and estuarine 

marshes and mudflats, where waste was dumped without regard to the environment. Much 

of the pollution from these landfills may have been dispersed and diluted into coastal 

waters with little impact. However, fine-grained sediments within these environments may 

have trapped or sequestered metals. The aim of this study is to investigate the degree to 

which heavy metals from these historical sites may have contaminated the adjacent 

marshes and intertidal mudflats. 

 

Geochemical and sedimentological properties of cores and water samples taken from 

coastal marshes and intertidal mudflats adjacent to historical landfills were investigated. 

Core samples taken from the Lodmoor marsh, Pagham harbour and Hayling Island in 

southern England were investigated for metallic pollutants, grain size, mineralogy, 137Cs 

and 210Pb. Water samples were analysed for metallic pollutants, Eh, pH and salinity. To 

examine the transfer of heavy metals through the food chain, Phragmites australis leaves 

were analysed for metallic pollutants. Geophysical surveys were also undertaken to test 

movement of contaminants and possible saline intrusion. Seawater leaching tests were 

undertaken to assess the long-term stability of the stored metallic pollutants within the 

sediments.   

 

A probabilistic classification of geochemical data from the three sites revealed that 

sediments from the Lodmoor marsh are probably contaminated with more metallic 

pollutants (Cr, Ni, Pb and Zn) than Pagham harbour (Cu, Ni and Zn) and Hayling Island 

(Cu and Ni). A strong correlation between these heavy metals within individual sites was 

observed suggesting that these metals may have been leached from the adjacent landfills. 

The uniform vertical variation of the heavy metals in the cores suggests a common source 

or similar post deposition behaviour. 137Cs dating analysis indicates that concentration 

maxima correlate to the 1950s and 1960s when landfill activities commenced in Lodmoor 

and Pagham harbour. On Hayling Island, the heavy metal chronology suggests 

contamination from either the landfill or from Portsmouth harbour. Geophysical surveys 

indicate saline intrusion at the Hayling Island study site and leaching from the adjacent 

landfill sites in the Lodmoor marsh and Pagham harbour. However leaching of sediments 
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with sea water to simulate seawater flooding did not show any significant release of heavy 

metals from contaminated sediments.  

 

Forecast global rise in sea level is likely to cause coastal erosion with the threat to marine 

life and coastal communities especially if the coastal waters were to be polluted. There is a 

need to examine the bioavailability of metals and the monitoring of contaminant transfer 

pathways. Further research in identifying other contaminants such as PAHs in these sites 

and sea leaching tests is suggested to test if saline intrusion onto contaminated sediments 

can cause the release of metal contaminants.  
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1. Introduction 

1.1 Context 

Lack of control of landfill activity in the United Kingdom (UK) until the early 1970s 

resulted in the establishment of many sites without mechanisms to prevent the spread of 

potentially harmful leachate and gas through the ground. In South England and in other 

parts of the UK, waste dumping took place on mudflats and salt marshes situated along the 

coast and in estuaries, mainly in the 1950s and 1960s. Many of these sites have been 

investigated under part IIA of the Environment Protection Act (1990) (Bell and 

Mcgillivray, 2000) and have been found to be contaminated with heavy metals and landfill 

gases (Carr et al., 2008). 

 

The waste pile from the closed landfill sites has matured and degraded such that the peak 

flow of contaminants is likely to have fallen, depending on plume dynamics (Christensen 

et al., 2001). Much of this pollution will also have been dispersed and diluted into coastal 

waters with little impact. However fine-grained sediments in mudflats and salt-marshes 

have the potential to trap or sequester metals and organic compounds (Cundy, 1995; 

Akhter and Al-Jowder, 1997). Attenuation of the pollution plume may be enhanced by the 

presence of coastal reedbeds, which are well known to accumulate metals (Lenssen et al., 

1999) and engineered wetlands are therefore increasingly seen as a green method of 

pollution control.  

 

Consequently, it is possible that estuarine mudflats and salt marshes have concentrated 

pollution plumes and therefore contain a pollution record of these historic landfills. With 

the increasing regulatory control of recreational coastal waters, the presence of elevated 

contaminants may be harmful to coastal biota and beaches used for recreational purposes if 

disturbed and released for example through coastal erosion. It is not currently clear to what 

extent marshes and mudflats adjacent to the closed landfill sites are contaminated. One of 

the key questions that remains is whether the adjacent marshes also contain a 

contamination legacy of pollution plumes from these landfills. The environmental risks 

from these sites also remains poorly understood. There is therefore a need to explore 

potential pollutants locked within these marshes.  

 

The threat of coastal erosion releasing pollutants from the wetland sediments could be 

exacerbated by future climate change. Globally, average sea level has been rising: the 
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Intergovernmental Panel on Climate Change (IPCC) (2007) reported a mean rise of 1.8 ± 

0.5 mm per year between 1961 and 2003 (Fig. 1.1). A rise of 12 to 67 cm is expected in the 

next 80 years (Humphreys and May, 2005). However, this rise varies according to 

geographic locations (Bray et al., 1996). For instance in the UK, archaeological  and 

geological/geomorphological research indicates a higher rise in sea level in South England 

than in Scotland probably due to subsidence (Amery and Aubrey, 1985; Wallace, 1990; 

Cundy and Croudace, 1996; Nottage and Robertson, 2005).   

 

Globally, rise in sea level has increased the erosion of coastlines, beaches and barriers in 

the last 10 years (Buchholz, 1998). The areas most likely to be affected include salt 

marshes and coastal wetlands. Continued sea level rise over the next half century may 

result in the loss of salt marshes and wetlands from erosion and salination (Warson, 2001). 

It is also expected that sea level rise would be a threat to salt marshes and wetlands 

especially if the coastal waters were polluted (Buchholz 1998).  

 
 Figure 1.1 illustrating previous and predicted sea level rise (IPCC, 2007). 
 

It is forecast that continued sea level rise over the next half century will result in the loss of 

recreation beaches, freshwater and the threat of salination of aquifers in major world cities 

(Buchholz, 1998). In polluted coastal wetlands, saline intrusion could cause 

biogeochemical reactions which could change the chemical state, mobilization and 

bioavailability of heavy metals (Rohatgi, and Chen., 1975; Chen and Lockwood, 1976; 

Rohatgi, and Chen., 1976; Forstner and Wittmann, 1981; Bulcholzt, 1998; Speelmans et 

al., 2007). It is therefore expected that sea level rise would be a threat to marine life and 
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coastal communities especially if the coastal waters were polluted by for example the 

erosion of contaminated marsh sediment.  

 

1.2 Study areas 

Along the South Coast of England, there are a number of former landfill sites where 

tipping has occurred directly onto the former coastal marsh with little or no containment. 

The land was inexpensive, located close to urban centres, and the process was seen as part 

of a general land reclamation programme during the first half of the 20th century. At most 

of the sites tipping started in the 1920s and 1930s creating a layer 1-5 m thick resting on 

the marsh surface (Bennett et al., 2004; Bennett et al., 2006). Subsequently, tipping was 

increasingly confined within linear cells excavated from the marsh surface. But in all cases 

the waste material was in direct hydraulic continuity with coastal, estuarine and ground 

waters. 

  

As noted previously, many of these sites are now being investigated under Part IIA of the 

Environment Protection Act, 1990 and have been found to be contaminated with 

anthropogenic heavy metals and landfill gases (Bennett et al., 2004; Bennett et al., 2006). 

One of the key questions that remains however is whether the adjacent marshes also 

contain contamination as a legacy of this landfill activity.  

 

This thesis presents a study from three study sites across Southern England to explore this 

issue. These are the Lodmoor Marsh adjacent to the Lodmoor Landfill Complex in 

Weymouth, Dorset, the marshland next to the Sidlesham Ferry landfill site in Pagham 

habour in West Sussex and the mudflat bordering the ―Land West of Old Railway‖ landfill 

site on Hayling Island in Hampshire. These study sites are also Nature Reserves and were 

selected from a known larger number of possible study sites due to their ecological value 

and nearness to the historical coastal and estuarine landfills. 

 

1.3 Recent studies 

Environmental concerns have been raised for the unregulated disposal of waste onto 

coastal and estuarine landfills, and subsequent land development (such as on the Lodmoor 

landfill complex, Weymouth, UK) has been subjected to various pollution investigations. 

Typically, studies have been carried out on the landfills themselves and little work has 

been done on coastal environments surrounding the landfills. For example in the case of 
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the Lodmoor landfill complex, studies (Bennett et al., 2004; Bennett et al., 2006) have 

been mainly confined to the landfill and there is no available literature on contaminant 

investigations within the adjacent marsh.  

 

Recent studies within the Lodmoor landfill complex were occasioned by the need to 

investigate subsidence of a rugby pitch and the migration to the surface of solid waste 

(Bennett et al., 2004; Bennett et al., 2006). Results from studies carried out in 2001 

showed contamination of ground water up to a depth of 2.0 m. The monitoring of gas 

carried out from 1993 to 2001 also indicated intermittent traces of methane (Bennett et al., 

2004; Bennett  et al., 2006) and studies conducted in January 2003 established high levels 

of methane (84%) and carbon dioxide (39%) (Bennett et al., 2004; Bennett et al., 2006). A 

greater range of contaminants were also found in Bennett et al., (2006) than in the previous 

study. These contaminants included Boron (B), Copper (Cu), Lead (Pb), Sulphate (SO4
2−), 

Sulphur (S) and Zinc (Zn) in groundwater in boreholes at depths of 0.9 m and 6.5 m. Also 

present were the UK red list substances including list І and ІІ substances in several stations 

of the Lodmoor landfill complex areas under investigation (Bennett et al., 2006). However 

the dispersal of these pollutants into Lodmoor Marsh was not investigated, although 

leachate from the Lodmoor North landfill is reported to have leaked out and possibly onto 

the Lodmoor marsh (Dorset County Council (DCC), 1990).  

 

Serious concerns over the environmental impact of this breakout were raised by Nature 

Conservancy Council (NCC), the Royal Society for the Protection of Birds (RSPB) and the 

then National Rivers Authority (NRA) (DCC, 1991). The latter (NRA) even considered 

taking legal action against DCC (DCC, 1991).  

 

With the reported leachate break outs, fine grained sediments in Lodmoor marsh may have 

formed pollutant concentration plumes which could be harmful to the marshland ecology 

and the coastal water used for recreation purposes especially if they were to be released 

through coastal erosion caused by sea level rise as a consequence of climate change. 

Coastal marshes are reported to play a significant role in the marine ecosystem. The 

diversity of the fauna and the biota found in marshes has added value to the role of salt 

marshes as habitats for wildlife (Bulchholz 1998; Boorman 1999). Such diversity is seen to 

symbolize the relationship between the marine environment and land (Daiber, 1986). Salt 

marshes have also in recent years become a centre of attention because of the threats they 

face. This explains the concerns of the NCC, RSPB and NRA over the leaching of 

pollutants from the Lodmoor landfill. 

http://en.wikipedia.org/wiki/Sulfur
http://en.wikipedia.org/wiki/Sulfur
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 In light of these threats, it is important to establish if there has been pollution release from 

coastal and estuarine landfills, such as those at Lodmoor Dorset. It is also important to 

determine if there is a linkage in pollution from the landfills into the mudflats and salt 

marshes in the face of rising sea levels as a result of climate change. The coastal and 

estuarine marshes/mudflats were considered ideal study sites for contamination studies 

because of their ecological importance and proximity to the historical coastal and estuarine 

landfills whose foundation was in direct hydraulic linkage with the water table.  

 

While some studies have been carried out within the Lodmoor Landfill Complex 

Weymouth in Dorset, there is no published work on the state of sediments in the marshes 

and mudflats adjacent to this landfill, and other historic landfill sites adjacent to the coast 

in southern England such as the Sidlesham Ferry landfill site in Pagham habour in West 

Sussex or the ―Land West of Old Railway‖ landfill site on Hayling North Island in 

Hampshire. These three sites were selected as study areas due to their different sizes, 

salinities and their different histories. These three contrasting sites were selected for 

investigation in the present study in order to draw inferences on the generic impacts of 

coastal and estuarine landfills. Furthermore, general investigations of pollution in marshes 

and mudflats as a consequence of coastal and estuarine landfills are rare. This study 

therefore aims to expound and answer the concerns raised above.  

 

1.4 Objectives  

The overall aim of this study is to investigate the degree to which heavy metals derived 

from landfill activity at three contrasting sites may have contaminated adjacent coastal 

marshes and intertidal mudflats and the long term environmental risks from these 

contaminants in South England (Fig. 1.2). The aim also underpins the importance of 

comparisons of different study sites with varying salinities i.e. fresh and saline water. 

In pursuit of this aim the following objectives were identified. 

 

1. To establish the extent of heavy metal contamination in areas neighbouring three 

 contrasting historical coastal landfill sites and to establish the relative mobility of 

 heavy  metals from the historical landfills.  

 

2. To establish the contaminant chronology with a view to establishing contaminant 

 loading over time and to correlate this where possible with site history.  
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3. To examine subsurface water flow around the margins of the landfills and to 

 identify any residual leachate plumes and or evidence for saline intrusion 

 

4. To predict the likely effect of sea level rise on the long-term storage of heavy 

 metals in the landfill sites and surrounding environments.  

 

5. To assess the overall environmental risk posed by historic unregulated coastal 

 landfills in terms of heavy metal contamination. 

 

1.5 Thesis Layout 

 

The structure and outline of the different chapters is given below.  

 

Chapter 1 introduces the study.  

 

Chapter 2 reviews literature relevant to this study.  

 

Chapter 3 describes the study sites. 

 

Chapter 4 explains the methodology used in this study.  

 

Chapter 5 presents and discusses the results based on objectives 1, 2 and 3. 

 

Chapter 6 gives and discusses the results based on objectives 4 and 5. 

 

Chapter 7 draws the conclusions of this study. 
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 Figure 1.2 illustrating the map of the UK, Southern England and the study region (© Crown 
 Copyright OS 100024463). 
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2. Literature review  

2.1 Introduction 

This chapter gives a contextual review of heavy metal contaminants particularly in and 

around landfills and in landfill leachate. The history and behaviour of contaminants in 

coastal landfills is discussed as are the characteristics of, and physical, chemical, biological 

reactions of, heavy metal contaminants in landfills. The chapter also discusses the potential 

role of predicted climate change, sea level rise, the impact on stored heavy metals and any 

related environmental risks. 

 

2.2  Sources and behaviour of subsurface inorganic contaminants 

Sources of inorganic contaminants are both natural such as rock weathering and 

anthropogenic for example, coal and oil burning, cement and brick manufacturing, 

production and the use of ores and metals including associated compounds (Olausson and 

Cato, 1980; Hursthouse, 2001). Detailed sources of contaminants and pathways are 

discussed in Libes (1992) and illustrated in Figure 2.1. These can pollute the subsurface 

environment by either diffuse or point source contaminantion. Diffuse contaminants on 

land are usually dispersed over large areas while point source pollutants affect relatively 

smaller areas (Béraud, 1997). Coastal and estuarine landfills give rise to point source 

discharges.  

 

2.2.1 Contaminant transport processes/sources and transport of metals in the 

coastal environment 

The process by which contaminants disperse in water has been widely discussed (Boulding 

and Ginn 2004; EPA, 2005, Hursthouse, 2001, Lecomte and Mariotti, 1997; Forstner and 

Wittmann, 1981). In normal physical chemical settings, when a contaminant is discharged 

and dispersed from a source into an aquatic system, it is mainly subjected to dilution and 

mixing depending on its chemical form before being adsorbed onto particulate matter and 

subsequent deposition in the sediments (Forstner and Wittmann, 1981; Lee and Cheung 

1991; Hursthouse, 2001). The concentration of the dissolved contaminants will decrease 

over time and space downstream until they are systematically less than the original 

concentration. Dispersion in such cases is directly influenced by such factors as sinuous 
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migration pathways, molecular diffusion, solubility, pH, hydraulic regime Eh, in the host 

environment (Lecomte and Mariotti, 1997; Hursthouse, 2001). 

 

While surface water flow may be faster than ground water (Lecomte and Mariotti, 1997), 

contaminant movement through the unsaturated subsurface is compounded by such factors 

as the vertical differences in permeability and the nature of the soil (Lecomte and Mariotti, 

1997; Hellweg et al., 2005a) and sediments. For example coarse soil/sediment texture 

allows faster percolation than in fine grains. Contaminant transport in ground water is 

documented in Lee and Cheung (1991). Ground water flow and the movement of dissolved 

substances within pores in the unsaturated zone is slow and mainly vertical. Pores in this 

zone create a good environment for the attenuation of contaminants. Generally the rate of 

ground water movement may be some centimetres (cm) or metres (m) a day, depending 

upon the substrate (Boulding and Ginn, 2004). In practice, the rate of flow may fluctuate 

between 20 to 90 m in a year to 10 m in one day in coarse alluvium, as well as up to 1 

kilometres (km) per day in a karst aquifer (Lecomte and Mariotti, 1997). On reaching the 

saturated zone, water flow is mainly horizontal except in areas near lakes and rivers (Lee 

and Cheung, 1991).   

Figure 2.1 An illustration of the main biogeochemical processes and their pathways in the aquatic 
environment (After Farrington and Westall, 1986).  
 

Contaminant transport is influenced by other factors such as dispersion, density and 

sorption (Schwartz, 1977; Anderson, 1984; Fetter, 1988; Boulding and Ginn, 2004; 

Hellweg et al., 2005a; Hiscock, 2005). Such factors may accelerate the migration of 

Image not available due to copyright restrictions
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contaminants or retard it. Retardation processes will slow the transport of contaminants 

relative to that expected through general advection (Boulding and Ginn, 2004). For 

example high organic content will delay migration of heavy metals (Hellweg et al., 2005a). 

 

The rate of contaminant flow is governed by such factors as the contaminant source 

characteristics, the nature of leachate, the geology of a site, pH, (Boulding and Ginn, 2004) 

and organic content (Rowel, 1994; MAFF, 1993a). These factors are discussed below. For 

example when contaminants are dissolved in water in the subsurface, they can move by 

advection within the ground water and once they are dispersed, they can form a pollution 

plume (Fig. 2.2). Such a plume will be oriented in the direction of ground water flow. 

 

2.2.2 Geological factors  

The rate of contaminant movement in the subsurface will vary under different soil and 

sediment conditions. Contaminant flow is therefore faster through gravel than sand than 

clay (Boulding and Ginn, 2004). In clays, contaminant flow will be hindered by hydraulic 

conductivity effects and ion exchange. The geological factor is illustrated in Figure 2.2 for 

both a chloride plume and a chromium plume.   

Figure 2.2  showing the impact of variations in geology on forms of contaminant plumes.  

Source: Reproduced from Miller, 1985 cited in Boulding and Ginn, (2004). 
 

2.2.3 The influence of pH  

pH determines speciation of various dissolved metals which subsequently influence their 

reactivity and solubility (Allen et al., 1995; Boulding and Ginn, 2004). In their work 

Forstner and Wittmann (1981) reported that immobile metals in settled sediments maybe 

remobilised through chemical alteration in the aquatic environment. For example in 

oxidising conditions, metals like Zn, Cu, Pb and Ni in solution create hydrated cations 

Image not available due to copyright restrictions
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which are adsorbed by clays when the pH is high and therefore reducing their mobility 

(Forstner and Wittmann, 1981: Cole et al., 1999: Argent and Thompson 2003; Fischer et 

al., 2003). Mobility of some metals may be lower in alkaline systems than in neutral to 

acidic systems because such metals develop hydroxyl compounds/complexes which are 

adsorbed into sesqui-oxides (Bilinski et al., 1991; Cole et al., 1999 and Fischer et al., 

2003). In the oceans, pH conditions make it possible for clay minerals to become 

negatively charged and hence metals are attracted to them (Libes, 1992: Woodroffe 2002) 

(Fig. 2.3). Similarly in salt marshes, dissolved metals may be strongly adsorbed onto clay 

rich sediments. In their work, Baird (1995), Dessanakis et al., (2003) and Cundy et al., 

(2005) reported that dissolved metals in a water column may become adsorbed onto 

sediments which may then settle down and are stored in mudflats and salt marshes 

(Fig.2.3). In undisturbed sediments, sequential layers are formed and this can provide a 

chronology of the sediment deposition (Howard, 1998). Therefore, site pH may have a 

significant impact on metal storage and mobility.  

Figure 2.3 illustrating the adsorption of Cu by organic matter and suspended sediment in the marine 
environment (Thurman, 1985).  
 

2.2.4 Organic content 

The role of organic content with regard to the behaviour of heavy metals in soils is 

discussed in detail in Rowel (1994). Soils and sediments with high humic content have a 

high retention capacity for heavy metals such as Pb and Cu (MAFF, 1993). The organic 

Image not available due to copyright restrictions
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content in sediments also determines the flow, build up and exchange of heavy metals in 

soil (Allen et al., 1995) and sediments (Fig. 2.3). In addition Cu and Pb can form mobile 

soluble organic complexes (Fischer et al., 2003) and their movement is dependent on the 

mobility of organic content (Cansès, et al., 2003). Organic content can therefore exert an 

important control on metal sorption and mobility. 

 

2.2.5 The nature of leachate 

The nature of leachate is the main factor which determines the flow of contaminants in the 

subsurface. This is due to the fact that different chemical constituents will behave in a 

different way in similar conditions determined by other contaminants in a complex 

leachate (Fig. 2.5). Some compounds and conservative elements may be retarded and may 

be less mobile while others such as chloride have a similar velocity to ground water (Eyles 

and Boyce, 1997). For example equal amounts of benzene and chloride were 

simultaneously released into a saturated subsurface and their detection values showed 

considerable differences in flow rates (Boulding and Ginn (2004). While the flow of 

benzene was considerably retarded, the migration of chloride was normal.        

Figure 2.4. Benzene and chloride shown in a monitoring well (Boulding and Ginn, 2004). 

 

2.3 Contaminant source characteristics   

Factors such as the nature of waste and the age of a contaminant source can influence the 

flow of contaminants. For example in closed historical landfills, pollution plumes may 

reduce in size with time (Boulding and Ginn, 2004) (Fig. 2.5). The means by which 

contaminants migrate from their sources and the sequence of contaminant flow from the 

source will therefore impact on the shape of contaminant plumes (Boulding and Ginn, 

2004). These factors are diagrammatically illustrated in Figure 2.5.    

 

Image not available due to copyright restrictions
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Figure 2.5. Transformation of plumes and causes of their modifications (Boulding and Ginn 2004). 
Pollution in closed historical landfills is likely to decrease with time. 
 

2.4 The properties and behaviour of selected contaminants 

Having discussed the source and general surface behaviour of contaminants, it is important 

to understand the properties and behaviour of some of the contaminants found in landfill 

leachate. Typical contaminants from landfills include heavy metals and metalloids such as 

lead (Pb), nickel (Ni), cadmium (Cd), arsenic (As) and mercury (Hg) (Boulding and Ginn, 

2004: El Megrahi et al., 2006) which occur in the sub-surface environment, are persistent, 

are not biodegradable and can be harmful to ecosystems (Baird, 1995, Mulligan et al., 

2001; Argent et al., 2003; Hellweg, et al., 2005b).  

 

Different definitions of the term ―heavy metals‖ have been suggested. These definitions 

depend on parameters such as the chemical properties, atomic number or atomic weight or 

toxicity (Duffus, 2002). Clark (1986) described heavy metals to comprise of metalloids and 

transition metals. Among these elements, those with a specific density greater than 5 

Mg/m3 are described as heavy metals (El Megrahi et al., 2006). In his work Baird (1995), 

considers heavy metals as having higher densities than other common elements while 

Libes (1992) described heavy metals as those metals with more than 20 amu atomic weight 

and include metals not generally regarded as toxic such as Iron (Fe) and Manganese (Mn). 

This study will adopt Libes‘ (1992) definition of heavy metals as it is relevant to metal 

speciation. These metals are present in soils and sediments in various states i.e. sulphide 

bound, residual, water soluble, carbonate bound, exchangeable and organically bound (Guo 

et al., 1997).     

Image not available due to copyright restrictions
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A number of metals are essential to biota. However some metals are not needed in living 

organisms. Clark (1986) in his work classified three groups of metals of biological 

importance. These include light metals such as Calcium, metals such as Cu which are 

required in low levels but can be harmful if concentrations are elevated and metals such as 

Pb which are not necessary and can be toxic even when concentrations are low. 

    

The concentration of these elements in the marine environments has traditionally been 

monitored and regulated on the basis of their absolute concentration values (Traina and 

Laperchhe, 1998). In their work Traina and Laperchhe, (1998) reported that the total 

concentration is not a true indicator of the bioavailability of contaminants to sediments or 

the marine ecosystem. The toxicity of contaminants is dependent their physical state or 

chemical speciation. 

 

In their work Schropp and Windom (1988) reported that naturally occurring metals in 

estuarine sediments are chemically attached in the aluminosilicate form (or present in other 

minerals such as carbonates) and are therefore strongly bound unlike the loosely adsorbed 

anthropogenic elements. Hence, anthropogenic metals are likely to be more accessible to 

marine organisms and can also be discharged to the aquatic environment in a different state 

if sediments were to be disturbed. Many environmental scientists have used global 

background mean concentrations of heavy metals to determine the occurrence of either the 

natural or anthropogenic metals in the marine environment. Some environmental scientists 

use local baseline values which are based on pre-industrial sediments or local geology such 

as Cearreta et al., (2000). A number of the heavy metals linked to landfill leachate and 

their behaviour in the environment are discussed below. 
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Table 2.1. The behaviour of chromium in the marine environment.  

Metal Source Levels  Fate and behaviour Toxicity & 
bioaccumulation 

Chromium 
(Cr) 

o Anthropogenic sources of 
Cr include sewage sludge, 
fly ash and pulverised fuel 
[6] waste incineration  & 
from burning of fossil 
fuels [8] 

o Industrial activity e.g. 
industrial dyes and metal 
plating [8] 
 

o Global 
background mean 
concentration is 
ca 100 mg/kg-1 
[1&7] 

o Mean 
concentration in 
unpolluted water 
is about 1 μg to 
some  μg - l [8] 

o Cr (III) and Cr (VI) are more stable. 
Cr (VI) is easily recovered in 
sediment & soil & is also the most 
harmful form. In soil organic matter, 
Cr (VI) is reduced to Cr (III) [6] 

o Reducing conditions for Cr (VI) are 
increased with rising acidity in soils 
[6] 

o Belongs to the Lithophile group of 
elements [6] 

o Can be toxic to 
organisms in marine 
sediments if 
concentration values 
are more than 52.3 
mg/kg- [8] 

o Can be harmful to 
fish & invertebrates 
if concentration 
levels per annum are 
more than the 5• g l-

1  interim EQS in the 
water column [8]. 
Annual EQS 15 mg/ 
l-1 

o Field tests on 
crustaceans & 
molluscs for 
bioconcentration 
factors (BCFs) 
showed that Cr is 
not likely to 
bioaccumulate in the 
natural environment 
[8] 

References: 1Day, (1963), 2Forstner and Wittmann (1981), 3Schropp & Windom (1988), 4Hertel and Muller, (1991), 5MAFF (1993), 6Alloway, (1995), 7Davis 
(1995), 8Cole et al., (1999) and 9Environment Agency (2004:2007: 2010). *EQS stands for Environmental Quality Standards. 
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Table 2.2. The behaviour of Copper in the aquatic environment is discussed below. 

Metal Source Levels  Fate and behaviour Toxicity & 
bioaccumulation 

Copper 
(Cu) 

o Smelting, mining, coal 
burning & refining, 
industrial & sewer 
discharges [5] 
 

o Global 
background 
mean 
concentration is 
55 mg/kg [7] 

 

o Can be found in natural water as a 
precipitate or in a dissolved state  
cupric ion (Cu2+ ) [8] 

o Adsorbed onto soils and one of the 
trace elements with the least mobility 

o Cupric ion Cu is generally 
bioavailable [8] 

o Cu has the potential for 
complexation with organic matter  
[8] 

o Attached to organic content in the 
soil & can build up in plant roots [5] 

o Elevated concentrations of 
suspended matter in a majority of 
estuaries enhance the adsorption of 
Cu from its solvent state to 
suspended particles which may 
subsequently settle onto bottom 
sediments [8] 

o Estuarine sediments are reported to 
be the main depository areas for 
particulate Cu carried from rivers [8] 
& streams. Cu may be released if 
sediments are disturbed [8] 

o Belongs to the Chalcophile group of 
elements [6]  

o Can be harmful to 
invertebrates & to a 
smaller extent fish if 
the mean dissolved 
concentration levels 
per annum in the water 
column  are more than 
the 5• g l-1  interim 
EQS [8] 

o Bioaccumulation in 
organisms can be 
harmful to marine 
habitants such as birds 
& fish [8] 

o Concentration values 
of more than 18.7 
mg/kg-1 in sediments 
can be toxic [8] 

o Annual EQS 5 mg/ l-1 
o Normal concentration 

in fauna are between 5-
20 mg/kg-1 with a 
possible wider range 
i.e. (1-30 mg/kg-1) [6] 
 

 
 

References: 1Day, (1963), 2Forstner and Wittmann (1981), 3Schropp & Windom (1988), 4Hertel and Muller, (1991), 5MAFF (1993), 6Alloway, (1995), 7Davis 
(1995), 8Cole et al., (1999) and 9Environment Agency (2004:2007: 2010). 
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Table 2.3. The behaviour of Nickel in the marine environment is described below. 

Metal Source Levels  Fate and behaviour Toxicity & bioaccumulation 
Nickel 
(Ni) 

o Enters the 
marine 
environment 
from surface run 
off, the 
atmosphere, 
weathering of  
rocks,  urban & 
industrial waste, 
sewage sludge 
& waste 
incineration  [8] 
  

o Fertilisers, fly 
ash from coal-
fired power 
stations, in 
agricultural 
soils from the 
use of sewage 
sludge [6] 
 
 

o Global 
background mean 
concentration is 
12 mg/kg [7] 
 

o Mean levels in 
fresh water waters 
is 2-10 mg/l & 
0.2– 0.7 mg/l [8] 
 

o Mean 
concentration of  
Ni in stream 
sediments in some 
urban areas in 
south east and 
north east of 
England is in the 
range 5-264 mg 
kg-1 
[9] 
 

o Found in the aquatic environment as 
soluble salts [8] 

o Generally stable over a broad range of 
redox and pH conditions in the surface 
soil [6] 

o Ni sulphide concentrations in soil 
solution increase with acidity and 
reducing environment [9] 

o The movement of Ni in the soil is 
greater at a higher acidity and reducing 
environment [9] 

o Can be adsorbed onto organic or clay 
minerals  [8] but can be remobilised 
from the sediments [9] 

o Belongs to the Siderophile & 
Chalcophile group of elements [6] 

o Toxic to invertebrates and 
algae especially molluscs if 
dissolved concentration 
values per annum  are more 
than 15•  g/l-  of the interim 
EQS in the water column [8] 

o Annual EQS 30 mg/ l-1 
 

References: 1Day, (1963), 2Forstner and Wittmann (1981), 3Schropp & Windom (1988), 4Hertel and Muller, (1991), 5MAFF (1993), 6Alloway, (1995), 7Davis 
(1995), 8Cole et al., (1999) and 9Environment Agency (2004:2007: 2010). 
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Table 2.4. The behaviour of Lead in the marine environment is discussed below. 

Metal Source Levels  Fate and behaviour Toxicity & 
bioaccumulation 

Lead 
(Pb) 

o Compost [6] 
o Vehicle exhaust & 

coal fuel [1&2] 
o Sewage sludge [6] 
o Atmospheric 

deposition, mining 
and smelting [1&2] 

o Gun cartridges[8] 

o Global 
background mean 
concentration is 
12.5 mg/kg [7] 
 

o Mean 
concentration in 
rocks is 23 mg/kg 
[7] 

 

o Forms stable organic compounds[8] 
o Salts of Pb poorly soluble in water[8] 
o Tetramethyllead &  Tetraethyllead used as 

fuel addictives, volatile & readily soluble in 
H2O[8] 

o Low solubility of most of its salts in H2O[8] 
o Hence precipitates out of complex 

solutions[8] 
o Solubility determined by temperature & Ph 

[9]  
o Adsorption & bioaccumulation dependent 

on pH, salinity, alginic & humic acid [8] 
o Belongs to the Chalcophile group of 

elements [6] 

o Acute toxicity to algae 
above EQS of between 
0.5• to 10• g/l-1 [8] 

o Harmful to sediment 
dwelling organisms above 
30.2 mg/kg-1[8] 

o Bioaccumulation in food 
chain harmful to birds [8] 

o Annual EQS 25 mg/ l-1 
 

References: 1Day, (1963), 2Forstner and Wittmann (1981), 3Schropp & Windom (1988), 4Hertel and Muller, (1991), 5MAFF (1993), 6Alloway, (1995), 7Davis 
(1995), 8Cole et al., (1999) and 9Environment Agency (2004:2007: 2010). 
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Table 2.5. The behaviour of Zinc in the marine environment is described below. 

Metal Source Levels  Fate and behaviour Toxicity & 
bioaccumulation 

Zinc 
(Zn) 

o Roofing material & 
dry batteries  

o Anthropogenic 
sources of Zn are 
sewage sludge, 
fertilisers and 
compost [6] & 
industrial waste [8] 

o Global 
background 
mean 
concentratio
n is 70 
mg/kg [7] 
 

o Mean 
concentratio
n of Zn in 
England and 
Wales is 
78.2 mg/kg 
[6] 

o Zn is vital to fauna and flora [1 & 2] 
o It is therefore easily accumulated [8] 
o Mobility of Zn higher than that of other heavy 

metals [8]  
o In fresh & brackish waters, microbial activity in 

organic matter can release Zn from particles. 
This activity may also result in the displacement 
of  Zn with magnesium & calcium  

o Fulvic acids form chelates with zinc ions in a 
broad spectrum of pH. This raises the solubility 
and movement of Zn through the soil [6] 

o At maximum turbidity Zn linked with 
suspended sediments settles with flocculated 
particles and may accumulate especially in 
anaerobic sediments [8] 

o Belongs to the Chalcophile group of elements 
[6] 
 

 

o Can be harmful to fish, 
algae & invertebrates if 
the dissolved Zn 
exceeds the interim 
EQS mean level of 10• 
g/l-1  pa  

o Toxic to sediment 
habitats if in excess of 
124 mg kg-1    [2&4] 

o Bioaccumulation can be 
toxic to aquatic 
organism such as birds 
& fish [8]  

o Excess Zn 
concentrations in the 
soil can be harmful to 
plants, livestock and 
subsequent adverse 
impacts on human food  
[6] 

o Annual EQS 40 mg/ l-1 
  

 
References: 1Day, (1963), 2Forstner and Wittmann (1981), 3Schropp & Windom (1988), 4Hertel and Muller, (1991), 5MAFF (1993), 6Alloway, (1995), 7Davis 
(1995), 8Cole et al., (1999) and 9Environment Agency (2004:2007: 2010). 
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2.5 Coastal landfills 

Historically, landfill waste disposal method has remained at the bottom of the Municipal 

Solid Waste disposal hierarchy (Slack et al.,2004; Njue, 2006) in the United Kingdom. 

Prior to 1974, minimal statutory regulation was applied to the nature of waste destined for 

landfills (Bary et al.,2001). Hence there was little control of landfill activity. Landfills 

were not capped and risks of leachate break out were common with possible contamination 

of the immediate environment such as such surface and ground waters. In addition, there 

were no legal requirements to file records of waste dumped in these landfills (DCC, 

1991a). Many relict coastal and estuarine landfills in southern England are typical 

examples of the landfill sites in operation before 1974. Some of these landfills were 

initially categorized as ‗disperse and dilute‘ tipping locations (Hiscock, 2005; Weymouth 

and Portland Borough Council (WPBC), 2002). It was expected that once waste was 

dumped onto the coastal mudflats and marshes, any leachates produced from this refuse 

would disperse and diffuse into these environments.  

 

However this practice is no longer permitted and sanitary landfills lined with low 

permeability liners of not more than 10-9 m s-1, which hold leachate for treatment and 

disposal are now a legal requirement in Europe (Defra, 2009,). In modern times, ecological 

restoration is undertaken after sanitary landfills have attained capacity by capping the top 

with low permeability clay (Hiscock, 2005). However, in their work, Hellweg et al., 

(2005a) cautioned that leaching may occur from sanitary landfills after they attain their 

lifespan.  

 

The establishment of uncontrolled coastal landfills in areas reclaimed from salt marshes is 

likely to have created contaminated zones. For instance, under part IIA of the Environment 

Protection Act (1990), many landfills have been investigated and found to be 

contaminated.  By 1993, about 50,000 to 100,000 contaminated sites had been identified in 

the United Kingdom (UK) (Cairney 1993). To date, there are about 100,000 reported 

contaminated sites in the UK covering about 100,000 hectares of land (Bell and 

Mcgillivray, 2000). It is estimated that that the number of contaminated landfill sites in 

England is about 50,000 (Hardly, 1996). In their work Eyles and Boyce (1997) have 

reported the need for a current record of the locations of historic landfills and their 

contents. In Southern England and in other parts of the UK, the number of coastal and 

estuarine waste dumps, their contents and containment strategies are unknown.  
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Much of the pollution from coastal and estuarine landfills is likely to have been dispersed 

and diluted into coastal waters with little impact. However fine-grained sediments in 

mudflats and salt-marshes have the potential to trap or sequester metals and organic 

compounds. Attenuation of the pollution plume may be enhanced by the presence of 

coastal reedbeds, which are well known to accumulate metals (Write and Mason, 1999). 

The waste pile from the closed landfill sites is expected to have matured and degraded such 

that the peak flow of contaminants is likely to have fallen depending on plume dynamics 

(Christensen et al.,2001). However, it is interesting to note that several of these landfills 

have now been found to be contaminated with such heavy metals as Cu, Pb and Zn in 

groundwater in boreholes and such landfill gases as methane and carbon dioxide (e.g. Carr 

et al.,2008: Bennet et al.,2004: 2006). Such contamination may have impacted on adjacent 

marshes such as the Lodmoor marsh in Dorset, Pagham habour in West Sussex and 

Hayling Island in Hampshire. It would be interesting to establish if the three sites have 

been affected from the waste tipping activities now seen as a major threat to the coastal 

environment especially to mudflats and marshes.  

 

2.5.1 Control of waste 

Waste management in the post-1974 era changed with the introduction of the Control of 

Pollution Act of 1974 (Ball et al., 1995). This act gave protection orders for many areas 

from illegal dumping of waste. As a result of this act and the enactment of stringent 

environmental legislation in the UK in recent years, waste dumping activities on coastal 

mudflats and marshes have now been much reduced, and what remains is largely a legacy 

of past activities.  

 

2.5.2 Pollution and leachate chemistry 

The composition of waste destined for unregulated historical landfills until the early and 

mid 19th Century in many parts of the world is difficult to establish as there were no legal 

requirements to keep records of the waste dumped. It is therefore possible that that this 

waste may have included hazardous waste with the potential for surface water 

contamination. Eyles and Boyce (1997) detailed a chain of biochemical reactions from a 

closed landfill.  They reported that the in situ density of urban waste ranges from 0.67 and 

0.80 t.m-3 and with a possible hydraulic conductivity of 10-2 cm.s-1. At first more microbial 

activity causes the release of soluble elements such as hazardous fatty acids. This generates 

leachates with a high biological oxygen demand (BOD) and total organic carbon. This 
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further produces increased amounts of proteins and subsequent production of organic 

contaminants from solvents and insecticides. Organic and inorganic elements persist in this 

chain reaction (Jones, 1991 cited in Eyles and Boyce, 1997). Jones (1991) pointed out that 

anoxic reducing conditions arising from the decay in the landfill during the breakdown of 

organic elements creates condition favourable for the solubility of metals such as 

manganese, iron and various heavy metals.  

 

The amount of leachate produced from a landfill is dependent on the quantity of water 

infiltrating through the waste (Fetter, 1988). Humid zones are therefore likely to generate 

higher quantities of leachate than in arid areas. With limited recharge in within the vadose 

zones in arid areas, solid waste dumps are therefore less likely to contaminate ground 

water.       

2.5.3 Leachate migration 

The movement of leachate in the subsurface in un-engineered landfills and the level to 

which it contaminates ground water is determined by hydrochemical and hydrogeological 

mechanisms (Macfarlane et al., 1993 cited in Eyles and Boyce, 1997), microbiological, 

hydraulic and geochemical structure of the hydrogeological system (Hiscock, 2005). These 

mechanisms include diffusion and advection (Eyles and Boyce, 1997) with the former 

being the dominant mode especially in low permeability clayey media where advection 

would be insignificant. Within clay rich materials, some leachate elements may be 

adsorbed onto the surface of clay minerals. Contaminated particulate matter is a major 

source of metal release from landfills (Parker et al., 2002). Leachate may form from within 

a landfill and break out and flow from the margins (Fig. 2.6).  

   

Hunter and Associates (1987 cited in Eyles and Boyce, 1997) reported that the composition 

of landfill leachate may show a temporal variation as a result of changes in infiltration by 

yearly or seasonal changes in rainfall. Eyles and Boyce (1997) also pointed out that 

composition of background water within a landfill can impact on leachate quality.           

 
 Figure 2.6. An illustration of leachate breakout from the sides of a landfill which has no 
  drains (After Rowe, 1988).   
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2.5.4 Infiltration  

Except under arid conditions, water from ice or rain infiltrates the ground through the pore 

spaces and percolates into the subsurface of old landfills (Freeze and Cherry, 1979). Water 

may flow vertically dissolving substances on the way to the saturated zone (Boulding and 

Ginn 2004). During this process, a thermo dynamic equilibrium is achieved between the 

waste matrix and saturated zone (Hellweg et al., 2005b). This creates moulding at the base 

of a landfill and may contaminate ground water (Edward, et al., 1976; Freeze and Cherry, 

1979). A horizontal outward flow of leachate from un-engineered landfills will result in 

springs at landfill margins and may flow into the surface water (Chian and DeWalle, 1976; 

Freeze and Cherry, 1979; Chan et al., 1998; Hudak, 2005; Hellweg et al., 2005b) and 

transported through the run off system pathways (Fig. 2.7).  

Figure 2.7. A water Table mould at the base of a landfill is shown (Freeze and Cherry, 1979).  
 

On landfills with flat tops, rain water runoff is expected to be slow. Percolating rain water 

that flows through a contaminated area may dissolve contaminant materials, which may 

develop into leachate containing organic and inorganic substances. Production of leachate 

from landfills may last for significant time periods (Freeze and Cherry, 1979; Maskall, 

1997). Such leachate may migrate from the source area through advection and on reaching 

the saturated zone in the subsurface, contaminants in the leachate are likely to be dissolved 

in water and dispersed in the general path of the ground water course, through hydraulic 

gradients and into surface water courses. Pollution plumes oriented in the direction of 

ground water flow are also likely to be formed (Fig. 2.8) (Boulding and Ginn 2004; 

(Freeze and Cherry, 1979).).  

 

When contaminants are dissolved in water in the subsurface, they can move by advection 

within the ground water and once they are dispersed, they can form a pollution plume (Fig. 

2.8). Such a plume will be oriented in the direction of ground water flow. 

Image not available due to copyright restrictions
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 Figure 2.8 Chloride contours in a deep sited leachate plume movement from a sanitary 
 landfill on a sandy aquifer are shown (Freeze and Cherry, 1979).  
 

2.6 Coastal marshes/Coastal wetlands  

Coastal salt marshes consist of the elevated and vegetated parts of intertidal mudflats 

Woodroffe (2002) (Fig. 2.9). They lie roughly sandwiched between mean high water mark 

and the mean high water spring tides. Many of them are confined to the protected areas in 

estuaries. The growth of salt marsh vegetation is reliant on the existence of intertidal 

mudflats. About 30% of British salt marshes are found in the south and east England 

(Nottage and Robertson, 2005). 

Figure 2.9 illustrating a salt marsh (Woodroffe, 2002). 

 

A number of vegetation types thrive in the marsh environment. The raised sections of the 

salt marshes are characterised by a transition from the shoreline to reedbeds, woodland, 

mire and grassland (South West Biodiversity, 2006). Brackish areas are dominated by the 

common reed Phragmites australis. Spartina sp. marsh is a low marsh species commonly 

Image not available due to copyright restrictions

Image not available due to copyright restrictions
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found in ocean water salinities and in marine environments with regular tidal regimes 

(Woodroffe, 2002).  

 

Salt marshes play an important role in the coastal environment and the significance of the 

role played by salt marshes within the coastal areas has in recent years become a centre of 

attention because of the threats they face from erosion and development (Boorman 1999). 

Marshes act as a sea defence against wave energy during storms. Strong waves can be 

broken up and the eroded sediments once deposited on to mudflats bordering the sea would 

still be colonised by plants in calm weather. However for a marsh to be effective as a 

buffer between land and sea, such factors as their vegetation cover and the type of 

vegetation have to be taken into account  (Pethick, 1992).  

 

2.6.1 Biodiversity of coastal marshes 

A wide body of literature has looked at the role of coastal marshes in broad and diverse 

terms. This literature is primarily concerned with the geomorphological, biological and 

coastal defence importance of coastal marshes and mudflats whilst this review focuses 

upon the current understanding of the complexity of uncontrolled coastal landfills and the 

resultant mechanisms of pollution impacting adjacent marshes. 

 

Coastal marshes are reported to play a significant role in the marine ecosystem. The 

diversity of the fauna and the biota found in marshes has added value to the role of salt 

marshes as habitats for wildlife (Boorman 1999: Bulchholz 1998). Such diversity is seen to 

symbolize the relationship between the marine environment and land (Daiber, 1986).  

 

The sheltered nature of salt marshes makes them ideal fish nurseries as well as breeding 

grounds (Daiber, 1997; Costa et al.,1994). Salt marshes provide feeding, roosting and 

nesting sites for a wide range of birds (Cadwallader et al.,1972; Greenhalgh, 1975; Burger, 

1977), especially in areas where meadowland has been taken up by agriculture (Boorman 

1999). A considerable number of bird species graze on the salt marsh flora in winter as 

inhabitants and when they are also on transit (Boorman 1999; Van der Wal, 2004). 

Marshes are also significant reserves for wildfowl, waders (South West Biodiversity, 2006) 

and the twite Carduelis flavirostris, a passerine which feeds on the seeds of some salt 

marsh flora in winter (Boorman 1999).    
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Tidal marshes are a major supply of essential food to a wide range of the coastal marine 

biota (Odum, 1961: Lefeuvre and Dame, 1994). They nourish and sustain the productivity 

of adjacent coastal waters (Nixon, 1981; Dame et al.,1991). The organic material released 

into the sea is a source of nutrients for a variety of commercial fish and shellfish (Lefeuvre 

et al.,1993) thereby sustaining the productivity of adjacent coastal waters. 

 

2.6.2 Threats to coastal marshes 

Salt marshes face a number of threats, ranging from reclamation for agriculture, to 

urbanisation, recreation, grazing, industrial development, pollution and waste tipping 

(Bulchholz 1998: Nottage and Robertson, 2005). The greatest threat identified by Nottage 

and Robertson (2005) is the depletion of salt marshes from erosion as a result of the rise in 

sea level due to climate change. However an additional threat to the marsh ecosystem is 

pollution especially in polluted wetlands where saline intrusion from sea level rise would 

cause biogeochemical reactions which could change the chemical state, mobilization and 

bioavailability of heavy metals. 

 

2.6.3 Biogeochemistry and metal storage ability in salt marshes 

Salt marshes are sinks for sediments and may contain high levels of organic and inorganic 

contaminants (Cundy and Croudace, 1995; Cundy and Lee, 2001; Gambrel, 1994; 

Williams et al., 1994). Sources of trace and heavy metal concentrations in estuarine 

sediments can be natural or anthropogenic. In their work, Windom et al. (1989) reported 

that sources of anthropogenic and natural contaminants in estuarine sediments are 

determined by such factors as the geology of a particular area, mining of ores, utilization of 

metals and oxides, discharge from landfills, fertilizers, pollution from the atmosphere, 

animal waste and release of human sewage.  

 

Heavy metals present in such environments may be trapped in estuaries and other locations 

where they can build up in sediments (Montelongo, 1994). However, French (1997) argues 

that there is a short term advantage when the water quality is enhanced by the absorption of 

pollutants onto the sediments. Accumulation of trace metals in bottom sediments, for 

example in estuaries, occurs through adsorption onto sediment particulate materials, clays, 

minerals, organic compounds, sulphides, hydrated iron oxides, and planktonic organisms 

(Akhter et al., 1997). Work undertaken by Cundy et al., (2003) revealed that the vertical 

variation of heavy metals in marsh sediments is dependent on other factors. These factors 
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include diagenesis, sediment grain composition (e.g. clays have large surface areas) and 

variation in sediment source.  

Diagenesis refers to post-depositional changes in sediments, brought about by physical, 

chemical and biological reactions (Libes, 1992; Cundy et. al., 2006).  These lead to the 

formation of altered or new mineral phases, and to lithifaction of sediments. Once elements 

have been scavenged to sediments they become subject to early-diagenetic changes. Early 

diagenetic reactions occur during the burial of sediments to depths of a few hundred 

metres. Organic material that is incorporated into sediments is buried and is oxidised (or 

broken down) by bacteria present in the sediment (Fig. 2.10). The most efficient way for 

the bacteria to break down organic material is to use oxygen as an oxidising agent (aerobic 

respiration).  

 

Where the rate of organic carbon supply or burial is higher (e.g. in coastal and estuarine 

sediments) the oxygen concentration in the sediment interstitial water can fall to such a low 

level that diagenesis must proceed using secondary oxidants (anaerobic respiration). This 

can lead to formation of secondary minerals (e.g. pyrite, marcasite and carbonate minerals) 

that may play an important role in metal sequestration (Figures 2.10 and 2.11). Selected 

surface and subsurface contaminants from these processes are discussed in section 2.4.   

 
  Figure 2.10 Illustrating a diagenetic process (After Cundy A., 2010, Pers.  
  Comm., 13th May). 
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 Figure 2.11  illustrating early-diagenetic pyrite framboid in intertidal sediments  
 (Cundy  et. al., 2006).   

2.6.4 Wetlands as geochemical recorders 

Sediments absorb and build up heavy metals over a long period of time (Environment 

Agency, 2007). It has therefore been possible to establish and illustrate chronological 

trends of heavy metals in coastal marshes especially in areas where sediments have not 

been disturbed. While historical dumping took place on mudflats and salt marshes situated 

along the coast and estuaries, it is possible for fine-grained sediments to trap or sequestrate 

metals in these environments. Pb, Cu and Zn were reported (French, 1996) as the most 

commonly encountered of the contaminant heavy metals within salt marshes. 

Anthropogenic input of these heavy metals is considered an environmental risk (Argent 

2004). While Cu and Zn are vital nutrients used by the microbial biomass other heavy 

metals such as Pb may be of no nutritional value.  

 

Past economic growth especially during the Industrial Revolution in the UK caused 

significant pollution in some coastal areas French (1996). In his later work French (1997), 

raised concern that contemporary research focused on concentration levels of heavy metals 

in sediments and not on the linkages between the pollution and erosion rates and 

subsequent potential sources of pollution.  

 

In southern English estuaries and wetlands, previous studies have shown the presence of 

significant historical contamination of estuaries (Cundy et al., 1995; 1997; 2002 and 2003). 

Such pollutants as Pb, Cu, Zn, Sn and Co were detected in sediments from these 

Image not available due to copyright restrictions
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environments. The polluted estuarine sediments also showed clear temporal variation of 

contaminants identified (Croudace and Cundy, 1995), (Fig. 2.12). If undisturbed, the age of 

bottom sediments is expected to be greater than that of the upper layers.  

 

Vertical accretion rates develop from the deposition of organic content from the marshes 

and mineral matter (Redfield, 1972). Estuarine sediments in the polluted areas may show a 

clear temporal variation (Croudace and Cundy, 1995) (Fig. 2.12), and may under 

favourable conditions be used to reconstruct historical trends in metal contamination 

(Cundy et. al., 2003).  

 
              

               

 

Figure 2.12. Core log and temporal variation of 137Cs, Cu, Zn and Pb from Southampton Water  
(Croudace and Cundy, 1995). Concentrations of these metals are compared with values from an unpolluted  
intertidal core from Newtown shown in the red dots.  
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2.6.5 Ecosystem Impacts and the potential role of sea level rise 

Threats to coastal marshes are augmented by new threats predicted from sea level rise. 

While in recent years pollution has reduced significantly with the attention now shifting 

from impact of direct loading to possible public health risks for both humans and 

ecosystems from contaminants if they were to be discharged (Berg and Brevick 1996) for 

example through erosion and saline intrusion. Many British salt marshes are backed by sea 

barriers which would prevent any landward marsh development onto the upper zones and 

therefore sea level rise would certainly cause massive loss of salt marsh areas through 

coastal erosion. Boorman et al.,(1989) reported that such problems would be more serious 

in areas of south east England, where a fifth of British salt marshes are located. It is also 

suggested that a rise in sea level of close to the projected minimum rise of for example 

0.5m would cause salt marsh reduction of in excess of 40 % with a nearly total loss of 

vegetation types such as reedbeds, common in the upper zones of salt marshes (Boorman et 

al., 1989) by the year 2070. Detailed work on the impact of sea level rise on the coastal 

zones is discussed in Bray et al., (1996) and is summarised Figure 2.13.  
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Figure 2.13 illustrating potential effects of predicted sea level rise on the coastal environment  
(Bray et al., 1996). 

Image not available due to copyright restrictions
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2.6.6 The impact of pollution on the marsh ecosystem 

Pollution may occur when the pollutants locked within sediments begin to migrate (French, 

1997). For example the presence of polychlorinated biphenyls (PCB) and organochlorine 

insecticides (OCL) at depth within an Essex coast is an indication that their spatial 

distribution can be altered if disturbed (Boorman, 1999). Disturbed sediments could be 

potential sources of pollution for overlying water bodies when there is natural or 

anthropogenic disturbance (Bryan and Langston 1992; Savvids et al.,1996). Such 

disturbance can be harmful to marsh ecosystems (Libes, 1992; Daskalakis and O'Connor, 

1995; Long et al.,1995 Argese, 1997) (Table 2.6).  

 

Lacerda and Fitzgerald (2001) reported that the biogeochemical properties in an ecological 

unit can add to or reduce the possibility of attaining toxic levels. The increase in heavy 

metal concentration and the impact on marsh ecosystems is documented in Boorman 

(1999). Anthropogenic and natural disturbances in the sediments may affect their physico-

chemical conditions and redox status, temperature, oxygen and salinity may be changed 

thus potentially making contaminants more available to the plants and animals by way of 

ingestion and respiration. Various benthic invertebrates and filter feeders living in estuaries 

are at risk of exposure to contaminated sediments through digestion of sediments which 

maybe their source of food (Baird, 1995, Wright and Mason 1999: Miramand, et al.,2001: 

Cundy, et al.,2005). In their work, Hursthouse et al.,(2003) found enriched Cr in Mytilus 

which are filter feeders.  

 

Pollution of coastal marine environments can result in the deterioration of natural habitats 

by eliminating ecologically sensitive species (Akhter et al.,1997: MAFF, 2003) some of 

which live within the sediments (Peltier et al.,2003). Waddell and Krauss (1990) reported 

that heavy metals can be harmful to marshland vegetation seedling growth, and are 

therefore a potential threat to the existence of coastal marshlands. It is also acknowledged 

that extensive occurrences of pollutants in salt marsh sediments are a likely risk to salt 

marsh formation (Legget et al.,1995).  

 

Cd can enter the leaves of plants such as Halimione portulacoides a halophyte plant which 

grows in marshes (Boorman 1999). Cd accumulation in the leaves of this plant can be 

harmful if consumed by animals. Dauwe et al., (2004) found potentially toxic levels of Pb, 

Cd, Zn, Ag, Hg, Ni and As in a number of vegetation types. Plants such as the water moss, 
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Phragmites australis and duckweed are reported in Petlier et al., (2003) to build up high 

concentrations of heavy metals and such toxicity can be harmful to the waterfowl.   

 

The occurrence of heavy metals in the environment in significant quantities is also a 

possible risk to the wetland food chain. In their work, Wright and Mason (1999) reported 

that some metals may accumulate in invertebrates. This raises the concern in that some 

estuaries are also habitats for many birds, which feed on filter feeders. Laskowski et al., 

(1996) reported that metals such as Pb and Cd can build up in snails. Increased levels of 

heavy metals can cause stunted growth in snails with a subsequent adverse effect on their 

population growth rate. Scheifler et al., (2006) found more Pb accumulation in urban than 

rural earthworms. In their work, Klot et al., (2007) found out that areas that have high 

concentration levels of Cu and Zn had fewer species of earthworms. Research undertaken 

by Notten et al., (2005) showed that Cu, Zn and Cd can build up in Cepaea nemoralis 

snails from the consumption of Urtica dioca leaves containing these metals. Dauwe (2004) 

found corresponding quantities of Ni, Ag, Ni, Cu and As in leaves and caterpillars. In the 

same study, similar concentrations of Hg, Ag Pb and As were also found between 

caterpillars and great tits (Parus major) feathers. Laskowski et al. (1996) and Notten et al., 

(2005) established that predators (such as thrushes, shrews and carabid beetle larvae) 

feeding on snails are a significant transfer linkage of heavy metals from plants to 

carnivores. Loumbourdis (2007) reported that when Rana ribunda frogs were exposed to 

Cd and Cr, these metals accumulated in their kidneys.   

 

Kertész et al.,(2006) established that contact of high levels of Pb and Cu to mallard eggs 

can be harmful. This would have an impact on bird species and populations. Kertész et 

al.,(2006) further reported that catastrophic pollution into an aquatic system can affect 

reproduction in the waterfowl.  Boorman (1999) suggested that other metals would be 

taken up by plants and have a significant adverse effect on the health of animals grazing on 

such vegetation. This is an indication that ecosystems such as the study sites of this thesis 

which  are also nature reserves, may also be at risk from heavy metal pollution.      

 

In marine environments, marshes are among the most susceptible to such pollutants as lead 

(Lacerda and Fitzgerald 2001). There is a possibility that such environments not only 

concentrate heavy metals but also in many cases have biogeochemical reactions altering 

the chemical speciation, mobilization and bioavailability. For example harmless levels of 

inorganic mercury can be changed into harmful methyl mercury in aquatic systems 

(Lacerda and Fitzgerald 2001; Ouddane et al., 2008). Wetlands are known to be vulnerable 
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to mercury which can be toxic at even low concentrations and can also be absorbed into 

biological systems (Marcovecchio et al., 2001). 

 

Lacerda and Fitzgerald (2001) reported that tidal changes may speed up dissolved and 

particulate mercury mobility from coastal aquatic environments to neighbouring marine 

systems. The transfer of mercury from the sediments to the water environment can be 

harmful to the biota (Rhamalosa et al.,2001). While the impact of individual heavy metals 

on salt marshes may be limited, a combination of different heavy metals could be more 

harmful (Boorman 1999). Some metals such as Pb remain in the sediments for significant 

periods (Scheifler, 2006), an indication that it could have significant long-term impact on 

the environment. Pb is also more hazardous than other heavy metals (Kertész et al.,2006). 

From these concerns, it has been suggested that specific threats to wetland ecosystems such 

as  natural and anthropogenic inputs are identified in order to remedy and mitigate heavy 

metal pollution (Din, 1992; Balls et al.,1997; Chapman and Wang, 2001; O‘Connell, 

2003).  

 

2.6.7 Salt marshes and pollution control 

Coastal marshes have the ability to accumulate metals. The absorption of heavy metals by 

reeds is determined by their mobility and presence in sediments which in turn is dependent 

on salinity, the amount of organic matter present, redox potential and pH (Almeida et 

al.,2004; Otte et al.,1993; Williams et al.,1994a). The coastal reeds, Phragmites australis, 

are a common plant species in brackish environments (Laing et al., 2003). They absorb 

heavy metals from aqueous solutions through their roots and are therefore useful for 

pollution control. This is because these plants have high lignin and cellulose content 

(Lenssen et al.,1999) which take up significant amounts of heavy metal ions from aquatic 

environments (Srivasta et al.,1994) contaminated with heavy metals. Heavy metals are 

absorbed by the reeds from the sediments through the roots where they build up (Fig. 2.14) 

while small amounts are transported to the stalks and leaves (Alberts et al.,1990; Caçador 

et al.,2000b; Weis et al.,2001; Windham et al., 2003).  
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Figure 2.14 illustrating an engineered a coastal wetland (Berezowsky, 1997). 
 

In the face of the threats of heavy metals in coastal wetlands, engineered wetlands are 

increasingly seen as a green method of pollution control. This is due to the ability of salt 

marshes and coastal reed beds to accumulate metals and therefore improving water quality. 

In his work, Berezowsky (1997) reported that in the period between 1982 to 1997, 

increased interest in engineered wetlands resulted in global construction of not less than 

1500 wetland systems. In the UK, 81 engineered wetlands had been constructed by 1988 

(Berezowsky, 1997).   

 

Constructed wetlands may be cheaper to construct than using conventional land 

remediation techniques. However, while water quality is enhanced by the absorption of 

pollutants onto plants such as the Phragmites australis, it is possible that the heavy metals 

locked within them are recycled into the marsh ecosystem when these plants die and are 

remineralised.  

 

 

 

Image not available due to copyright restrictions
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Table 2.6 illustrating the likely pollution impacts on an ecosystem (Libes, 1992).  

Level Adoptive response Destructive response Results at next level 
Biochemical-
cellular Detoxification Membrane disruption Adoption of organism 

  
Energy balance 

Reduction in condition of 
organism 

Organism Disease defence Metabolic changes 
Regulations & adoption of 
populations 

 

Adjustment in rate 
functions Behaviour aberrations 

Reduction in performance of 
populations 

 
Avoidance Increased incident of disease 

 
  

Reduction in growth rates 
 

Population 
Adoption of organism to 
stress 

Changes in population 
dynamics No change at community level 

 

No change in population 
dynamics 

 

Effects on coexisting organisms & 
communities 

Community 
Adoption of organism to 
stress 

Changes in species composition 
& diversity 

No change in community diversity 
or stability 

  
Reduction in energy flow Ecosystem adoption  

   
Deterioration of community 

      
Change in ecosystem structure & 
function 
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3. Study sites 

3.1 Introduction 

This chapter introduces and describes the three contrasting coastal landfill sites across 

South England that were investigated for the purpose of this study. These are: the Lodmoor 

Marsh adjacent to the Lodmoor Landfill Complex in Weymouth, Dorset; the mudflat 

bordering the ―Land West of Old Railway‖ landfill site on Hayling Island in Hampshire; 

and the marshland next to the Sidlesham Ferry landfill site in Pagham habour in West 

Sussex. These three coastal and estuarine landfill sites have different physical/chemical 

characteristics which may have impacted on coastal or estuarine water quality. This 

chapter describes their histories, content and containment strategies, the likely pollutant 

pathways and receptors for each site. Conceptual models showing the areas that may have 

been contaminated by pollutant plumes and in particular those areas that may have 

concentrated them have been developed and presented in section 3.4.  

 

3.2  Lodmoor marsh  

The focus of this study site is a land area referred to as Lodmoor marsh located next to the 

Lodmoor Landfill Complex (LLC), a closed landfill in Weymouth, Dorset, South England, 

grid reference: SY 682818 (Fig. 3.1). The marsh is located on a former estuary. Open 

contact with the sea ceased between 1994 and 1996 when a sea wall was constructed along 

the coast (WPBC, 2002). Lodmoor marsh is sited within the Lodmoor Special Site of 

Scientific Interest (SSSI) and Lodmoor Nature Reserve managed by the Royal Society for 

the Protection of Birds (RSPB). The Lodmoor Nature Reserve occupies about 62 ha (DCC, 

1990) and comprises a unique variety of wetland environments discussed in detail in 

section 3.1.8. The southern part of the site was formerly a salt marsh (WPBC, 2002). 

 

The LLC has previously been divided into Lodmoor North and South (WPBC, 2006). 

Waste dumping in area A was undertaken before 1974 (Fig. 3.2). Tipping in Lodmoor 

North was undertaken prior to 1974 and continued up to 1984. Tipping in both areas was 

undertaken both concurrently and sequentially by several authorities. Land filling activities 

in both parts A and B (Fig. 3.2) are likely to have impacted on the Lodmoor marsh.  
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 Figure 3.1 illustrating the location of Lodmoor North Landfill (© Crown Copyright OS 
 100024463). The land use adjacent to this landfill is mainly the Lodmoor marsh, 
 residential housing and farmland. 
 

A chronology of other developments in Lodmoor is given in WPBC (2002). For example, 

in the 1960s, residential houses were built to the East and West of the landfill site. In the 

1980s, frequent winter floods in the reserves were reported. In 1983, RSPB leased the 

marsh from WPBC for nature reserve management.  In the period between 1994 and 1996, 

a new sea wall was built by the Environment Agency (Fig. 3.9). A new tidal sluice was 

fitted and reedbeds were constructed by RSPB in 1995 (WPBC, 2002). 

 

 

Image not available due to copyright restrictions
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Figure 3.2 illustrating the Lodmoor landfills and the periods the waste was tipped in different sections 
(WPBC. 2006). The area delimited by the red dots is the Lodmoor marsh.  

 

3.2.1 Lodmoor landfill site operations 

In 1949, 343 acres of Lodmoor marsh were the subject of a compulsory acquisition by the 

Weymouth and Melcombe Regis Borough Council (WMBC) for dumping waste and 

leisure purposes (WPBC, 2002). This gave the rights to WMBC to reclaim large sections 

of the reserve for tipping purposes. Tipping of waste in Lodmoor began in 1949 (WPBC, 

2002) under the prevailing waste disposal regulations of the time and prior to the 

establishment of the Health and Safety Executive in 1974 (Ball & Bell, 1991). Aerial 

photographs taken between 1968 to 1985 and illustrated in sections 3.1.2 and 3.1.3 show 

areas where waste is likely to have been dumped in the Lodmoor marsh. Waste disposal in 

the Lodmoor marsh continued continued for about three and half decades after the site was 

purchased. The ownership of the area was passed to the succeeding WPBC in 1974 (DCC, 

1991).  

 

From 1974, user rights for the Lodmoor landfill were handed over to DCC which is also a 

Waste disposal Authority (WDA) and has since this time been running the site (DCC, 

1991). Waste tipping continued at the site from 1974 until 1984 (DCC, 1991). Restricted 

Image not available due to copyright restrictions
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quantities of liquid waste were received in the Lodmoor North Landfill up to 1988/9 

(DCC, 1991).  

 

3.2.2 Pre 1974 

Prior to 1974 minimal statutory regulation was applied to the nature of waste destined for 

landfills (CIRIA, 2001). Landfills were not capped and risks of leachate break out were 

common with possible contamination of the immediate environment. 

  

The Lodmoor landfill is a typical example of the landfill sites in operation before 1974. 

The landfill was initially categorized as a ‗disperse and dilute‘ tipping location (WPBC, 

2002). It was therefore expected that once waste matter was dumped in the marsh any 

contaminants from this refuse would diffuse into the marsh environment where their 

potential for harm would be attenuated by dispersal and dilution.  

 

There were no legal requirements to control the above activities and hence records were 

not kept to file the nature of waste dumped into the Lodmoor North Landfill (DCC, 1991). 

The only records available indicate that the northern part of the site accepted industrial, 

household and commercial waste (DCC, 1991; 2007). Restricted deposits of bagged 

asbestos were also tipped at the site after the passing of the Deposit of poisonous waste Act 

of 1972 (DCC, 1991). Possible remnants of some of this waste were visible on the surface 

of the Lodmoor North Landfill during the field work (Fig 3.3). 

 
Figure 3.3. Demolition waste visible on the Lodmoor North Landfill during field studies is shown.  
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Figure 3.4 illustrating waste tipping activities to the South East of the Lodmoor marsh in February 
1968 (National monuments Record, 2008). Arrow A points to the spread of waste pile in an area which 
is now a rugby pitch. Arrow B shows a second waste pile spreading into the marsh. Arrow C shows a 
drain running through the marsh.  

 

3.2.3 Post 1974 landfill operations and control of waste 

The Lodmoor landfill complex was officially granted a resolution in 1977 by the DCC 

(DCC) with protection orders for the Lodmoor complex from illegal dumping of waste. 

This resolution was agreed under the Control of Pollution Act of 1974 (DCC, 1991). 

Fences and gates were erected around the Landfill complex. In an agreement between DCC 

Image not available due to copyright restrictions
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and Wessex Water Authority, tipping of ‗special‘ waste in Lodmoor was not allowed 

(DCC, 1991). In their report, DCC, (1991) maintained that in the absence of any evidence 

of shipment notes which were given out at the time under the Control of Pollution (special 

wastes) Regulations (1980) ‗special‘ waste was not dumped. Liquid waste and drilling 

muds were dumped in North Lodmoor between 1980 and 1983 (DCC, 1991).  

 

Drilling mud was prepared from a range of substances and included salt gel, caustic soda, 

salt, bentonite, alkyl ammonium chloride, lime, soda ash, acrylate co-polymers, sodium 

bicarbonate, starch and polyionic cellulose (DCC, 1991). These liquid wastes were 

deposited in lagoons in Lodmoor North (Fig. 3.5) (DCC, 1991) and were likely to have 

generated leachates in the landfill (DCC, 1990).      

  

In their report, DCC (1991) stated that the nature and amount of liquid waste deposits were 

restricted by an agreement with the Wessex Water Authority. In this agreement, liquid 

waste exceeding 200 ppm of chlorinated solvents could not be deposited at the site and 

special waste was not to be dumped in the trenches. The number of waste trenches (about 

75m in length) was limited to eight. All amounts of liquid waste dumped into the trenches 

would not be more than 25,000 gallons per week and 75,000 gallons per month. This 

agreement was complied with (DCC, 1991). Some of the liquid waste included washing 

wastes and interceptor water derived from local industry which had traces of slate, clay, oil 

and paint (DCC, 1991). To ensure compliance with the conditions, DCC collected samples 

both at the source of this waste and from the trenches for analysis of such heavy metals as 

Zn, Cu, Pb, Ni, Cr and Cd among other parameters (DCC, 1991). Results from these 

analyses indicated Zn concentration was not more than 34.54 mg/kg-1. Deposition of liquid 

wastes in Lodmoor North landfill was stopped after the maximum holding capacity of the 

facility was attained. Dumping of cutting oil waste ceased in 1988 so as not to exceed the 

capacity of the Lodmoor North landfill (DCC, 1991).            

             

The dumped waste is thought to have been chemically inactive while some of it was from 

households (DCC, 2006). This waste appears to have been diverse and was both in solid 

and liquid form. Solid waste included domestic waste and building rubble. Liquid waste 

was brought into the landfill from oil drilling activities (DCC, 2004). Waste is suspected to 

have been dumped onto the drained marsh surface, in hydraulic continuity with ground 

waters and did not also take into account the drainage channels already in place (Fig. 3.4a) 

and the landfill lacked a leachate collection systems. Such drainage channels provide a 
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potential pathway for contaminants into the marsh. The waste was also dumped onto 

lagoons (Fig. 3.5) with probably weak bunds which would have allowed leaching. 

Figure 3.5. Waste cells within the Lodmoor North landfill (Weymouth and Portland  Borough Council, 
2006). 

 

DCC (1991; 2006) noted that leachate had indeed escaped from the bunds (Fig. 3.6). Such 

horizontal outward flows may have created leachate springs (Freeze and Cherry, 1979; 

Hudak, 2005) discussed in section 2.4 and may have contaminated the surface water in the 

Lodmoor marsh. However, in their report, DCC (1991) maintained that sample test results 

showed fairly low concentrations of contaminants. However there was no data on the 

sample test results in this report. 

 

Image not available due to copyright restrictions
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It is interesting to note that with the reported dilute leachate from the breakout, DCC 

constructed a leachate control system. It is not clear if this was done as a temporary 

preventative measure or a permanent containment system that was to stop harmful leachate 

from spreading. Waste disposal in the area ended in 1990 (WPBC, 2002; DCC, 2006).  

 

Figure 3.6 illustrating areas of proposed leachate break out (DCC, 1990). 
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Figure 3.7 showing the extent of the landfill by 1978. Landfill coverage  appears to have expanded as 
more areas seem to be have been reclaimed in relation to the area under coverage by February 1968 
(Fig. 3.4) (National monuments Record, 2008).   

 

Land filling activities appear to have been extended to this zone via a small earth 

embankment from the North West by 1978 (Fig. 3.8a). Waste dumping continued up to 

1988 (WPBC, 2002) in different land parcels in Lodmoor (Fig. 3.7 and 3.8a and 3.8b).  

 

 

 

 

 

Image not available due to copyright restrictions
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Figure 3.8a. Tipping activities at Lodmoor North Landfill in February, 1985 (National monuments 
Record, 2008). Waste cells are shown by arrow A. A landfill extension is shown by arrow B. Arrow C 
shows a waste bund in the marsh constructed by this time to probably accommodate more waste.   
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 Figure 3.8b. The extent of the landfill activities by February 1985 is shown.   

 

3.2.4 Topography 

Lodmoor marsh is a former tidal inlet with an altitude ranging from 0.2m to 1.5m 

(ordnance datum) OD (DCC, 1991: Environment Agency, 2008) (Figures 3.9). With such a 

low altitude, it is possible that the water table in areas not under water level management is 

very near the surface and hence presents a possible hydrological link between the Lodmoor 

marsh ground water and the sea. Within the marsh, several works related to land filling 

activities were undertaken. In the period between 1978 and 1984, an earth bund dividing 

the marsh was constructed possibly to accommodate waste (Fig. 3.7 and 3.8a). However, 

there is no evidence that waste was tipped in this section of the marsh.   

Image not available due to copyright restrictions
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The marsh is bordered by the A353 Preston Beach Road and a sea defence wall to the 

south which also separates it from Weymouth Bay. From the shoreline, the beach increases 

up to a height of about 3m OD at the sea wall (DCC, 1991). To the north of the marsh are 

chalk downlands which rise to a height of 59 m OD at a gradient equal to 1:8 (DCC, 1991). 

To the west, the land relief increases up to about 30m OD with modest gradients of 1:12, 

while to the south-west, the land raises up to a height of about 15m (DCC, 1991). In the 

absence of a sea wall, large sections of the Lodmoor marsh would be at risk of being 

flooded with saline water from a high tide (Fig. 3.10). A cross section of the Lodmoor 

marsh on Lidar data relief maps is shown in Figure 3.9. 
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   Figure 3.9. A cross section of Lodmoor marsh (developed using Lidar data: Source: Environment Agency, 
   2004) from North West to South East. Point A is a location in the Lodmoor catchment and point B is on a location  
   in the sea. Note the vertical exaggeration. The Y-axis shows elevation relative to OD. Lodmoor marsh (shown in arrow D)  
   is low lying. Arrow C shows the earth bund built to possibly accommodate waste.  

Image not available due to copyright restrictions
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Figure 3.10. The mean high water in Weymouth is 2.68 m (National Oceanographic Centre, 2010). Areas that would be at risk of  
flooding in the Lodmoor marsh are shown in the map (developed using Lidar data: Source: Environment Agency, 2004) above. However  
the marsh is protected by a sea wall (shown by the black arrow) which protects it from an open hydraulic connection with the sea. 
 

 

 

Image not available due to copyright restrictions
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3.2.5 Geology 

Lodmoor marsh was originally part of a tidal inlet filled by both marine and terrestrial 

sediments (Bennett et al., 2004). The soils and sediments within the marsh are mainly 

alluvium (NERC 2007; DCC, 1990) and comprise mainly of grey clay loam and silt (DCC, 

1990). The alluvial soils are thickest at the centre of Lodmoor valley and in the direction of 

the coast they reach a maximum thickness of about 10m (DCC, 1990) (Figures 3.11, 3.12a 

and 3.12b). Cores extracted from Lodmoor showed a sequence of brown peat with a 

thickness of about 15 cm to 100 cm overlying marine sand and some marine clay (WPBC, 

2001).  

 

The permeability within the alluvium varies. In falling head tests carried out on sand and 

peat layers by DCC, results demonstrated horizontal permeabilities of 10-6ms-1 to 10-8ms-1 

(DCC, 1990). DCC (1990) also reported that it was possible that ground water flows 

southwards to be released in to the sea and that saline water intrusion into the Lodmoor 

marsh probably takes place. However the level of this intrusion is not known. 

Figure 3.11. The geology of the Lodmoor marsh and surrounding region (DCC, 1990).   

Image not available due to copyright restrictions
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 Figure 3.12a. A simplified cross section of the regional geology is shown (DCC, 1990). 

Image not available due to copyright restrictions
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Figure 3.12b. An enlarged cross section of the Lodmoor marsh Geology is shown (DCC, 1990).  

Image not available due to copyright restrictions
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Beneath the alluvium is Oxford clay which functions as an aquiclude (DCC, 1990). This 

separates the Lodmoor hydrogeological structure from the regional aquifers. It is not 

known if any pollution or area changes affect the regional hydrogeology.  

 

The catchment of the Lodmoor marsh comprises mainly the Stewartby and Weymouth 

Member, the Kellaways formation and the Peterborough member all of the Oxford clay 

formation (DCC, 1990; Hudson and Martill, 1994; Branchley and Rawson, 2006; NERC 

2007) (Fig. 3.11). In their work Norry et al.,(1994) reported mean heavy metal 

concentrations of Cr (166 mg/kg-1), Cu (32 mg/kg-1), Ni (56 mg/kg-1), Pb (27 mg/kg-1) and 

Zn (110 mg/kg-1) from large samples from Calvert, Stewartby and Bletchley all from the 

Peterborough Member of the Oxford clay. Sediments transported from these rock 

formations into the Lodmoor marsh will reflect the mineralogy and or chemistry of the 

parent rock. The means of the five elements mentioned above were therefore considered as 

the background uncontaminated values of Oxford clay in this thesis.    

 

3.2.6 Hydrology 

The Lodmoor Marsh is drained by a number of surface water ditches (Figures 3.13 and 

3.15). There are two main seasonal inflow channels running through the study site. The 

most visible stream flows into Lodmoor marsh from the west and a smaller seasonal drain 

originates from a catchment to the north-west. Water within the marsh in the summer of 

2008 appeared still, an indication of the relatively slow flow of water in the drains.   

 

With the exception of evaporation, the only other outflow of water from the reserve is via a 

tidal outfall located in the south-eastern part of the reserve. The outfall has a sluice valve 

which stops tidal overflow (Figures. 3.18a and 3.18b). The sluice valve was installed by 

RSPB in 1995 and is managed by WPBC and the Environment Agency (WPBC, 2002). 

This outfall passes below the Preston Road and the beach before emptying its waters into 

Weymouth Bay. The outfall stands at 0.2m OD and controls the amount of water being 

discharged from the reserve. However, the sluice valves are reported to be overtopped in 

high tides and whenever there is a storm (DCC, 1990). The reserve is also reported to 

experience saline intrusion from the direction beneath the pebbles along the Preston beach 

(WPBC, 2002). It is not known to what effect the saline intrusion affects the marsh.  
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Figure 3.13 illustrates the main drains in the Lodmoor marsh (DCC, 1990). The extent of the 
marsh is shown by the by the red dashed line. 
 

 
 Figure 3.14 (facing North West) shows the main drain which flows from the west of the marsh. 
 Phragmites australis reed beds can be seen on both sides of the channel. The red arrow 
 indicates the direction of the water flow.  

Image not available due to copyright restrictions
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3.2.7 Hydrological compartments and the water table 

The water table in the Lodmoor marsh is relatively high. This can be attributed to the fact 

that the RSPB reserve is divided by bunds into four hydrological compartments (Fig. 3.15) 

and the water table was raised in 1999 during the implementation of the Lodmoor water 

level management scheme (WPBC, 2002). Lodmoor marsh is located in compartment C. 

The water regimes are set in order to preserve the marsh ecology and the water levels in 

these compartments are retained by a chain of drop board sluices, maintained by the RSPB 

(WPBC, 2006). To the north-western part of the marsh, water levels are high, possibly 

trapped by the bund and this may be a natural collection point for leachate from the 

landfill.  

Figure 3.15 illustrating the four hydrological compartments (A, B, C and D) within Lodmoor 
Marsh (White and Passmore, 2002).   

 

Presently there are three installed sluice valves to control water from compartment C 

(Tomlinson N. Pers. Com., 2007). However only the sluice valve marked X between 

compartment C and D (Fig. 3.15) is functional. Water in levels in compartment C where 

the Lodmoor marsh located are penned at 0.7 m (OD) in summer and between 0.7 and 0.9 

m in winter (Table 3.1).  

Image not available due to copyright restrictions



57 
 

   
 Table 3.1. Penning levels within the four hydrological compartments in the RSPB reserve (WPBC, 2002).  
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 Figure 3.16. illustrating the raised water table in the marsh. This is the case in most areas of 
 the marsh due to the managed water regimes.  

 
 Figure 3.17. The main channel outlet from the marsh through the nature reserve to 
 Weymouth Bay. 

 
Figure 3.18a. The tidal outfall to Weymouth Bay.       Figure 3.18b.  
 
Figures 3.18a and 3.18b above show the tidal outfall to Weymouth bay for water from the Lodmoor 
marsh and the adjacent catchment areas. Figure 3.18b shows the tidal outfall to Weymouth bay along 
Preston road. To the right (in figure 3.18b) is the sea wall. 
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3.2.8 Biodiversity 

Lodmoor Nature Reserve comprises an important wetland environment. These include the 

Phragmites australis reedbeds, wet grassland (White and Passmore, 2002), scrub and open 

water ponds. These environments provide habitats that are of great importance for wildlife, 

especially birds. A total of 319 species of vascular flora have been recorded in the marsh 

(WPBC, 2002). Out of this number, Phragmites australis reedbeds are the most dominant 

and cover more than half of the RSPB nature reserve.  

 
Figure 3.19.            Figure 3.20. 
 
Figure 3.19 illustrates an aerial view of the Lodmoor area (Google Earth, 2009). Arrow points at the 
Lodmoor North landfill, B Lodmoor marsh. Within the north-western part of the marsh, water levels 
are raised by the constructed water level management regime and a pool shown by arrow C may be 
collection points for leachate from the landfill. Arrows D and E point at rugby pitches constructed on 
the landfill. Figure 3.20 shows a rugby pitch pointed by arrow E. Both rugby pitches are bordered by 
residential houses. 

 

This reed species is known to grow up to a height of about 2m with a density of around 

100 to 200 stems per m2, and stands regenerate annually leaving the old stems standing 

(Humphreys and May, 2005). In the UK, reedbeds have been much reduced by agricultural 

developments (Humphreys and May, 2005) and urbanisation. The area under reeds in 

Dorset is about 285 ha and represents approximately 47% of the total area covered by 

reedbeds in South West England (Humphreys and May, 2005) and this underpins the 

importance of preserving existing marshes such as Lodmoor.  

 

Other wild flora found in the nature reserve are tiny colonies of Ophrys apifera (Bee 

orchid), at least four species of fungi such as Coprinus comartus and Inocybe maculata, the 
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nationally rare grass Alopecurus bulbosus (Boulbous foxtail), Trifolium fragiferum 

(strawberry clover) (WPBC, 2002) and the common blackberry Rubus fruticosus. 

 

Lodmoor nature reserve has since 1952 been acknowledged as an important ecological site 

by being designated a Site of Special Scientific Interest (SSSI) due to its exceptional 

importance for birds. The reserve was habitat for such bird species as Locustella 

luscinoides (Savi‘s warbler) and Acrocephalus palustris (Marsh warbler) which may have 

bred, whilst Cettia cetti (Cetti‘s warbler) and Panarus biarmicus (Bearded tit) nest on a 

regular basis (Royal Haskoning, 2002). These bird species have continued to use the marsh 

to date in addition to the bittern. Several of these birds are listed in the Red Data Book and 

are largely dependent on reedbed habitats (Humphreys and May, 2005; DCC, 1991). 

 

In their work, Humphreys and May (2005) gave other examples of specialised birds living 

in the reedbeds such as the reed warbler which makes use of the reed straws to build their 

nests. The water rail depends on the invertebrates living in the reedbed for food and it uses 

the tussocks to support their nests. Water Voles were reported to mainly feed on 

undeveloped reed shoots (Humphreys and May, 2005). 

 

Waders, terns and wintering wildfowl also use Lodmoor marsh. White and Passmore, 

(2002) reported that the construction of the bunds and the subsequent growth of the 

reedbeds resulted in a rise in the population of birds and the species that use the marsh. 

However it is worth noting that the number of counted birds is reported to have declined 

between 1996 and 2002 (WPBC, 2002). The reasons for this decline are yet to be 

established but could at least partially arise from contamination of the marsh by landfill 

leachate. 

 

Lodmoor marsh also provides a habitat for a large population of elvers (juvenile European 

eels i.e. Anguilla anguilla) which move in from the sea via the tidal flap valves (White and 

Passmore, 2002). Natural England (2008) recently stated that the A. anguilla population in 

Europe has declined by 90% since the mid-1980s. Consequently, conservation of the 

Lodmoor population should be a priority, but anguilla is particularly liable to biomagnify 

pollutants from its invertebrate prey (ICES, 2006) and therefore it may be at risk if landfill 

leachate is contaminating the marsh. The marsh also sustains a distinctive collection of 

insects. Two of these insects are smaller Marsh Grasshopper i.e. Chorthippus 

albomarginatus and the relatively rare short winged form of the Conehead i.e. 

Conocephalus dorsalis (DCC, 1991). Lodmoor Nature Reserve is therefore of considerable 
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importance due to its biodiversity and the revenue generated to the local economy from 

visitors. 

However the biological importance of the Lodmoor marsh is being overshadowed by its 

classification as being in ‗unfavourable status‘ by Natural England (2010). (Fig. 3.22). This 

classification is based on Natural England‘s common standards monitoring process. Sites 

are assessed approximately on a 5 year basis to ensure that they still meet the criteria 

within the  Guidelines for Selection of SSSIs.  

 

The Lodmoor ‗unfavourable status‘ is mainly due to likely leachate pollution onto the 

marsh from the adjacent Lodmoor North Landfill (Natural England, cited above). Such 

conditions are likely to adversely impact on the quality of the reedbeds and their ability to 

support the main bird species in the marsh. It is therefore important that if a sustainable 

solution is to be found to the current and future threat of pollution in the Lodmoor marsh 

ecosystem, it is necessary to establish if sediments are contaminated with landfill derived 

contaminants. 

  
Figure 3.21. Swans are shown in the main drainage channel in the Lodmoor marsh. Note the marsh 
has a relatively flat topography, extensive reedbeds and open channels such as the one shown above.  
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Figure 3.22. The Lodmoor SSSI 2010 status designation (Natural England, 2010) is shown. The Lodmoor marsh is shown by the 
blue arrow. 

Image not available due to copyright restrictions
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3.3 Pagham harbour 

This section focuses on Pagham harbour, a relatively small tidal inlet system in West 

Sussex, Central South England. The study site is a salt marsh adjacent to Sidlesham Ferry 

landfill, grid reference: SZ858975 (Fig. 3.23). The mean high water of spring tides at the 

harbour is (MHWST) 1.66 m OD with a semidiurnal tide which range from 2.7 m on neaps 

and 4.9 m on springs. The harbour is linked to the sea by a 50-100 m wide channel.  

Figure 3.23  illustrating the location of the study site (© Crown Copyright OS 100024463).  
 

 

The entrance to the harbour has occasionally changed due to the imbalance between the 

quantity of sediment deposited by the longshore drift and the flushing capacity of the 

entrance channel. The harbour area is between 2.5 and 5 km2 in size (West Sussex County 

Council, 1994; Mitchell et al., 2006). This area is significantly less than the former extent 

of the harbour in the 2nd to 5th century AD Roman period due to subsequent periods of land 

reclamation (Cundy et al., 2002). For example the northern section of the harbour was 

reclaimed in the middle AD 1800s with the development of an internal sea wall (Fig. 3.24) 

and the AD 1876 House of Commons Act which permitted the artificial closure of the 

whole harbour. In an AD 1910 storm flood, both walls were breached. However the 

Image not available due to copyright restrictions
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channel entrance has been artificially kept open since AD 1910. The harbour is sheltered 

from the sea by artificially stabilised sand and gravel barrier (Fig. 3.24). 

Figure 3.24 (dashed line) illustrating the location of the inner sea wall (Cundy et al., 2002). 

 

Pagham harbour is a Statutory Local Nature Reserve owned by the Environment Agency 

(Mitchell et al., 2004) and is managed by the Wessex County Council. It is popular with 

local tourists. The harbour is also partially sheltered and has been designated as a special 

protection area under the European Union Birds Directive, SSSI, a local nature reserve and 

a Ramsar site. Detailed physical processes in Pagham Harbour are discussed in Geodata 

Insitute, (1994).  

 

3.3.1 Sidlesham Ferry landfill site operations 

Landfill activities are reported to have commenced in 1954 (Sidlesham Ferry Nature Trial, 

ND) but it was not until June, 1968 that a temporary licence was granted to Chichester 

Rural District Council (CRDC) by the West Sussex County Council (WSCC) to the 

Sidlesham Ferry landfill site for three years to dump waste (Budd, 1968). At the time, 

questions were raised with regard to granting the landfill licence next to the Pagham 

Harbour Nature Reserve (Chichester Rural District Council 1968). The nature reserve is on 

a designated SSSI site which occupies about 250 ha (Nature England, 2010). Nevertheless, 

it appears that no serious attention was paid to the issue. Tipping is likely to have 

commenced after June 1965 (Figures 3.25 and 3.26). The nature of the waste dumped at 

the landfill site is not known but as with the other two historical landfill sites examined in 

this study, it is likely to have been domestic and commercial. 

Image not available due to copyright restrictions
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Waste was dumped onto a low lying swampy and waterlogged land and was expected to 

attain the height of the sea wall in a period of about 5 years covering an area of about 5.5 

acres (CRDC, 1968). Underwater ground level is reported to have been elevated by 

between 3 to 4 feet. The landfill site was reported to have been covered with dredged 

material from the waterlogged marshland.  

 

3.3.2 Control of waste disposal 

Lack of a fence and proper site supervision resulted in the spread of litter by wind and 

illegal waste dumping on the landfill (CRDC, 1968). Due to the poor management of the 

landfill, Sidlesham Parish Council (SPC) objected to any further renewals of applications 

for waste tipping by the CRDC (SPC, 1968). Opposition to further waste tipping activities 

was noted by West Sussex County Council (WSCC) when approving a renewal application 

to the CRDC. Waste dumping was limited to not more than 5 years and the CRDC was to 

follow the Ministry of Health regulations in its operations at the landfill site (WSCC, 

1968). The landfill site appears to have been ecologically restored as recommended to 

CRDC by WSCC. This is evident from current aerial photographs (Fig. 3.33). The site was 

closed in 1974 (Sidlesham Ferry Nature Trial, ND).  

 

3.3.3 Topography 

From the shoreline to the east, Pagham harbour rises up to a height of 2 m at the sea wall 

next to the Sidlesham Ferry landfill which stands at about 5.5 m (Figure 3.27). This section 

is bordered by sea to the East, and farmland to the West, North and South. Projected sea 

level rises in the region is estimated to be 2-6 mm per annum (Bray et al., 1997; Cundy and 

Croudace, 1996). The most recent published research undertaken by Cundy et al., (2002) at 

Pagham harbour showed a sedimentation rate of about 5 mm per annum in active salt 

marshes in the northern harbour. Parts of the landfill are at risk from flooding (Fig. 3.28) or 

are actively eroding (Fig. 3.29). 
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Figure 3.25 showing the waste tipping activities on Sidlesham  
Ferry landfill in 1965 (National Monuments Record, 2008).  
Waste appears to have been dumped from the South to the  
North East as shown in the red arrow.  
 
 

 

 

 

 

 

 

 

Image not available due to copyright restrictions



67 
 

 

Figure 3.26 illustrating the change in Sidlesham Ferry landfill  
coverage area between 1965 and 1973 (National Monuments Record, 2008). 

 

 

 

Image not available due to copyright restrictions
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 Figure 3.27 illustrating the land relief map (developed from Lidar data:  Source: Environment 
 Agency, 2007) shown above at the study site. The Sidlesham Ferry landfill is low lying and 
 slightly  above  the sea level. There is a significant increase in height between the Pagham 
 marsh  and the  top of the landfill. 
 

Image not available due to copyright restrictions



69 
 

 
 
 

 
 

 
Figure 3.28. Sidlesham Ferry landfill is at risk from flooding from current mean high water tide of 2.99 m  (Havant Borough Council, 2010) 
shown in the map (developed from Lidar data: Source: Environment Agency, 2007) above. However the area is protected by sea defences. 
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Figure 3.29. The raised Pagham harbour landfill which acts as a sea defence is currently experiencing coastal erosion from high water  
(The camera is facing south west. Pagham harbour is to the left in this photograph). 
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3.3.4 Geology 

The Sidlesham Ferry landfill overlays the London clay which is made up of up of sands, 

marine deposits and silty clays and stretches up to a depth of about 70 m (British 

Geological Survey, 1998) (Fig. 3.31). Underlying the London clay is a thin layer of the 

Reading formation (about 50 m in depth) and comprises of mottled clays and sands (British 

Geological Survey, 1998). Beneath the Reading formation is the Chalk aquifer up to a 

depth of about 500 m (British Geological Survey, 1998).  

 

3.3.5 Hydrology 

Pagham harbour is linked to the sea by a 50-100 m wide channel (Fig. 3.30). Four main 

fresh water drainage channels (referred to by the locals as ‗rifes‘) originate from a 

catchment between the west and north-east. Water outflow from these channels is 

regulated by tidal flaps which protect the harbour from saline intrusion at high tide. Two of 

these channels (Q3 and Q4) flow on both sides of the landfill. Water inflow from channel 

Q4 is controlled by a permanent pump (Mitchell et al., 2004).  

Figure 3.30.  illustrating the Pagham harbour drainage (Mitchell et al., 2004). 

Image not available due to copyright restrictions
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Figure 3.31. illustrating the geology of Pagham harbour (British Geological Survey, 1998). 

 

Image not available due to copyright restrictions
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3.3.6 Biodiversity 

Spartina sp. have colonised Pagham harbour since AD 1910 (Cundy et al.,2002) after the 

sea defences were broken. The open connection with the sea and the subsequent regular 

tidal flooding is likely to have created a favourasble environment for Spartina sp. to 

develop in the harbour. Initial Spartina sp. swards were first noted in 1919 (Oliver, 1920).  

This late Spartina sp. colonisation of the harbour relative to neighbouring estuaries is 

attributed to the period AD 1876 to AD 1910 when the area was isolated from the open sea 

by sea defences. In their work Cundy et al., (2002) reported that the area covered by 

Spartina sp. by 1948 was 1.296 km2. However this coverage had by 1986 decreased to 

0.967 km2, a 25% loss. Reasons for this loss are not known and this underpins the 

importance of preserving existing salt marshes such as the Spartina sp. dominated systems 

in Pagham harbour. The Pagham harbour marsh next to the Pagham harbour landfill is 

frequently flooded during the high tide. The raised sea defence and landfill prevents it from 

expanding westwards. Sidlesham Ferry former landfill site has been designated as a 

National Inventory of Woodland and Trees site (Natural England, 2009).  

 

Pagham harbour Nature Reserve is of considerable importance due to its biodiversity and 

contribution to the local economy. Most of the nature reserve has also been classified as 

being in a ‗favourable status‘ by English Nature (Fig. 3.32). However this status is at risk 

from the threat of climate change and an anticipated future sea level rise, and the threat of 

coastal erosion impacting on the adjacent Sidlesham Ferry landfill site. This could result in 

the release of pollutants into Pagham harbour. This may adversely impact on the Pagham 

harbour ecosystem and its capacity to support the main bird species. There is a need to 

establish if the Sidlesham Ferry landfill may have already impacted on the Pagham harbour 

marsh sediments.  
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Figure 3.32. The Pagham harbour SSSI 2010 status designation (Natural England, 2010) is shown.  
 

 
Figure 3.33 showing part of the Spartina sp. (arrow B) dominant in the whole of Pagham harbour 
(Google earth, 2009). Arrow A marks the landfill. 

Image not available due to copyright restrictions
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Figure 3.34. Panorama of the study site (facing NE) from the sea wall at low tide showing Spartina sp. in the background. 
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3.4 Land West of Old Railway landfill site on Hayling Island 

The focus of this section is a land parcel referred to as ―Land West of Old Railway‖ 

landfill site located on Hayling Island in West Sussex, Southern England (Fig. 3.35). The 

study site is a mudflat adjacent to ―Land West of Old Railway‖ landfill grid reference: 

SU717032. The site is designated as a local nature reserve covering 9.35 ha. The site is 

bordered to the east by residential housing and to the west by former oyster beds (Fig. 

3.43) together with the Langstone harbour, a tidal basin. Three main channels drain this 

harbour which is also a designated SSSI.  

 

 
Figure 3.35 illustrating the location of the “land west of old railway” landfill on North Hayling Island 
(© Crown Copyright OS 100024463). 

Image not available due to copyright restrictions
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3.4.1 Landfill operations 

Landfill operations at this site appear to have started on about 6.7 ha of land between 

February 1963 (Fig.3.36) and August 1967 (National Monuments Record, 2008) (Fig. 

3.37). Like the other sites, the site is likely to have accepted domestic, industrial and 

household waste. By 1996, landfill activities appear to have ceased at this site (Fig. 3.37). 

The site operator is believed to have been Hampshire County Council.  

 

3.4.2 Topography 

This study site on Hayling Island is low lying. It is exposed to the sea and therefore 

vulnerable to coastal erosion. From the shoreline to the east, Hayling Island Nature 

Reserve rises up to a height of about 4 m at the top of the land west of old railway landfill 

site (Fig. 3.39). A high tide on the Island is about 2.58 m above the mean sea level (Havant 

Borough Council, 2010). In the absence of sea defences, large areas of Hayling would be at 

risk of being inundated with saline water from a high tide (Fig. 3.40). The areas at risk 

from flooding shown on this map are also corroborated in flood risk areas in Havant 

Borough Council (2010). The nature reserve is bordered by farmland and residential 

housing to the east. To the west are disused oyster beds and Langstone harbour. In their 

work Bray et al., (1997) estimated the mean sediment accretion rate in the region to be 

about 6 mm per annum.  

 

3.4.3 Geology 

Like the Sidlesham Ferry landfill, the land west of old railway landfill site overlays mainly 

the London Clay Formation which stretches up to a depth of about 100 m (British 

Geological Survey, 1998) (Fig. 3.38). Underneath the London Clay Formation is the 

Reading Formation which has a depth of about 50 m (op. cit.). Chalk Group underlies the 

Reading Formation up to a depth of about 500 m (op. cit).  
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Figure 3.36 illustrating a mudflat designated for waste tipping activities in February 1963 (National 
Monuments Record, 2008). Arrows A and B point at likely drainage channels before the start of the 
landfill operations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Image not available due to copyright restrictions
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Figure 3.37 illustrating part of what appears to be  
a closed landfill in this April, 1996 aerial photograph (National Monument Records, 2008).    

Image not available due to copyright 
restrictions
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  Figure 3.38. illustrating the vertical geology of Hayling Island (British Geological Survey, 1998). 

Image not available due to copyright restrictions
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Figure 3.39 showing a cross section of land west of the old railway landfill site in North Hayling Island (developed  
from Lidar data: Source: Environment Agency, 2007) and the current sea levels. The total area covered by the  
landfill is about 6.7 ha. There is a significant increase in height between the Hayling Island mudflat/lagoon and the top  
of the landfill. 
 

Image not available due to copyright restrictions
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Figure 3.40. Land West of Old Railway” landfill site on Hayling Island is at risk from flooding from 
current mean high water tide of a high water tide of 2.58 m (Havant Borough Council, 2010) as 
illustrated in the map (developed from Lidar data: Source: Environment Agency, 2007) above. The 
landfill is lacking strong sea defences.  

Image not available due to copyright restrictions
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Figure 3.41. Land West of Old Railway” landfill site on Hayling Island site is low lying and the raised landfill acts as a sea defence.  
Future sea level rise would expose the Local Nature Reserve to coastal erosion (already beginning to be seen in the arrow.  
The camera is facing north east). 
 



84 
 

3.4.4 Biodiversity 

The mudflats and lagoons at Hayling Island are dominated by Spartina sp. To the North of 

this marsh are relict Oyster beds. The mudflats and lagoons are partially sheltered from the 

open sea but linked by small inlets. The regular inflow of saline water from the open sea 

created a favourable environment for Spartina sp. to develop. The marsh which was small 

scale and patchily distributed appeared not to have fully developed is backed by the raised 

landfill which prevents it from expanding landward to the east (Fig. 3.41). In addition, the 

marsh also suffers from coastal wave erosion. These observations are also corroborated in 

English Nature (2010).  

 

The local nature reserve and Langstone harbour SSSI are of considerable importance due 

their ecological biodiversity. However this importance is at threat from coastal erosion and 

subsequent pollution from the Land West of Old Railway landfill site. Such a threat is 

likely to impact on the local nature reserve, the water and sediment quality in Langstone 

harbour and hence their ability to support their ecosystems. Furthermore, the local nature 

reserve and part of the Langstone harbour adjacent to the Land West of Old Railway 

landfill site have been classified as being in ‗unfavourable status‘ by English Nature (Fig. 

3.42). It is therefore important that a sustainable solution is found to the current and future 

threat of pollution in the local nature reserve and in the Langstone harbour by assessing 

metal pollution in the areas adjacent the Land West of Old Railway landfill site.  

Figure 3.42. The Hayling Island Local Nature Reserve and parts of Langstone harbour 
SSSI 2010 status designation (Natural England, 2010) are shown.  
 

Image not available due to copyright restrictions
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Figure 3.43. One of the former Oyster beds on Hayling Island shown in arrow A. Arrows B and  
C are the two parts which form the land west of old railway landfill site (Google Earth, 2009). 
 

 

 

 



86 
 

3.5  Conceptual models 

In light of the concerns arising from the sites‘ description above, conceptual models of the 

three sites were developed (Figures 3.46). Hypotheses from these conceptual models are 

that the areas adjacent to the three study sites are likely to be recipients of contaminants 

from the landfills.  

 

Rain water falling onto the landfill and flowing through it will have dissolved 

contaminants. These contaminants are likely to have developed into contaminated leachate. 

Such leachate may have formed from within a landfill, broken out and flowed from the 

margins and was dispersed horizontally in the general path of the groundwater course in 

the subsurface and the ground. Other contaminant pathways from the landfills are likely to 

have been the drains flowing through the marshes and mudflats. In the Pagham and 

Hayling Island study sites, contaminants from waste may have also been eroded from the 

adjacent landfills and physically transported.   

 

Depending on site characteristics, it is possible that any contaminants flowing into the 

marshes and mudflats may have been subjected to dispersal, dilution and mixing 

depending on the contaminants‘ chemical form before they are adsorbed onto particulate 

matter and other trapped or sequestered into fine-grained sediments.  

 

Accumulation of trace metals in bottom sediments, for example in estuaries, occurs 

through adsorption onto sediment particulate materials, clays, minerals, organic 

compounds, sulphides, hydrated iron oxides, and planktonic organisms. The landfills‘ 

contaminant linkages are shown in Figure 3.44. The methodology in this study is discussed 

in the next chapter and was based on the landfills‘ contaminant linkages and the conceptual 

model illustrated in Figure 3.45.  

 
 
Figure 3.44 illustrating the landfills’ contaminant linkages in the three study sites.  
 

Having examined the study sites, the next chapter explores the methods for achieving the 

objectives of this study.    
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Figure 3.45 Schematic conceptual models of the Lodmoor marsh, Pagham marsh and Hayling Island are shown. Leachate is likely to flow from  
these un-engineered landfills via the surface and ground water through three pathways i.e. the surface run off, the ground water and the  
subsurface to form pollution plumes. The recipients of contaminated leachate are the local ecosystems and ground water. 
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4. Methods 

4.1 Introduction 

This chapter explores the means by which the objectives set in Chapter one were achieved. 

Discussion in this chapter will focus on the field work tools, laboratory procedures and 

statistical analysis of data. Investigation procedures for contaminated sites are cited in 

British Standards BS 10175 (2001) and Barry et al., (2001). In light of the study 

objectives, the British Standard 10175 (2001) illustrated in a schematic model (Fig. 4.1) 

below was adopted for this study.  

 

4.2 Core collection and description 

Hand augers were used to collect sediment cores i.e. the Dutch auger (Fig. 4.2) and the 

Russian corer (Fig. 4.3) Sediment samples were preferred due to their ability to absorb and 

build up heavy metals over a long period of time (Environmental Agency, 2007). The 

Dutch corer was hand pushed into the ground and once the required depth (50 to 70 cm) 

was achieved, it was rotated and turned round and pulled out. This depth was based on 

British Standards 10175 (2001) guidance for investigation of low density sampling 

locations for contaminated land. This approach also gave the vertical variation of 

contaminants within the sediments and the level to which contamination would impact on 

the shallow rooted marsh vegetation. However in order to intersect colour changes that 

probably marked a redox boundary, some cores were collected up to a depth of 70 cm. 

Bioturbation appeared to be minimal as no burrowing animals were found. In situ 

determination of oxidation / reduction potential  in sediments from the three study areas 

was not undertaken due to logistical constraints, however such measurements would be 

recommended in future research of this type.  

 

The Russian corer was used from a boat to collect sediments from deep drains. It was 

lowered through the water and hand pushed into the sediments. Once the required depth 

(50 cm) was achieved, it was turned round and pulled out. Cores were collected in 

duplicates, with ca. 10 cm separating each core. The cores were then visually described, 

photographed, logged at 2 cm intervals (Hursthouse et al., 2003; Spencer et al., 2003), put 

in sealed polythene bags and transported on the same day to the laboratory.  In the 

laboratory, one set of samples were prepared for analysis (described below) and the other 

set stored in a freezer to prevent microbial activity (Cundy and Croudace, 1995). Field 

instruments were cleaned with pure ethanol after each sample was collected (Zhang, 2003).  
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Figure 4.1. A structured land contamination investigation procedure (BS 10175, 2001) 

currently under revision.  
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Figure 4.2. The Dutch auger used to collect cores in this study. 

 

 

 Figure 4.3. A Russian Peat Auger similar to the one used in this study is shown. 

      
Figure 4.4. Boat used for access to deep areas of the Lodmoor marsh  drainage channels to 
extract sediments.  
 

A total of fifteen sampling locations in the three sites were marked by the use of a hand 

held Garmin Global Positioning System (GPS). Nine locations were selected from the 

Lodmoor marsh and three locations from each of the other two sites i.e. Pagham harbour 

and Hayling Island. This GPS has an accuracy of ± 5 m and was preferred because it is 

light to carry and easy to use. The GPS‘s precision in marking the sampling stations was 

considered adequate for this study.         
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4.3 Laboratory analysis and laboratory instruments  

All equipment such as funnels, plastic bottles, all glassware and volumetric flask stoppers 

used in this study were pre-cleaned with a washer-disinfector type G 7883 NCD. 

 

4.3.1 Sample preparation  

During the sample preparation for analysis, the sediment samples were allowed to defrost 

and then air dried at 40o C in an oven. Sediments were then prepared for digestion by 

homogenising them i.e. grinding with an agate mortar and a pestle into fine particles. To 

reduce the effect of grain size when making comparisons across the three sites, samples 

were sieved with a 2 mm steel sieve (Langston et al., 2003; Tyler, 2003). The samples 

were then put in air tight polythene bags and stored at room temperature (Wright and 

Mason, 1999) in readiness for chemical analysis. The samples contained high organic 

content and about 0.5 g of sediment samples was weighed in beakers and then ignited at 

4500C for a minimum of 12 hours to remove organic matter and also reduce frothing 

during the acid digestion process (McGrath and Cunliffe, 1985). Loss of volatile elements 

such as Hg and As was not an issue as these were not analysed. The weight of organic 

matter was established as loss on ignition following the method described by Rowell 

(1994). Percentage loss on ignition (% LOI) at 4500C is a well established proxy for 

organic matter content (Spencer et al., 2003), and was determined using the formula 

below.  

 

 
 

4.4 Chemical analysis for major trace elements  

Analysis of contaminants in sediments is a reliable means of establishing the quality of 

associated waters (Olausson and Cato, 1980). Total concentrations of metals in sediments 

were measured using a rapid method which allows broad spatial coverage and preliminary 

identification of contamination, distribution and extent which can be further focussed on 

future studies of bioavailability e.tc. 

 

Sediment samples were digested with nitric acid as described in Berrow and Stein (1983). 

After ashing, about 0.250g was weighed into a test tube. The weights were then recorded to 

three decimal places. 10 ml of concentrated nitric acid (Primar plus, Fischer Scientific, 
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UK) was then added to each boiling tube and then placed on a hot plate for 2 hrs at 1050C. 

The heating blocks‘ temperature was then raised to 1530C and the contents heated until 

they were dry before being let to cool.  

 

The contents of the tube were then made up to a final volume of 25 ml using gravimetric 

method described in Martin et al., (2006) (Appendix 1). Dry tubes, including the contents, 

were weighed and the weights noted. 5ml of 25% nitric acid was then added to every tube 

with a dispenser, mixed and reheated at 800C for 20 minutes. 20 ml of deionised distilled 

(dd) water was then added to every tube and the tubes heated for a further 20 minutes. The 

contents were then allowed to cool prior to making up to volume by adding deionised 

distilled water up to a level where the weight of the tube including the contents was 

25.525g more than the initial weight. The contents were then centrifuged at 4000 

revolutions per minute (rpm) to remove undigested sediment from samples (Cundy et al., 

1995). The digested solutions were then analysed in duplicate for dissolved concentrations 

of a few signature metals with an Inductively Coupled Plasma-Optical Emission 

Spectrometer (ICP-OES) (Perkin Elmer, 2004). These metallic pollutants are Cd, Cr, Cu, 

Ni, Pb, and Zn. The manufacturer‘s detection limits for the ICP-OES are shown in Table 

4.1. Sample concentrations were higher than these detection limits.  

 
Table 4.1 illustrating the ICP-OES detection limits in mg/kg-1 (PerkinElmer, 2004). 

 
 
The final dilutions were determined gravimetrically. Process blanks were also analysed 

alongside the digested sediment solutions (Hursthouse et al., 2003) (i.e. one after every 30 

samples) for quality control (QC) (Markiewicz-Patkowska, et al., 2004). The concentration 

values of the process blanks were below detection limits suggesting that samples were not 

contaminated. This suggests that the heavy metal concentration results reported are true 

acid soluble values in the sediments and that they were not raised as a result of external 

contamination.  
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Standard solutions in 5% HCL and 5% HN03 were used for element calibration and quality 

control respectively for the ICP OES. To evaluate the accuracy of the author‘s analytical 

procedures (Cochran et al., 1997), and the efficiency of the extraction process used, 

aliquots of Certified Reference Material (CRM) 143R were digested and analysed 

alongside the other sediments samples. Recoveries from the analysis of the CRM 143R 

were acceptable (>95%). Certified values and measured value for each analyte are shown 

in Table 4.2. Sediment metal concentration data are reported in milligrams per kilogram 

(mg/kg-1) ashed weight unless otherwise stated.  

Table 4.2. Results from Certified Reference Material (CRM) 143R digested and analysed alongside the 
author’s sediments samples are shown.  

 
 

4.5 210Pb and 137Cs dating: rationale and methodology. 
137Cs has a half-life of 30 years and is an artificial radionuclide product deposited onto to 

the study sites from atmospheric fallout from such activities as nuclear reactor accidents or 

nuclear weapons testing. Global atmospheric fall out of 137Cs commenced in AD 1954 and 

significant peaks in the accumulation of 137Cs occurred in AD 1958, AD 1963 (from the 

testing of nuclear weapons) and AD 1986 (from the Chernobyl accident). In their work, 

Ritchie et al., (1990) and Cundy and Croudace, (1996) reported that 137Cs can also be 

introduced into the environment legally through release from nuclear facilities. Under 

conducive circumstances, peak maxima deposition provides subsurface activity peaks in 

accumulating sediments which can be used to determine sediment accretion rates. 210Pb is a 

natural radionuclide product. It has a half-life of 22.3 years and has over the years been 

broadly used in determining the age of recent sediments. Sediment dating is based on 

establishing the vertical distribution of 210Pb originating from atmospheric fallout (termed 

unsupported 210Pbexcess or 
210Pb), and the recognized decay rate of 210Pb (Appleby and 

Oldfield 1992). 

 

Determination of 210Pb and 137Cs activity in core sub-samples from the three sites was 

based on the method of Cundy and Croudace (1996). Activity from 210Pb, 137Cs and other 

gamma emitters was counted for at least 8 hours on a Canberra well-type ultra-low 

background HPGe gamma ray spectrometer. A 16K channel integrated multichannel 
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analyzer was used to collect spectra which was  analysed with the Genie 2000 system. 

Calibrations for efficiency and energy were undertaken with bentonite clay spiked with a 

mixed gamma-emitting radionuclide standard, QCYK8163, and tested against an IAEA 

marine sediment certified reference material (IAEA 135). Detection limits were dependant 

on radionuclide gamma energy, count time and sample mass, but were typically ca. 15 

Bq/kg for 210Pb, and 5 Bq/kg for 137Cs, for a 150,000 second count time. In some cases, 

core sub-samples with very low activities received extended count times of up to 350,000 

seconds.  

 

4.6 Mineralogy 

The mineralogy of metal contaminants in coastal and estuarine sediments is important 

(Moles, et al., 2003) in estuarine and marsh contamination studies. This is because clays 

minerals in sediments found in these environments (French, 1996) adsorb heavy metals 

(Bilinski 1991, Suraj et al., 1998; Gier and Johns 2000). Mineralogical analysis may also 

be useful in the classification of the different sources of contamination such as 

anthropogenic inputs from mines, particulate pollution from the urban areas, industries and 

natural crustal material (Moles, et al., 2003).  

 

In the laboratory, sediments samples were air dried, homogenised by grinding them gently 

so as not to alter their natural form (Brindley and Brown, 1980) and then sieved through a 

2 mm sieve (<2000 μm) and micronized. A semi quantitative mineralogy analysis of the 

sediments was undertaken using a PANalytical PW3040/X0 X‘Pert PRO Consul X-ray 

Diffractometer (XRD). The X-ray tube voltage (Cu Kα) was 40Kv and a current of 40mA. 

The count times were 10 seconds and the resolution was 0.0080 o2 Theta (Th). Estimated 

amounts of clay minerals were determined from peak heights. Tolerances for limit of 

significance in the peaks were 2 sigma of mean background i.e. 95% confidence.  

 

4.7 Analysis of Phragmites australis leaves  

A pilot study was undertaken to examine if heavy metals in the sediments were transferred 

through the food chain. This involved the harvesting of Phragmites australis leaves from 

three sample locations in Lodmoor. Leaves from the harvested plants were washed with 

deionised distilled and dried at 600C for 48 hrs. Samples were then digested with nitric acid 

in-house following the method described in Merrington, et al., (1997).  
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0.250g of dried plant material was weighed into a digestion beaker. 10 ml of concentrated 

nitric acid (Primar plus, Fischer Scientific, UK) was then added and the beaker was 

immediately swirled. The beaker was then placed on a hot plate and the temperatures set to 

40oC. After 1 hour the glass beaker was swirled and the temperature increased to 50oC. 

The temperature on the hot plate was increased incrementally (10oC per hour) to 90oC and 

left for 15 hours. Temperatures were then increased to 130oC and left until the contents in 

the beaker evaporated. The beaker was occasionally swirled during drying. The beakers 

were then removed from the hot plate as soon as the contents were dry. The beakers were 

then weighed after the contents cooled and the weights were recorded. 5 ml of 25 % nitric 

acid was then added using an auto pipette then mixed. The beakers were then warmed on 

the hot plates for 30 min at 80oC before being removed from the hot plate and allowed to 

cool to room temperature. ~20ml of deionised distilled water was then added. The beakers 

and the contents were then made up to volume by adding dd water until they were heavier 

by 25.525 g before being mixed well by shaking and left to settle for a minimum of 3 

hours. The same procedure was then followed as for the sediment samples. In this thesis, 

the Bioaccumulation Factor (BAF) i.e. the relationship of metal concentration in the 

Phragmites australis leaves to the concentrations in the sediments (given in mg/kg-1 dry 

weight) was calculated using the methods described in Al-Taisan (2009).  

 

 
 

4.8 Ground Electrical conductivity 

Contamination in a water body can alter its electrical conductivity. For example the 

introduction of heavy metals in water can elevate electrical conductivity due to the 

presence of metallic ions. It was noted in Choudhury et al., (2001) that geophysical 

technology is useful in measuring saline intrusion in alluvial terrains with thick clay 

content. In their work, Jones et al., (1998) reported that the electrical conductivity of 

severely contaminated ground water is above background concentrations by a factor of 

three to six.  

 

Electrical conductivity measurements were therefore undertaken on the three study sites 

along transect lines to test for saline intrusion or the presence of leachate using a portable 

EM31 conductivity meter (Fig. 4.5). This meter has a depth exploration of 6 meters and an 

intercoil spacing of 3.7 meters. Electrical conductivity values were processed using an 
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inverse distance weighting (fixed), an ArcGIS software application. This application 

calculates the mean cell values of data points adjacent to each processing cell (ArcGIS vs. 

9.2, 2010). However, while processed values given by this application may not be a true 

representation of the data points, the means give a statistical inference of conductivity in 

the neighbourhood of the cell.  

 
Figure 4.5. A portable EM31 conductivity meter used to measure Electrical conductivity on 
site is shown. 
 

4.9 Water pH, conductivity and analysis for heavy metals 

Dissolved metals in water in this study were examined using a standard method described 

in Eaton et al. (2005). Water samples were collected and transported to the lab where they 

were frozen at -140C. Two sets of 10 ml of aliquots of each sample were thawed in 

readiness for analysis. One set of samples was centrifuged at 1400 rpm (Cundy and 

Croudace, 1995) while the other one was not. This was to test if there were differences 

between dissolved and suspended heavy metals associated with fine particles. The two 

duplicate water samples were then analysed for dissolved metals with an ICP-OES.  Data 

from the analysis of the two sets of water samples were then statistically tested to establish 

if there was a significant difference between them.  

 

The water pH and electrical conductivity were measured using an Oakton model pH 310 

portable pH/mV/° C meter. Water samples were poured into the relevant compartment and 

the readings taken. The accuracy of the pH and conductivity was ±0.2 and ±2 %. 

Calibrations based on the manufacturer‘s specifications were frequently undertaken on the 

water pH meter. The pH in the sediment pores was determined in the ratio 2.5:1 water: 

sediment suspension according to Rowel (1994) using an ISFET pH meter.    
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4.10 Particle size analysis 

Sediment particle size can significantly affect metal distribution (Hursthouse, 2001). 

Significant correlations have been observed between particle sizes and metals in coastal 

and estuarine sediment since metals have a high affinity for smaller particles (Livens and 

Baxter 1988; Hursthouse, 2001; Cundy, 1997). In their work, Olausson and Cato (1980) 

reported that significant decreases in metals corresponded to an increase in sediment 

particle size (1980) while Forstner and Wittmann (1981) reported that particle sizes 

influence the quantity of metal concentration in sediments. Sediment particle size may 

therefore be an important control on metal distribution in aquatic sediments. Particle size 

analysis was undertaken using a Mastersizer 2000, 2000G instrument.  A core from each of 

the three sites was analysed for particle size distribution.  

 

4.11 Sea water leaching studies 

Sea water leaching tests were undertaken to assess the potential for metal remobilisation 

from sediments following salinisation or marine inundation. Due to contrasting salinity 

regimes in different study sites, tests were undertaken using three different solutions tests. 

Seawater is about 0.56 M sodium chloride (3.5 % sodium chloride). This was used to 

replicate full saturation of the sediments by seawater. A 0.2 M sodium chloride solution 

was used to mimic partial intrusion of seawater into the sediments. Distilled water was 

used to replicate rain water (fresh water). Four duplicate sediment smples from one core 

were therefore leached using the following solutions to mimic different salinities: distilled 

water for fresh water, 0.2 M NaCl for brackish water, 0.56 M NaCl for sea water and 

HNO3 for quasi-total recovery of heavy metals. The pH for the 0.56 M NaCl solution was 

5.48 while that of the 0.2 M NaCl solution was 8.14. Because seawater and brackish waters 

are slightly alkaline, a little (a drop at a time) of 2 M sodium hydroxide (NaOH) was added 

(but not to the fresh water) via titration to adjust the pH of the sea (0.56 M) and brackish 

(0.2 M) solutions to a pH between 7.5 and 8.3 (i.e. the pH of sea water). Sediment samples 

weighing between 5-10 g were taken and 25 - 50 ml of salt solution added - i.e. a sediment 

to solution ratio of 1:5 i.e. one part sediment to 5 parts solution was maintained. The 

solutions were then agitated on a magnetic stirrer for 3 hours and thereafter centrifuged. 

The solutions were then analysed via ICP – OES following the procedures in sections 4.2 

and 4.3. 

 

http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Hydrogen
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4.12 Statistical treatment of data 

Data from individual samples were analysed for normality using the Shapiro-Wilkes test 

(Minitab 15 Statistical software). A Robust Analysis of Variance (ANOVA) was 

undertaken using a windows based software programme, Roban version 1.01 (Water 

Resources System Research Laboratory, 2001) which was developed from a FORTRAN 

programme (Ramsey, 1998) derived from work by Ripley and Thompson (1987). Using 

this programme, outliers were adapted and not discarded. To obtain reliable results, a 

minimum number of eight duplicate samples for analysis are required.  

 

A Pearson correlation coefficient analysis was undertaken in Microsoft Office Excel, 2007 

to explore linear relationships and significance (Daly et al., Pallant, 2006) between 

geochemical data and sediment composition. Statistical differences in geochemical data 

between the three sites were evaluated using a Kruskal Wallis test and Mann Whitney U 

tests in SPSS version 16.0. P<0.05 was considered significant. The spatial distribution of 

heavy metals in the Lodmoor marsh was explored by means of boxplots. Paired samples t-

tests statistical analysis were undertaken in SPSS v15.0 (SPSS Inc., Illnois) to test for 

differences between dissolved and suspended heavy metals in water samples. A Principle 

Component Analysis (PCA) was also undertaken of sediment data (element concentration) 

and particle size in Minitab v.15.0 (Minitab Inc. 2006).   

 

4.13 Historical data and aerial photographs 

In reconstructing the landfills‘ history, desktop studies on secondary data and antique 

aerial photographs were undertaken. Historical data on coastal landfills was difficult to 

acquire. However an attempt was made to acquire aerial photographs from the National 

Records Office and the National Monuments Record Centre at Swindon. The fact that the 

photographs were aged and that some photographs were missing meant that there were 

significant gaps in years in some data sets. Details of the landfills‘ history based on the 

aerial photography are detailed in Chapter three. The aerial photographs were digitised and 

the resultant vector data (with new coordinates) integrated into the ArcGIS version 9.2. 

This allowed overlap within the areas covered to be linked. The altered digital aerial 

photographs were synchronized to the national grid coordinates. Minor discrepancies in the 

scales of the aerial photographs flown at various national scales were also rectified within 

the national grid system. ArcGIS was also used to generate maps showing spatial 

contaminant distribution (Ormsby and Alvi, 1999).  

http://en.mimi.hu/gis/coordinate.html


99 
 

 

Light detection and ranging (Lidar) system data give topographical data for exposed areas 

(Reutebuch et al., 2003). The accuracy of these systems has significantly advanced with 

time (Csanyi and Toth, 2007). To understand the likely impact on the predicted sea level 

rise on the three study sites, it was necessary to acquire elevation data. Lidar system data 

were therefore obtained from the Environment Agency. These data were processed and 

integrated into ArcGIS. The Z accuracy value on the Lidar data was +/- 15 cm root mean 

square difference (RMSE). Data obtained and analysed using the methods described in this 

chapter are presented and discussed in the next chapter.  
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5. Results and discussion 

5.1 Introduction 

This chapter presents geochemical results from the samples collected from the marshes and 

mudflats adjacent to the Lodmoor landfill complex in Weymouth, Dorset, Sidlesham Ferry 

landfill site in Pagham habour, West Sussex and the ―Land West of Old Railway‖ landfill 

site on Hayling North Island in Hampshire, all located in south England. Discussions in 

this chapter are based on thesis objectives 1, 2 and 3 and hence will focus on the extent of 

heavy metal contamination, and derivation of contaminant chronologies.  

 

Results and discussions in this chapter are presented in three main sections. These sections 

are the Lodmoor marsh, Pagham harbour and Hayling Island. Sub-topics covered in these 

sections are, mean concentration of contaminants, vertical variation, contaminant 

chronology, mineralogy and geochemical association of the heavy metals. Mean 

concentration of contaminants and their spatial distribution discussed are between the 

marsh/mudflat surface to a depth of 10 cm (e.g. in Ramsey and Argyraki, 1997). This is the 

depth in which contamination is more likely to impact on the sediment fauna and flora 

especially filter feeders/dwellers (Rhoads, 1967). A correlation matrix between metals, % 

LOI, clays and silt is presented and discussed based on results from surface sediments up 

to a depth of 28 cm (e.g. up to 30 cm in Hursthouse et al., 2001), as this is the depth over 

which contamination in sediments is most likely to occur i.e based on typical marsh 

accumulation rates (e.g. Cundy, et al., 2003). Deep vertical burrowing by filter feeders 

largely extends to this depth in near shore areas (Rhoads, 1967).  

 

5.2 Lodmoor marsh  

The composition of waste in the Lodmoor landfill and the other two study sites is not 

known and it is likely that the waste dumped may have included hazardous waste with the 

potential for ground and surface water contamination. However it is likely that the in situ 

density of this waste was similar to that found in urban areas (e.g. in Eyles and Boyce, 

1997). 

 

Lodmoor North landfill is also likely to have experienced a chain of biochemical reactions 

common in closed landfills and discussed in section 2.5.2. The anoxic reducing conditions 

created from the decay of organic compounds make favourable conditions for the solubility 



101 
 

of metals (Jones, 1991) and subsequent adsorption onto sediments. Contaminants are likely 

to have been transported from the landfill through the surface run off and ground water 

pathways. Metal concentration in sediments in this study was compared with local 

geochemical background concentrations. In the Lodmoor marsh, metal concentrations were 

compared with the local geochemical background concentrations of the Oxford Clay 

(Norry et al., 1994).   

 

Nine cores were collected from the Lodmoor marsh site (Fig. 5.1). Out of the nine cores, 

three cores i.e. L7, L8 and L9 were studied in detail. Core L7 was collected from a drain 

using a Russian auger up to a depth of 50 cm. This drain is a likely contaminant pathway. 

Core L8 and L9 were extracted from the Phragmites australis dominated marsh using a 

Dutch auger up to a maximum depth of 70 and 58 cm respectively.  

 

 

Figure 5.1. illustrating the sampling locations in the Lodmoor marsh  
(© Crown Copyright OS 100024463). 

Image not available due to copyright restrictions
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5.2.1 Core L7 description 

Core L7 was collected from a drain (Fig. 5.2) grid reference SY 68328, 81658 using a 

Russian corer deployed from a boat. The sediment surface up to a depth of 28 cm consisted 

of substrate mud rich in organic matter, 28 to 38 cm contained brown sediments with 

patches of organic sediments and 38 to 50 cm comprised of grey silt sediments.   

  
Figure 5.2. The drain from where core L7 was collected is shown. 

 

5.2.2 Geochemical associations 

Concentrations of Cr, Cu, Ni, Pb and Zn in ashed samples from this core are given in Table 

5.1. Mean concentrations of Pb (51 mg/kg-1) and Zn (216 mg/kg-1) were above the local 

geochemical background concentrations. Significant correlations were observed between 

Cr and Cu, Cr versus Ni, Cr versus Pb, Cu versus Ni, Cu versus Pb and Ni versus Pb 

(Table 5.2). This suggests that these elements had either (a) a similar depositional history, 

(b) originate from a common source, (c) have not fractionated during sediment transport or 

(d) showed similar post depositional behaviour. The fact that the Chalcophile elements Cu, 

Ni and Pb strongly correlate with Cr (a Lithophile element) suggests that (a) is probably 

not the case and hence (b) and or (c) are more likely. The two major potential sources are 

the Lodmoor landfill and the bedrock geology. Pb and Zn concentrations were above the 

local geochemical concentrations and therefore, the Lodmoor landfill is a more likely 

source for these elements. The fact that concentrations of Cr, Cu and Ni are below the 

bedrock values is consistent with a geological source for these elements.  
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Table 5.1. Median, mean, minimum and maximum levels and the standard deviation around the mean 
for Core L7 are compared with chemical data for the Oxford clay (Norry et al., 1994).  (n=5). 

Element Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Mean concent. 10 25 30 51 216 
Oxford clay 166 32 56 27 110 
Stdev.  3 4 2 17 21 
Median concent. 10 23 29 42 211 
Min. concent. 6 20 28 35 182 
Max. concent. 13 32 35 79 242 

 

Table 5.2 Pearson product-moment correlation coefficient matrices for Cr, Cu, Ni, Pb and Zn from the 
surface to 28 cm depth (Core L7). 

  Cr Cu Ni Pb Zn 
Cr      
Cu 0.92     
Ni 0.93 0.96    
Pb 0.91 0.99 0.96   
Zn 0.38 0.23 0.41 0.18  
The R values for each element are shown. Values significant at 95% confidence are in bold (n=35, 
critical value=0.430. 

 

5.2.3 Vertical variation of metals  

There are almost consistent depth trends for Cu, Ni, Pb and % LOI (Fig. 5.3 and b). All the 

elements except Cr show highest concentrations in the black near surface layer followed by 

a drop in the lower sandy layer. This suggests that these elements are associated with the 

same sediment fraction observed in this core and discussed in section 5.2.1 or have a 

similar post-deposition behaviour. The concentration trend also corresponds with the 

colour changes noted in this core (Fig. 5.3). The similar depth profiles of these elements 

with % LOI suggest their retention by the organic content especially for Pb and Cu (e.g. 

MAFF, 1993). % LOI correlates clearly with core sedimentology being highest in horizons 

where organic matter was visibly present. 

 

Pb and Zn concentrations are above the local geochemical concentrations from the core 

surface up to a depth of 28 cm suggesting deposition of these elements into the drain 

(Table 5.1). Cr shows a consistent trend up to 26-28 cm. However a significant increase of 

this element is observed from 30-32 cm which reaches a peak at 38-40 cm after which the 

levels begin to decrease to background concentration. The increase of Cu and Ni to the 

surface suggests possible continuing deposition of these elements onto the drain. However, 

the concentrations of these elements in this core were below the local geochemical 
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background concentrations. The clear trend in these elements is probably due to the 

absence of bioturbation in the drain. Zn levels increase with depth and attain a peak at 16-

18 cm. The irregular vertical variation of metals observed in Core L7 is probably due to 

non uniform sedimentation pattern (e.g. Shine et al., 1995) which appears to be the major 

control in this core.   
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Figure 5.3. Core L7 and vertical variation of Cr, Cu, Ni, Pb, Zn and % LOI. Sediment Lamination  
possibly formed from annual or seasonal variations in sedimentation was observed near the bottom  
of this core. The black doted horizontal lines show a change in metal and organic content. The  
local geochemical concentrations are shown by the vertical red doted vertical lines. 
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5.2.4 Core L8 description 

This core was taken from grid reference SY 67945; 81726 (Fig. 5.1) and at the fringe of 

the Lodmoor North landfill. From the core surface to 35 cm depth, this core comprised of 

reed materials, organic detritus and dark mud or clay, 35 to 37 cm contained brown mud or 

clay, 57 to 64 cm with red mottling 64 to 70 cm was composed of dark clay (Fig. 5.4).  

 

5.2.5 Geochemical associations 

Concentrations of Cr, Cu, Ni, Pb and Zn in this core are given in Table 5.3. Large standard 

deviations in Pb and Zn are observed suggesting significant variations in the concentrations 

of these elements. Significant correlations were observed between Cr versus Cu, Cr versus 

Ni, Cr versus Zn, Cu versus Ni, Cu versus Pb, Cu versus Zn, Ni versus Pb, Ni versus Zn 

and Pb versus Zn. No geochemical associations were observed between metals, clays and 

% LOI in this core (Table 5.3). Chalcophile elements Cu, Ni and Zn were below 

background concentrations and are therefore likely to be geologically derived. The fact that 

these three elements strongly correlate with Cr is also an indication that they have not 

fractionated in the course of sediment transport and deposition. Insignificant correlations 

were observed between Pb and Cr. Pb concentration (51 mg/kg-1) was above the local 

geochemical background concentrations, suggesting that this element was is likely to have 

migrated from the Lodmoor North Landfill.  

 
Table 5.3. Median, mean, minimum and maximum levels and the standard deviation around the mean 
for Core L8. (n=5). 
Element Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Mean concent. 48 15 24 51 81 
Oxford Clay 166 32 56 27 110 
Stdev.  4 2 1 4 12 
Median concent. 50 15 24 51 81 
Min. concent. 43 14 23 47 68 
Max. concent. 53 19 27 56 98 
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Table 5.4. A summary of Pearson product-moment correlation coefficient matrices for Cr, Cu, Ni, Pb 
and Zn for core L8 from the marsh surface to a depth of 28 cm. 

  Cr Cu Ni Pb Zn Clay Silt LOI 
Cr 

        Cu 0.83 
       Ni 0.67 0.82 

      Pb 0.22 0.37 0.82 
     Zn 0.86 0.97 0.85 0.46 

    Clay -0.53 -0.27 -0.47 -0.31 -0.25 
   Silt -0.30 -0.10 -0.37 -0.29 -0.06 0.96 

  LOI -0.79 -0.65 -0.28 0.12 -0.66 0.03 -0.25   
The R values for each element pair are shown. Values significant at 95% confidence are in bold (n=56 
actual 49, critical value=0.330. 

 

5.2.6 Vertical distribution of metals 

There are relatively consistent depth trends of Cu, Ni and Pb concentration (Fig. 5.4). 

Constant and similar low concentration of these metals is observed from the surface and 

gradually increases attaining a peak at a depth of between 14 and 28 cm. The vertical 

variation in Cr and Zn concentration is different from other metals. Like in core L8, higher 

Cr concentration is observed in the lower layers.  

 

Peak concentrations of Cu, Ni and Pb are observed at the between 14 and 28 cm. A rapid 

decrease with depth in Pb observed from 28 cm to background concentration. Three peaks 

are observed in Ni. Concentration in this element increases from 44 cm and a significant 

peak at 50-52 cm where concentrations are above the background concentrations are 

observed. Concentration of Ni (54 mg/kg-1) and Zn (120 mg/kg-1) in the bottom sediments 

(68-70 cm) compare well with the Oxford clay concentrations for Ni (56 mg/kg-1) Zn (110 

mg/kg-1) (Norry et al., 1994) in this core.  

 

Low concentration of Cu, Ni and Zn are observed at the surface and their increase with 

depth to concentrations above the background concentrations. Concentration of Pb at the 

marsh surface is however above the background concentrations up to a depth of 52 cm 

suggesting anthropogenic input of this element from the Lodmoor North Landfill.  

 

Cu, Ni and Pb show present similar depth trends. A coincident peak is observed for Cu, 

clay and silt at between 18 to 20 cm. (Fig. 5.4). The decrease in Pb concentration from 10 

cm to the marsh surface suggests that the waste pile from the closed Lodmoor North 
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landfill site has matured and degraded such that the peak flow of contaminants onto the 

Lodmoor marsh from 1970s is likely to have fallen.  

 

5.2.7 Radiometric dating-Lodmoor 

In Southern England, two fall out maxima of 137Cs i.e. 1958 and 1963 have been reported, 

with a smaller peak observed in 1986 from the Chernobyl accident (Croudace and Cundy, 

1995). The Chernobyl peak which is dependent on the strength of deposition is virtually 

absent in Southern England. 137Cs peaks from the Sellafield nuclear facility occur in many 

areas of the U.K. north and east coast. However these 137Cs peaks do not occur in 

sediments along the U.K. south coast due to dilution and prevailing transport paths (Cundy 

et. al., 1997). There are differences in 210Pb, and 137Cs dating at this site (Fig. 5.4). 210Pb 

seems to show a distribution pattern that reflects changes in sediment composition/texture. 

In sediment dating methods, this can be unreliable where sediment is sourced from 

different sub environments and was therefore not used in this study. 137Cs peaks were 

therefore used to date sediments in this study.    

 

A 137Cs peak is likely to have been from the 1963 weapons fallout maximum (Cundy, et 

al., 1995: 2002) (Fig. 5.4). Total vertical accretion in the Lodmoor marsh calculated from 

the 137Cs lower peak from 1963 to 2008 is 28 cm. This equates to an average annual 

accretion rate of 6.2 mm per annum. The 137Cs peak in 1963 would have occurred 14 years 

after the landfill activities commenced in the North Lodmoor landfill. The well defined 
137Cs peak present in the Lodmoor marsh shown principally by Pb peak at 28 cm is an 

indication of well defined record of anthropogenic input from the Lodmoor North Landfill. 

This finding corroborates the ideas of Cundy et al., (2002) where marshes were found to be 

reliable geochemical recorders of pollution history.  
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Figure 5.4. showing chronology and the vertical variation of Cr, Cu, Ni, Pb and Zn and % LOI from Lodmoor marsh core L8.  
Cr values are below the local geochemical concentrations. The red doted vertical lines represent the local geochemical  
concentrations while the black doted horizontal lines show change in organic content and peaks in heavy metal concentration.  
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5.2.8 Mineralogy 

The results of XRD scans of powdered sediments <2000 μm in core L8 are discussed in 

this section. Estimated amounts of clay minerals were determined from peak heights. The 

mineralogy in the analysed segments i.e. 0-2, 16-18 and 56-58 cm mainly comprised of 

illite, kaolinite muscovite and quartz (Fig. 5.5). Sample segment 56-58 comprised mainly 

muscovite (60 %) and quartz (32 %) and small amounts of kaolinite (7 %). The observed 

mineralogy is consistent with that of the Oxford Clay (Norry et al., 1994). 

5.2.9 Core L9 description 

This core was extracted from grid reference SY68047; 81884 (Fig. 5.1). The surface depth 

profile up to 8 cm comprised of grey sediments, 8 to 58 contained grey sediments which 

appeared burrowed, with red mottling (Fig.5.6). However, there was no evidence of 

burrowing animals. The core was extracted from a location adjacent to a drain and a bund. 

Surface water flow in this drain passes through an area where leachate springs have 

previously been reported and may therefore be a likely contaminant pathway (Fig. 3.6).   

5.2.10 Geochemical associations 

Concentrations of Cr, Cu, Ni, Pb and Zn in this core are given in Table 5.5. This core was 

collected from the Lodmoor marsh between a drain and a bund. The drain may be a 

possible contaminant pathway and also a repository for contaminants. Correlations 

significant at 95% confidence were observed between Cr and Zn, and Ni versus Pb (Table 

5.5). The strong correlation between the Chalcophile (Zn) and Lithophile (Cr) elements 

and the fact that their concentrations were above the local geochemical background 

concentrations suggest that the enrichment in these elements are likely to be anthropogenic 

inputs from the Lodmoor North landfill and may not have separated during sediment 

transport and deposition.   

 
Table 5.5. Median, mean, minimum and maximum levels and the standard deviation around the mean 
for Core L9. (n=5). 
Element Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Mean concent.  90 18 40 56 154 
Oxford clay 166 32 56 27 110 
Stdev.  2 1 5 20 8 
Median concent. 90 17 41 41 151 
Min. concent. 88 17 35 33 148 
Max. concent. 93 20 48 76 169 
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    Figure 5.5. XRD analysis data for Lodmoor core L8. 
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Table 5.6 Pearson product-moment correlation coefficient matrices for Cr, Cu, Ni, Pb and Zn from the 
surface to 28 cm (Core L9). 

  Cr Cu Ni Pb Zn 
Cr      
Cu 0.40     
Ni -0.04 0.17    
Pb -0.17 0.28 0.49   
Zn 0.78 0.35 0.20 -0.11  
The R values for each element are shown. Values significant at 95% confidence are in bold (n=35, 
critical value=0.430. 
 

5.2.11 Vertical distribution of metals 

No consistent metal distribution with depth was observed in this core except for Cu and Zn 

(Fig. 5.6). This may be attributed to the physical mixing of heavy metals and possible 

disturbance in this location for example through bioturbation referred above. This made it 

hard to compare temporal vertical trends with contaminant discharges, observations 

consistent with those discussed in Cundy et al., (1997). The similar depth trends observed 

in Cu and Zn suggests that these elements originated from a common source or that they 

are associated with the same sediment fraction. A coincident peak was observed at 28 cm 

between Ni, Pb and % LOI suggesting that these elements may have been retained by the 

organic matter in the sediments especially Pb (MAFF, 1993). An interesting finding was 

that Pb and Zn concentrations are above the background concentrations throughout the 

depth profile.     

 

Like in core L8, three peaks are observed in Ni concentration. A peak concentration of this 

element above the background concentration is observed at a depth of between 44-46 cm. 

Relatively high Cr (83 mg/kg-1) concentrations are observed from the marsh surface which 

gently decrease with depth. This is an indication of possible continuing Cr input into this 

location or due to the gradual coarsening of material up core. The background 

concentration in this core for Ni (52 mg/kg-1) and Pb (34 mg/kg-1) in the bottom sediments 

(56-58) cm) compare well with the background concentrations i.e. the Oxford clay 

concentrations for Ni (56 mg/kg-1) Pb (27 mg/kg-1) (Norry et al., 1994). 
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Figure 5.6. showing the vertical variation of Cr, Cu, Ni, Pb and Zn and % LOI from Lodmoor marsh core L9. 
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5.2.12 A summary of heavy metal concentration in cores L7, L8 and L9 

Discussion in this section focuses on the three cores studied in detail. The concentration of 

heavy metals in the three cores is given in Figures 5.7 and 5.8. Table 5.7 contains summary 

data for heavy metal concentration in the Lodmoor marsh. Concentration of Pb and Zn 

were observed to be above the local geochemical concentrations in cores L7 and L9. Pb 

and Zn were the main elements whose concentration was above the background 

concentration in core L8. Metals adsorbed onto clay minerals are likely to have migrated 

through run off and ground water and deposited onto the Lodmoor marsh. The high Zn 

concentrations observed from core L9 suggests that Zn, whose mobility is higher than that 

of other metals (Alloway, 1995), has been adsorbed onto suspended sediments and 

accumulated in the drain. The variability of Zn was observed to be the highest. This high 

variability is further supported by the work of Assmuth (1991) who reported that heavy 

metals which are easily leached show higher inter-site differences than less mobile 

fractions. Core L7 has the least concentration of Cr at 10 mg/kg-1. 

 

Zn concentration in core L9 was 154 mg/kg-1. This core was collected from a location next 

to a drain and bund within the Lodmoor marsh. While there was no physical evidence that 

the bund was constructed with landfill material, it is likely that the bund comprised of 

some landfill material or sediment contaminated with landfill leachate, and hence is a 

possible explanation for the high Zn concentration in this core. The results from this site 

show that in the absence of any industrial sources of the above mentioned element, it is 

likely that their source is the Lodmoor landfill.  

 

5.2.13 Spatial distribution of metals  

Heavy metal concentration in the three cores (L7, L8 and L9) discussed in this section and 

in the other six locations (L1, L2, L3, L4, L5 and L6) and their spatial distribution in the 

Lodmoor marsh is illustrated in maps in section 6.1.4. Spatial distribution of metal 

concentration is discussed in this section in the context of four distinct sections i.e. the 

landfill margin, the marsh, the bund and the drains. Metal concentrations are given in 

Figure 5.8 and in Table 5.7. The spatial distribution of heavy metals in the Lodmoor marsh 

was initially explored through Boxplots (Fig. 5.7).   

 

Cr concentrations were below the background concentration in all the cores. The most 

interesting finding was that Pb concentrations were observed to be above the background 

concentrations in all the cores, suggesting anthropogenic input of this element in the 
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Lodmoor marsh. Organic content was high and varied from 22 to 40%. Such a high 

organic content is likely to have created favourable conditions for a high retention of 

metals such as Cu and Pb (MAFF, 1993). The likely biological effects of these elements 

are discussed in chapter six. The water pH in Core location L7 to L9 was between 6.7 and 

7.7 (Table 5.7). The sediment pore pH in cores L1 to L8 was between 4.6 to 7.5. The high 

pH conditions in the water and sediment pores except in core L5 (where the sediment pH 

was 4.6) in the sediments and in possibly oxidising environments are likely to have created 

favourable conditions for the adsorption of heavy metals onto clays based on the mottled 

appearance of the sediments caused by the presence of Iron oxides (e.g. Croudace and 

Cundy 1995; Hiscock, 2005). 

 

5.2.14 Landfill margin  

Cores L1 and L8 were taken from the landfill margin (Fig. 5.1). Relatively high 

concentration of Ni and Pb were found in these cores. Mean concentration values of Ni and 

Pb in core L1 were 77 and 50 mg/kg-1 respectively (Table 5.7). The concentration of Pb in 

core L8 was 51 mg/kg-1. The above concentrations were above reported concentrations of 

56 and 27 mg/kg-1 for Ni and Pb respectively in the Oxford Clay (Norry et al., 1994) (Fig. 

5.8).  

 

High concentrations of Ni and Pb found in core L1 and Pb in core L8 suggests likely 

anthropogenic input of these elements from the Lodmoor landfill. Their retention in the 

sediments is likely to have been influenced by the high pH levels and organic content 

observed in cores L1 and L8.  A pH of 6.6 and 8.5 was observed in cores L1 and L8 

respectively. The organic content observed was 23% and 31% in cores L1 and L8 

respectively. The likely effect of these parameters on metal retention in the sediments is 

discussed in section 5.2.12.  

 

Concentrations of Cr, Cu and Zn which were below reported Oxford Clay values were 

observed in both cores (L1 and L8) suggesting that the waste pile from the closed landfill 

sites has matured and degraded such that the peak flow of these elements is likely to have 

fallen and hence less deposition of contaminated sediments. However higher concentration 

of Cr, Cu and Ni is observed in core L1 than in core L8. On the other hand concentration 

of Pb and Zn were higher in core L8 than in core L1 probably due to the higher organic 
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content (31%) in core L8.  Lower concentrations of heavy metals were observed in the 

Landfill margin subsection (Fig. 5.7) than in the other subsections.   

 

5.2.15 Lodmoor marsh  

Four cores i.e. L2, L3, L4 and L9 were collected from the marsh. Ni and Pb concentrations 

above local geochemical concentrations were found in core L2. This core was collected 

from a pond interlinked with drainage channels in the marsh and therefore a likely 

contaminant pathway. Cores L3, L4 and L9 were collected from locations near a bund in 

the marsh. Core L3 was taken from the north-western part of the marsh where raised water 

levels are enclosed by a bund. This section of the marsh may be a natural collection point 

for leachate from the Lodmoor landfill located. Details of the bund are discussed in section 

3.2.3.  

 

While there was no physical evidence that the bund was constructed with landfill material, 

the high Cu, Ni and Pb concentration from cores L3 and L4 on one hand and Zn and Pb 

concentration from core L9 which were above the local geochemical concentrations 

suggests that the bund comprised of some landfill material or contaminated sediments 

which may have since been deposited onto the marsh. A low pH was found in the sediment 

pores in core L4. In their work, Yanful et al., (1988) reported such low pH values are 

likely to mobilise metals which are complexed with solid organics or precipitated as 

carbonates. Core L3 discussed above was a likely hot spot. Such hotspots were likely 

taking into account the mobility of metals from the landfill into the marsh, the nature of 

waste dumped onto the landfill and the waste disposals method employed (e.g. Assmuth, 

1992). High Ni and Pb concentrations above the local geochemical concentrations were 

observed from core L2. A comparison of spatial distribution of heavy metals in the marsh 

using Boxplots (Fig. 5.7) showed that concentrations of Cr, Ni and Pb were highest in the 

marsh.   

 

5.2.16 Drain  

Cores L5, L6 and L7 were collected from the drain. High Cu, Pb and Zn concentrations 

above the background concentrations (Fig. 5.8) (Table 5.7) were present in the above 

mentioned cores. High Zn concentration are observed in cores L5, L7 and L9 collected 

from the drains suggesting that the drains were possible contaminant pathways and 

repositories of contaminants and contaminated sediments. The lowest Pb concentration 
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was observed in core L6 which was collected from a drain further away from the Lodmoor 

North landfill. Higher concentrations of Pb in the landfill margin and adjacent areas 

suggest that the landfill is a likely source of this element. Concentration Cu above 

background concentrations were recovered from core L6. This core was taken from a drain 

likely to have been a contaminant pathway.      

      

The waste dumped in the Lodmoor North landfill was in hydraulic continuity with coastal 

and ground waters and may have impacted on the Lodmoor marsh. For instance, 

contaminants (Cu, Ni, Pb and Zn) in the Lodmoor marsh sediments and which are above 

the local geochemical background concentrations reported in this thesis are similar to those 

detected (Cu, Pb and Zn) from boreholes in the Lodmoor North Landfill (Bennett et 

al.,2004; 2006) suggesting mobility of these metals e.g. Zn is therefore likely to have 

migrated from the landfill into the Lodmoor marsh easily (Cancès, et al., 2003).  

 

The occurrence of Cr, Cu, Ni, Pb and Zn possibly suggests the nature of waste dumped in 

Lodmoor. For instance the high values of Cu, Pb and Zn may have been further augmented 

by the oil drilling waste dumped in the Lodmoor North landfill. High concentrations of 

these elements have previously been found in areas near oil drilling activities (Woodward 

et al., 1988; de Mora, 2004). Low pH in sediment pore water such as those observed in 

core L5 are favourable for the formation of metal humic compounds which are likely to 

rise in concentration from a pH of between 3.5 to 5 (Stevenson and Ardakani, 1972).  

 

Results from Boxplots analysis of geochemical data from this site are given in Figure 5.7. 

Higher concentration of Cu and Zn was observed in the drains when compared to the other 

sub-sections. This suggests that while the drains were contaminant pathways, they were 

also repositories for these elements.  
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Figure 5.7. Boxplot graphs for heavy metal concentration in mg/kg-1 (dry weight) in sediment cores (L7, L8 and L9) to a depth  
of 10 cm versus the Landfill margin, the Marsh and the Drain, all sub-environments in the Lodmoor marsh are shown. The mean  
distribution is represented by a box (coloured in grey and green) and whiskers. The grey colour represents the 75th percentile of  
the mean and the green colour indicates the 25th percentile. The middle of the two colours in the boxes is the median. The  
ends of the whiskers show the minimum and maximum values. Outliers are marked in x.   
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Figure 5.8. Concentrations of metals from the Lodmoor marsh core in relation to the Oxford clay are shown.   
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Table 5.7. A summary of heavy metal concentration in mg/kg-1 from the Lodmoor marsh to a depth of 10 cm. 
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5.2.17 Saline intrusion and coastal erosion 

Short-term sea water leaching tests on contact with cores undertaken in this study to assess 

the long-term stability of the stored heavy metals and associated processes of disturbance 

produced metal concentrations which were below the ICP-OES detection limits (Table 

5.8). These results suggest that elements are unlikely to be mobilised by saline water 

intrusion in a short period. However in several experiments undertaken by Rohatgi and 

Chen (1975), Hatje et al., (2003) trace metals such as Zn, Cd and Co were recovered from 

sediments on contact with sea water. Salinity is also likely to impact on the chemical state 

of heavy metals affecting their mobility, toxicity and bioavailability in an ecosystem 

(Speelmans, 2007; Forstner and Wittmann, 1981; Rohatgi, et al., 1976; Rohatgi and Chen; 

1981) and the Lodmoor marsh is at risk of saline intrusion and coastal erosion. Such saline 

intrusion could cause the release, remobilisation and changes in bioavailability of stored 

pollutants such as Cu, Ni, Pb and Zn over long time periods. The release of these elements 

is likely to adversely impact on the coastal ecosystem through the food chain in the 

Phragmites australis dominated marsh and the Local Nature Reserve.  

 
Table 5.8. Mean results from sea leaching tests on wet sediments from core P1 between depths 14-16 
cm. No metals were recovered through fresh, brackish and sea water (mean ± 1SE). However heavy 
metals were recovered from acid digestion. The concentration of Cr recovered (24 mg/kg-1) was the 
same as that from the ashed sediments. However, the concentration of Cu and Pb recovered was 
almost double the amount recovered from ashed sediments suggesting loss of these elements through 
volatilization. Ni concentration was almost half of that recovered from the ashed sediments.  
Digestion method Cu (mg/kg-1) 

 
Cr (mg/kg-1) 
 

Ni (mg/kg-1) 
 

Pb (mg/kg-1) 
 

Acid  83±7 24±4 8±0 73±4 
Fresh water 0 0 0 0 
Brackish water  0 0 0 0 
Sea water 0 0 0 0 
* Zero denotes that values were below the ICP - OES detection limits.   

Transect electrical conductivity readings ranged from 62-321 millimhos per meter (MMHO) 

(Fig. 5.9). Electrical conductivity measurements in the Lodmoor marsh were highest along 

a foot path shown in arrows A and B adjacent to a section of the Lodmoor south landfill. 

The high conductivity of between 271-321 millimho/meters observed below the footpath 

may be evidence of leachate break out from this landfill. There was no evidence of saline 

intrusion into the Lodmoor marsh in water samples taken at sample locations L7, L8 and 

L9 (Table 5.9).  

 

Waste was tipped onto the Lodmoor south landfill in the period between 1987 and 1990 

(Fig. 3.2). Possible horizontal outward flows of leachate from the margin of the Lodmoor 
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south landfill are consistent with those of other studies (e.g. Chian and DeWalle, 1976; 

Freeze and Cherry, 1979; Chan et al., 1998; Hudak, 2005 and Hellweg et al., 2005b). 

Millimho/meter readings of 115-166 shown by arrow C (Fig. 5.9) is likely due to leachate 

residue in an area of reported leachate break out. Discussions on leachate break out are 

detailed in section 3.1.3.    

Figure 5.9. Electrical conductivity measurements were highest in areas nearer to the 
Lodmoor south landfill shown by arrows A and B. The EM31 readings are in MMHO. The 
EM31 conductivity meter has a depth exploration of 6 meters and an intercoil spacing of 3.7 
meters. With a maximum height 8.5 m above sea level and lying on a marsh surface 
(estimated to be about 1 meter above the sea level), the Lodmoor North landfill exploration 
depth of 6 meters is likely to have been attained with the EM31 meter. However on the 
eastern parts of the transect, the EM31 meter measurements are likely to have penetrated 
the marsh surface to the alluvium and the Oxford clay.   
 

5.2.18 Water quality-Lodmoor 

Dissolved Cu, Ni, Pb and Cd in the Lodmoor marsh are given in Table 5.9. Eh, Ph and 

water electric conductivity values are also given Table 5.9. Metal concentration in the 

water samples from this site are below the threshold for concentration in water quality 

standards obtained from the Dangerous Substances Directive (Cole et al, 1999) (Tables 2.1 

to 2.5). The water standards are for the protection of the biota in salt water. This is may be 

due to the adsorption of these elements onto clays and organic content. This also suggests 

that water quality may have been enhanced through absorption of pollutants onto the 

Phragmites australis and the sediments in the Lodmoor marsh.  

 

This study also revealed that electrical conductivity in the water samples from the 

Lodmoor marsh was low (Table 5.9). Results on surface water conductivity from locations 

Image not available due to copyright restrictions
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L7, L8, and L9 (Table 5.9) are consistent with that of a brackish aquatic system (Meyerson 

et al., 2000). This finding is in good agreement with previous work in Lodmoor which 

showed that the Lodmoor marsh is brackish (Njue et al., 2008). The lowest and the highest 

pH and Eh levels of 6.7 and 101 mV respectively were observed in core L9. Statistical 

analysis on paired samples t-test in SPSS revealed no significant differences between 

centrifuged and non-centrifuged metals in water samples from the three locations on this 

site (P<0.05).  

 
Table 5.9. Dissolved average heavy metal concentrations (mg/l-1) in water samples from the Lodmoor 
site are shown.  

 
 

5.2.19 Transfer of heavy metals in plants 

Interesting results were found in a pilot study undertaken to determine if transfer of heavy 

metals through the leaves of Phragmites australis has occurred. Cu, Ni, Pb and Zn 

concentration were found in the reeds (Table 5.10). However none of the element 

concentrations were above those found in the sediments. Cd levels were below the ICP-

OES detection limit.  

 

The BAF varied from 0.01 to 0.93 for the three elements (Table 5.10). Out of three 

elements the BAF of Cu and Ni were the highest. The fact that Cu is an essential 

micronutrient for Phragmites australis plants, the concentration factor for this element was 

expected as it is likely to have accumulated in the leaves (Windham et al., 2003). The BAF 

of between 0.4-0.66 for Ni suggests an active control for this non-essential element (e.g. 

Che 1999). Intermediate concentration factors of between 0.14-0.24 for Zn is a likely 

indication of a regulated steady exchange of this essential element in the Phragmites 

australis.  

 

The BAF for Cu and Ni in the Lodmoor marsh were higher than in the Schor van Doel 

marsh (which was similar in metal concentration to the Lodmoor marsh) in the 

Netherlands. However the BAF for Pb and Zn in the two marshes were similar. The BAF 

in all the elements in the Lodmoor marsh seem to be significantly lower than those given in 
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Al-Taisan (2009), although the metals in the soils in the Al-Taisan study (cited above) 

were significantly lower and are not necessarily comparable to the current study. 

 

In their work, Kadlec and Knight (1996) reported Pb and Zn values below 10 and 50 

mg/kg-1 respectively were recovered from Phragmites australis in an unpolluted wetland. 

The Pb and Zn concentrations in the Phragmites australis from the Lodmoor marsh were 

similar to this, indicating an unpolluted system. In their work, (Alloway, 1995) reported 

that normal Cu concentration in flora are between 5-20 mg/kg-1. Cu concentration in reeds 

from the Lodmoor marsh was within this range.   

 

Liang (2006) reported that in wetland systems that may have been impacted by 

anthropogenic input (Table 5.10), various quantities of heavy metals were recovered from 

Phragmites australis leaves. However, concentrations of heavy metals can be higher in 

Phragmites australis from such environments (Kadlec and Knight, 1996). In the case of 

the Lodmoor marsh, heavy metal concentrations in the Phragmites australis did not appear 

to have affected their growth. However, work has shown (e.g. Green, et al., 2005: 2006 

and Green and Tibbett, 2007) that plants can take up metal ions and retain them in the 

roots, so they do not appear in the shoot tissues. This control of root to shoot transfer can 

be accelerated when root concentration exceeds a certain value (Cluis, 2004). Continued 

leaching and the bioavailability of trace metals may affect concentrations in the shoot. On 

the other hand, while water quality is enhanced by the absorption of pollutants onto plants 

such as the Phragmites australis, it is possible that the heavy metals locked within them 

are recycled into the marsh ecosystem when these plants die and are remineralised.  
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Table 5.10. Metal concentrations in the leaves of Phragmites australis from the Lodmoor (LM) (brackish) marsh (reported as ashed plant concentration) and the 
Schor van Doel (SVDM) (tidal brackish) marsh  in the Netherlands (Laing, 2006). Metal concentration are given in mg/kg-1.  

 
*SE represents standard error and BAF is the bioaccumulation factor. 
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5.3 Pagham harbour 

The nature and density of waste likely to have been dumped in the Sidlesham Ferry landfill 

adjacent to the Pagham harbour is discussed in section 3.2.1 and 5.2. This waste is likely to 

have included hazardous waste with the potential for ground and surface water 

contamination. Biochemical reactions common in closed landfills and likely to have 

occurred within the Sidlesham Ferry landfill are also discussed in section 2.5.2. Heavy 

metal concentrations at this site, their geochemical and mineralogical association, vertical 

variation, saline intrusion and water quality are discussed in this section. Background 

geochemical data from this site was not available. A comparison of the metals recovered 

from this site was therefore made with pre-industrial Holocene sediments from 

Southampton Water (Cundy, 1994) (Table 5.13) which has a similar geology to Pagham 

harbour and Hayling Island (British Geological Survey, 1973: 1998).  

 

Three cores were collected from the Pagham harbour site with a Dutch auger at low tide 

(Figures 5.10, 5.11 and 5.12) and were studied in detail. Depth for these cores ranged from 

70 cm for cores P1 and P2 and up to 64 cm for core P3. Cores P1 and P2 were taken from 

the foreshore and core P3 was collected from a drain. Conductivity tests on surface water 

from the three locations (Table 5.17) are consistent with that of a brackish aquatic system.  
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Figure 5.10. Sampling locations in Pagham harbour are shown (© Crown Copyright OS 
100024463). 
 

Image not available due to copyright restrictions
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Figure 5.11. Two cores were collected from Pagham harbour at low tide (shown by the red 
arrow) in the foreshore.    

 

5.3.1 Core P1 description 

Core P1 was taken from grid reference SZ 85820, 96436 (Fig. 5.10 and 5.12). This core 

comprised of mainly three parts i.e. the top part which appeared as an oxidised zone, a 

partly reduced zone in the middle and an anoxic bottom part. The top 0- 13 cm depth 

profiles comprised dark grey and black mud possibly broken up by burrows (of brackish 

water shrimp), 13-40 cm was a gradational bioturbated contact and consisted of pale grey 

mud with plant matter with some red staining, 40 – 57 cm comprised pale brown mud with 

some red brown mottling and some open pore space, plant root burrowing or air pockets. 

Depth profile 57-78 cm comprised some light patches possibly caused by bioturbation.  

 

5.3.2 Geochemical associations 

Concentrations of Cr, Cu, Ni, Pb and Zn in this core are summarised in Table 5.11. Mean 

concentrations of Cu (39 mg/kg-1), Ni (28 mg/kg-1) and Zn (186 mg/kg-1) are above the 

local geochemical background concentrations. Mean concentrations of Cu and Zn are more 

than twice the local geochemical concentrations.  

 

Significant geochemical associations were observed between Cr versus Ni and Cu versus 

Zn respectively (Table 5.12). The correlation between the Lithophile (Cr) and Chalcophile 

(Ni) elements and between the two Chalcophile elements (Cu and Zn) is an indication that 

these elements are likely anthropogenic inputs from the Sidlesham Ferry landfill. As was 
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observed in section 5.2, the above elements may not have fractionated during migration 

and may also have behaved the same during deposition. These elements may have also 

been associated with the same sediment fraction. The water pH from this location was 7.8 

and hence it is likely that the mobility of heavy metals within the water column at this 

location is less likely to occur and therefore heavy metals are locked up in sediments.   

 
Table 5.11. Median, mean, minimum and maximum levels and the standard deviation around the 
mean for Core P1 are compared with pre-industrial deposits from Southampton Water (Cundy, 1995). 
Element Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Mean concent. 34 39 28 17 186 
Stdev. 7 11 6 10 13 
Median concent. 31 43 30 10 188 
Min. concent. 28 25 20 10 172 
Max. concent. 46 52 34 28 205 
Southampton Water 88 15 26 24 75 
 
Table 5.12. Pearson product-moment correlation coefficient matrices for Cr, Cu, Ni, Pb and Zn from 
the surface to 28 cm depth (Core P1). 

 Cr Cu Ni Pb Zn 
Cr      
Cu -0.55     
Ni 0.57 0.27    
Pb 0.24 -0.80 -0.52   
Zn -0.64 0.72 -0.19 -0.23  

 The R values for each element are shown. Values significant at 95% confidence are in bold (n=35, 
critical value=0.430. 

 

5.3.3 Vertical variation of heavy metal contaminants 

There was a consistent pattern in Cr and Ni concentration with depth (Fig. 5.12). The 

consistent pattern between these two elements suggests a similar or common source or post 

deposition behaviour.  

 

From the marsh surface, Cr concentration slightly increases with depth and attains a 

concentration maximum of 46 (mg/kg-1) at 6-8 cm. Ni concentration slightly increase with 

depth and attains a maximum peak of 30 mg/kg-1 above the local geochemical 

concentrations of (26 mg/kg-1) at between 4-8 cm, suggesting anthropogenic input of this 

element. A sudden increase with depth of the two elements is then observed from a depth 

of 24 cm where they maintain relatively constant concentrations to the base of the core. Cr 

concentrations in this core were below the local geochemical background concentrations.   
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Inconsistent vertical variation was observed for Cu, Pb and Zn. This could be due to 

possible disturbance in this location for example through bioturbation discussed above and 

the physical mixing of heavy metals. This made it difficult to compare the chronology of 

heavy metal pollutants. From a depth of 6-8 cm, Zn decreases steadily to up to a depth of 

22-24 cm. Cu and Pb are observed to decrease and increase with depth respectively from a 

depth of 6-8 cm up to a depth of 20 cm where a gentle decrease of both metals is observed. 

Near constant trends are then observed for Cu, Pb and Zn from 22 cm up to a depth of 70 

cm. Zn and Cu concentrations in all depths are above local background concentration 

values suggesting anthropogenic input. Pb above the local geochemical concentrations of 

24 mg/kg-1 is observed from a depth of 6 cm.   
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Figure 5.12. Vertical variation of Cr, Cu, Ni, Pb, Zn and % LOI from Pagham harbour core P1.  
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5.3.4 Core P2 description 

This core was collected from Grid ref. SZ85888; 96547 (Fig. 5.10). Depth profile 1 to 40 

cm comprised of dark grey to pale black mud possibly due to bioturbation. From a depth of 

between 40 to 70 cm, dark grey to black mud was observed in this core.  

 

5.3.5 Geochemical associations 

Mean concentrations of Cr, Cu, Ni, Pb and Zn in this core are given in Table 5.13. As in 

core P1, enriched concentrations of Cu (30 mg/kg-1) and Zn (172 mg/kg-1) above the local 

geochemical background concentrations were observed in this core. Surface water pH from 

this location was 7.8. This suggests that metals are strongly adsorbed onto sediments and 

that their mobility is less likely to occur.  

 

Strong geochemical associations between Cu versus Cr, Ni versus Cr, Ni versus Cu, Pb 

versus Cr, Pb versus Cu and Pb versus Ni (Table 5.14). An interesting finding is that a 

perfect correlation that was observed between Ni and Cr. The correlations between these 

two elements suggest that these metals are geologically derived since excess metal 

concentrations are not observed. However the fact that concentrations of Cu and Zn were 

above the local background values suggests that theses elements have migrated from the 

Sidlesham Ferry landfill. 
Table 5.13. Median, mean, minimum and maximum levels and the standard deviation around the 
mean for Core P2.   
Element Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Mean concent. 25 30 21 19 172 
Stdev.  7 1 4 1 6 
Median concent. 23 31 20 19 173 
Min. concent. 21 29 19 17 165 
Max. concent. 37 32 27 20 181 
Southampton Water 88 15 26 24 75 

 
Table 5.14. Pearson product-moment correlation coefficient matrices for Cr, Cu, Ni, Pb and Zn from 
the surface to 28 cm depth (Core P2).   

 Cr Cu Ni Pb Zn 
Cr      
Cu 0.90     
Ni 1.00 0.90    
Pb 0.87 0.95 0.87   
Zn -0.90 -0.75 -0.89 -0.75  

The R values for each element are shown. Values significant at 95% confidence are in bold (n=35, 
critical value=0.430. 
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5.3.6 Vertical variation of heavy metals 

Broadly similar depth trends were observed in core P2 for Cr and Ni on one hand and Cu, 

Pb and Zn on the other (Fig. 5.13). From the marsh surface, Cr and Ni concentration values 

decrease up to 4 cm. Constant concentrations for the two elements are observed from this 

depth up to 20 cm where values sharply rise. A constant trend is then observed from this 

depth to the bottom sediments. Cr concentration is below the background values in this 

core. However anthropogenic enrichment in Ni (30 mg/kg-1) concentration is observed 

from 20 cm to the bottom sediments. Near constant Cu, Pb and Zn concentration values 

from are observed from the marsh surface to the basal core sediments. A consistent pattern 

in Cu, Ni, Pb and Zn is observed from a depth of about 24 cm suggesting similar post-

deposition behaviour. However the concentrations of Cu and Zn concentrations were above 

the local geochemical background concentrations and there source is likely to be 

anthropogenic input from the landfill. Concentration of Pb was also observed to exceed 

background values from a depth of 18 cm. The concentration values of all the metals 

except Zn appear to correspond to changes in organic content and sediments between 18 

and 40 cm. 
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 Figure 5.13. Vertical variation of Cr, Cu, Ni Pb, Zn and % LOI from Pagham Island core P2.  
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5.3.7 Core P3 description. 

This core was collected from a drainage channel (Fig. 5.10, 5.14a and 5.14b), grid 

reference SZ 85861: 96704. Depth profile 0-5 cm comprised of brown mud with landfill 

derived clasts, 5-10 cm dark grey mud with more clast material, some large  (>2cm) 

fragments of plastic/landfill material. Depth profile 10-36 cm the colour was as above and 

comprised of mud with more clast material, some large (>2cm) clasts of plastic/landfill 

material and possibly burrowed. At depth profile 70 – 36 cm dark grey black mud was 

observed with frequent 2-3 mm diameter (matrix supported) clasts of probably landfill 

derived material.  

           (b) 
Figure 5.14a. Core 3 was extracted from the above drain (camera facing East). Water flows (showed in 
the red arrow) from the west to Pagham harbour. The landfill is to the right. Landfill debris exposed 
through erosion (Fig. 5.14b) is shown by the red dotted arrow.    
 

5.3.8 Geochemical associations 

The concentrations of Cr, Cu, Ni, Pb and Zn in this core are given in Table 5.15. As in the 

other two cores at this site, concentrations of Cu (34 mg/kg-1) and Zn (180 mg/kg-1) were 

observed to be above the local geochemical background concentrations. Pb (37 mg/kg-1) 

and Ni (29 mg/kg-1) concentrations were also above the background concentrations in this 

core.  

 

Significant geochemical associations were observed between Cr versus Cu, Ni versus Cu, 

Ni versus Cr, Pb versus Cu, Pb versus Cr and Pb versus Ni respectively (Table. 5.16). The 

strong correlations observed between these elements suggest similar transportation and 

deposition behaviour. Cr concentration is likely to have been geologically derived since 

excess metal concentrations (above background) are not observed. The fact that 
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concentrations of Cu, Ni, Pb and Zn were above the local geochemical background 

concentration suggests that the source of these elements is the Sidlesham Ferry landfill. No 

significant geochemical associations were observed between all the elements versus clay 

minerals, silt and LOI (Table. 5.16).  

 
Table 5.15. Median, mean, minimum and maximum levels and the standard deviation around the 
mean for Core P3.   
Element Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Mean concent. 42 34 29 37 180 
Stdev.  3 1 0 3 11 
Median concent. 41 34 29 36 179 
Min. concent. 40 33 28 34 166 
Max. concent. 47 35 29 40 193 
Southampton Water 88 15 26 24 75 

 
Table 5.16. Pearson product-moment correlation coefficient matrices for Cr, Cu, Ni, Pb, Zn versus 
Clay, Silt and clay for core P3 for selected depths between the drain surface to a depth of 28 cm. 

  Cr Cu Ni Pb Zn Clay  Silt LOI 
Cr 

        Cu 0.88 
       Ni 0.82 0.96 

      Pb 0.95 0.84 0.73 
     Zn 0.13 0.08 0.24 -0.16 

    Clay  -0.87 -0.80 -0.62 -0.94 0.25 
   Silt -0.88 -0.89 -0.75 -0.90 0.17 0.96 

  LOI 0.18 -0.29 -0.30 0.13 0.19 -0.04 0.12   
The R values for each element pair are shown. Values significant at 95% confidence are in bold (n=56, 
critical value=0.330. 
 

5.3.9 Vertical variation in metal contaminants 

There are relatively uniform depth trends of Cr, Cu and Pb concentration in core P3 (Fig. 

5.15). Constant concentrations of these elements are observed from the surface to a depth 

of between 16-24 cm. A rapid decrease of these metals is then observed from this depth to 

the bottom sediments. This uniform pattern suggests that these metals‘ behaviour was 

similar after deposition or the metals originate from a common source. The decrease of the 

heavy metal concentration observed from this core is a likely indication that there is 

continuing input of contaminated sediments into the drain.  

 

Anthropogenic Cu concentrations (above the background concentration of 15 mg/kg-1) are 

observed from the core surface up to 24 cm. Anthropogenic Cu concentrations are again 

observed at 50-52 cm.  Pb concentrations above the background concentrations (24 mg/kg-
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1) are observed from the core surface to a depth of 18 cm. These concentrations are likely 

to be anthropogenic. Concentrations of Zn and Ni are relatively constant with depth. While 

Zn concentrations are above the local geochemical concentrations throughout this core, 

slight apparent anthropogenic input of Ni is only observed from the core surface to a depth 

of 18 cm.  
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 Figure 5.15. Vertical variation of Cr, Cu, Ni Pb, Zn and % silt, clay and LOI from core P3. Contaminant chronology obtained from 
 210Pb and 137Cs is also shown. 
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5.3.10 Mineralogy  

The results of mineralogical analysis in core P3 is discussed in this section. Estimated 

amounts of clay minerals were determined from peak heights (Fig. 5.16). The mineralogy 

in the analysed segments i.e. 0-4, 12-14, 26-28 and 50-52 cm mainly comprised of Albite, 

Calcite, Chlorite, Illite, Kaolinite Muscovite and Quartz. 0-4 cm comprised of Quartz (94 

%) and Calcite (6 %), 26-28 Quartz (95 %) and Calcite (5 %) and 50-52 cm was mainly 

quartz (100 %). These findings are consistent with what has been observed in other local 

estuarine systems, particularly those of the Solent. For example work undertaken in Algan 

et al., (1994) revealed the presence of Illite, Kaolinite and Chlorite in samples from the 

Solent region. Sources of Calcite found in samples from this site are likely to be from shell 

material or secondary precipitation at depth following early diagenesis.   
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    Figure 5.16. Peaks of clay minerals in Pagham harbour core P3 are shown.   
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5.3.11 Radiometric dating 
 The 137Cs peak in this study (Fig. 5.16) most likely corresponds to atmospheric nuclear 

fallout in 1963 (Cundy and Croudace, 1996). These findings are consistent with those of 

Cundy et al, (2002) in Pagham harbour. The vertical variation graphs are in agreement with 

the commencement of landfill activities on Pagham habour landfill in 1954. Sediment 

accretion of 20 cm was observed for the 45 year period between 1963 and 2008. The 

annual sediment accretion rate per year was therefore 4.4 mm per annum. This accretion 

rate is closer to the accretion rates of 5 mm per year observed in Pagham harbour in Cundy 

et al., (2002).  

 

5.3.12 Saline intrusion 

Results from sea water leaching tests are discussed in section 5.2.17. The Sidlesham Ferry 

Landfill has a maximum height of 3 m above the Pagham harbour marsh. About 3 m of the 

landfill together with the underlying sands and clays was explored with the EM31 meter. 

Two transects i.e. North South and East West of electrical conductivity measurements were 

carried out along a footpath using an EM31 electrical conductivity meter (Figures 5.17a 

and 5.17b). The footpath is at the boundary of Sidlesham Ferry landfill and Pagham 

harbour. In the North South transect, (Fig. 5.17a), high electrical conductivity was 

observed in three areas shown by arrows A, B and C. A similar number of high electrical 

conductivity (showed in arrows A, B and C) were also observed in the East West transect 

(Fig. 5.17b). Water samples from locations P1 and P2 (Table 5.17) was brackish and it is 

less likely that this part of Pagham harbour experiences saline intrusion. The high electrical 

conductivity observed along this transect is therefore likely to be leachate the Sidlesham 

Ferry landfill (Fig. 5.17a and 5.17b). Horizontal outward flows of leachate from the margin 

of landfills are discussed in sections 2.5.4 and 5.2.17.   

 

In both transects, electrical conductivity meter readings ranged from 29-350 

millimho/meters. Electrical conductivity measurements showed considerable variations but 

were generally highest in the East West transect where electrical conductivity 

measurements of 311-350 millimho/meters were observed to the South East corner of the 

landfill. This section of the landfill is a low lying area and expected sea level rises are 

likely to cause saline intrusion into the landfill. The EM31 electrical conductivity in 

Pagham harbour were also the highest compared to the other two sites in this study.  
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Figure 5.17a. Traces of leachate migration were observed from high electrical conductivity (237-288 
millimho/meters) along a North South transect and shown by arrows A, B and C.  
 

Figure 5.17b. Electrical conductivity of 272-310 and 311-350 millimho/meters along an East 
West direction are likely evidence of leachate migration and is shown in arrows A, B and C. 
A fair agreement is noted in conductivity highs in both Figures 5.18a and 5.18b.  

 

5.3.13 Summary heavy of metal contaminants 

Relatively uniform concentrations of Cr, Cu, Ni, Pb and Zn are observed in each of the 

three cores (Fig. 5.18). This site had significant concentrations of Zn at 186, 172 and 180 

Image not available due to copyright restrictions

Image not available due to copyright restrictions
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mg/kg-1 for core P1, P2 and P3 respectively. The results from this site show that in the 

absence of any industrial sources of the above mentioned elements, it is likely that their 

source is the Pagham harbour landfill. The chain of biochemical reactions in a closed 

landfill is discussed in the literature review. Anoxic reducing conditions arising from the 

decay in the landfill during the breakdown of organic elements may have created 

conditions favourable for the solubility of metals (Jones, 1991 cited in Eyles and Boyce, 

1997) and their migration at this site. A comparison of the metal concentration at this site 

was made with pre-industrial Holocene sediments from Southampton Water (Cundy, 

1994). The mean concentrations of Cu and Zn were above the background values in all the 

cores suggesting a high mobility of these elements from the landfill. Pb concentration in 

core P3 was above the background concentrations. The concentration of Cr was below the 

background values in all the cores.    

 

 
Figure 5.18. A summary of heavy metal concentration in mg/kg-1 from Pagham harbour. 

 

5.3.14 Water Quality 

Dissolved Cu, Pb and Cd in water are given in Table 5.17. Eh, pH and electric conductivity 

values are given in table 5.18. Electric conductivity results study showed that the aquatic 

system in sampled areas of Pagham harbour is brackish. Metal concentration in the water 

samples from this site are below the water quality standards developed from the Dangerous 

Substances Directive (Cole et al, 1999). As in the Lodmoor marsh, no significant 
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differences were observed between centrifuged and non-centrifuged metals in water 

samples from the three locations on this site (P<0.05). 

 
Table 5.17. Dissolved heavy metals are shown in  mg/l-1.  Water pH from the three cores is constant. 
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5.4 Hayling Island 

The type and extent of waste likely to have been dumped in the Land West of Old Railway 

landfill site on Hayling North Island is discussed in section 3.3.1 and 5.2. This waste like 

in other historical landfill sites is likely to have been hazardous and therefore a risk for 

surface and ground water contamination. Likely biochemical reactions recurrent in 

historical landfills and likely to have arisen in this landfill are discussed in section 2.5.2. 

Average metal concentration recovered from cores, their geochemical and mineralogical 

association, vertical variation, saline intrusion and water quality are discussed in this 

section. As in Pagham harbour, local geochemical background data for this site was not 

available. Anthropogenic pollution in the geochemical data from this site was therefore 

estimated against the early industrial sediments from Southampton Harbour (Cundy, 1994) 

(Table 5.19) which has a comparable geology.  

 

Three cores were taken from Hayling Island site (Fig. 5.19). All cores were collected with 

a Dutch auger up to a maximum depth of 36 cm for core H1 and 40 cm for cores H2 and 

H3. Core H1 was taken from a stream on the eastern facing slope while cores H2 and H3 

were extracted from a Spartina sp. marsh dominated mud flat/semi enclosed lagoon in the 

foreshore and in areas exposed at low tide. It is possible that the lagoon is influenced by 

sediment influxes from the west (Dyer, 1980). The stream from where core H1 was 

collected maybe a contaminant pathway for heavy metals while the Spartina sp. 

marsh/mudflat maybe a receptor from the landfill. Surface water conductivity test results 

(Table 5.25) from all the three locations are consistent with that of a brackish aquatic 

system.   
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Figure 5.19. Cores H2 and H3 were collected from the foreshore at low tide while core H1 
was taken from a stream (© Crown Copyright OS 100024463). 
   

 

 

 

 

 

 

 

 

Image not available due to copyright restrictions
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Figure 5.20a. North Hayling Island mudflat where core H1 and H2 were collected is 
dominated by Spartina sp. marsh. The Camera is facing South East.  
 

 
Figure 5.20b. A gradually rising tide in the locations the cores were collected is filling 
in the lower parts of the mudflat isolating the raised sections as islands. The camera is 
facing South East.   
 

5.4.1 Core H1 description 

Core H1 was taken from a taken from a stream on the eastern facing slope of the Land 

West of Old Railway landfill site, grid reference SU 71704; 03200 (Fig. 5.20). This stream 

drains the landfill area. A visual description of the colour and composition of sediment 

cores was undertaken in the field and comprised of the following: 0 to 5 cm comprised of 

mid brown silty mud, 5 to 13 cm contained organic rich black mud and frequent reed 

fragments, 13 to 38 cm comprised of pale brown mottled clay with some minor organic 

rich sand less than 0.5 mm.  
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5.4.2 Geochemical associations 

Concentrations of metals up to 10 cm depth in core H1 are given in Table 5.18. 

Concentrations of Cu (18 mg/kg-1), Pb (41 mg/kg-1) and Zn (102 mg/kg-1) are above the 

local geochemical background concentrations. Significant correlations were observed 

between Ni versus Cr, Pb versus Cu, Zn versus Cu and Zn versus Pb respectively. 

Correlations observed between Ni versus Cr are likely to be geological since the 

concentration of these elements below the local background concentration. The 

transportation and deposition pattern of these elements is also likely to be similar. The 

strong correlations observed between the three Chalcophile elements (Cu, Pb and Zn) and 

the fact that the concentration of these elements was above the local geochemical 

concentration suggests that these elements originate from a common source and in this 

core, probably from the Land West of Old Railway landfill. These elements may also not 

have separated much in the course of sediment transport and deposition.  

 

Significant correlations were observed between Cu versus % LOI, Pb versus % LOI and 

Zn versus % LOI (Table 5.19). This is an indication of sorption of these metals onto 

organic content, findings corroborated in other studies (e.g. Cundy and Croudace, 1995; 

Neto et al., 1999 and Hursthouse, 2003). Sediments with high humus are also reported to 

have a high retention capacity for heavy metals such as Pb and Cu (MAFF, 1993). This 

would explain the significant correlation between Cu and Pb. These two elements are 

observed to build in movable soluble organic compounds (Fischer et al., 2003).  

 

Significant correlations were also observed between Cu and Pb versus silt, an indication of 

adsorption of these elements to silts. It is interesting to note that, more significant 

correlations were observed between metals versus clays than between metals and silts 

suggesting higher adsorption of metals onto clay minerals. 

 

Table 5.18. Median, mean, minimum and maximum levels and the standard deviation around the 
mean for Core H1.   

Element Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Mean concent. 23 18 17 41 102 
Stdev. 3 1 3 7 12 
Median concent. 24 19 18 39 97 
Min. concent. 19 17 13 33 90 
Max. concent. 26 20 20 47 115 
Southampton Water 88 15 26 24 75 
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Table 5.19. Pearson product-moment correlation coefficient matrices for Cr, Cu, Ni, Pb and Zn from 
the surface to 28 cm of core H1 versus clay, silt and Loss on Ignition (LOI).  

  Cr Cu Ni Pb Zn Clay Silt LOI 
Cr 

        Cu -0.33 
       Ni 0.87 0.06 

      Pb -0.74 0.70 -0.43 
     Zn -0.71 0.79 -0.35 0.98 

    Clay 0.78 -0.84 0.47 -0.83 -0.89 
   Silt 0.09 0.38 0.07 0.33 0.28 -0.16 

  LOI -0.83 0.67 -0.59 0.82 0.81 -0.87 0.36   
The R values for each element are shown. Values significant at 95% confidence are in bold (n=56, 
critical value=0.330. 

 

5.4.3 Vertical variation in metal contaminants  

Similar depth trends for Cr, Cu, Ni, Pb and Zn were observed in core H1. From low 

concentrations at the core surface, a slight increase of these elements is observed up to a 

depth of 10 cm (Fig. 5.21). An accelerated vertical increase is then evident from 10-12 cm. 

Pb, Zn, Cu and to a lesser extent Cr, and Ni exhibit a coincident subsurface concentration 

maximum at 12-16 cm depth. This anthropogenic input occurs in the upper part of the 

basal clay unit.    

 

Cu concentration values above the background concentration values of 15 mg/kg-1 were 

observed in core H1 between a depth of 4 to 24 cm and in the bottom sediments i.e. 34 to 

36 cm. Cu enrichment in the above depth interval is therefore likely to be anthropogenic. 

Anthropogenic Pb enrichment was observed between a depth of 4 to 18 cm where the 

concentration values were above the background values of 24 mg/kg-1. Zn concentration 

above local geochemical background values were observed from the core surface to a 

depth of between 16-18 cm.  

 

The similar trend of metal distribution in this core can be explained by the change in 

organic content and sediment composition. This suggests a common source of the metals in 

this core or a similar post-deposition behaviour. Similarly % LOI, which represents a 

corresponding increase in organic content (Fig. 5.21), shows a similar trend to the heavy 

metal concentration with depth. For example an increase of mottled clay and minor organic 

sand was noted at a depth of between 13 to 38 cm. The increase with depth of heavy metals 

in this core is likely to have been caused by surface derived input from the landfill as the 

stream accreted. 
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5.4.4 Radiometric dating 
210Pb dating can be unreliable where sediment is sourced from different environments, as 

may be the case here (Cundy et. al, 1997). Sediment dating attributed to 210Pb was not 

accurate in reconstructing contaminant history in this core (Fig. 5.21). The alternative was 

to use 137Cs peaks which are considered reliable as opposed to depths at which it is first 

noted (Cundy and Croudace, 1996). A 137Cs peak in this study was attributed to the 1963 

weapons fallout maximum (Cundy, et al., 1995: 2002) (Fig. 5.21).  

 

The heavy metal chronology in this core does not appear to correspond to the period when 

the landfill activities were carried out at this site i.e. between February 1963 and August 

1967. Furthermore some aerial photographs for this site were also missing and hence there 

were significant gaps when waste dumping commenced at this site. It is therefore possible 

that waste dumping landfill activities are likely to have commenced much earlier. 

Sediment accretion in 45 years i.e. between 1963 to 2008 was about 10 cm. The annual 

sediment accretion rate was therefore estimated to be 2.2 mm.  

 

5.4.5 Mineralogy  

The results of mineralogical analysis from Hayling Island Core H1 are presented in this 

section. Estimated amounts of clay minerals were determined from peak heights (Fig. 

5.22). The mineralogy in the analysed segments i.e. 2-4, 8-10, 14-16 and 26-28 cm mainly 

comprised of albite, chlorite, gypsum, illite, kaolinite muscovite and quartz determined by 

peak overlaps. Depth profile 2-4 cm comprised mainly muscovite (55%) and quartz (33%), 

8-10 cm muscovite (62%) and quartz (31%), and 26-28 cm (50%), muscovite (28%) and a 

small quantity of calcite (10%). These findings are consistent with data observed in other 

local estuarine systems, particularly those of the Solent. For example work undertaken in 

Algan et al., (1994) revealed the presence of illite, kaolinite and chlorite in samples from 

the Solent region. Sources of Calcite found in samples from this site are likely to be from 

shell material or secondary precipitation at depth following early diagenesis.  
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Figure 5.21 showing the vertical variation of Cr, Cu, Ni, Pb, Zn and % silt, clay and LOI in core H1. Contamination  
in this core appears to be controlled by grain size variation especially in the upper core. Sediment chronology  
determined from 210Pb and 137Cs is also shown.   
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    Figure 5.22. XRD analysis data for Hayling Core H1.  
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5.4.6 Core H2 description 

Core H2 was collected from Grid reference: SU 71514; 03176 (Fig. 5.19). From the 

surface to a depth of 2 cm, this core comprised of pale brown sand with coarse sand up to 1 

mm. Between depths 2 cm and 16 cm, the core was made of dark red brown silt and fine, 

pale greyish brown sand, 24-40 cm, dark grey fine silty sand with some coarse up to 2 mm 

fragments (Fig. 5.23).  

 

5.4.7 Geochemical associations  

Concentrations of Cr, Cu, Pb and Zn are given in Table 5.20. An interesting finding was 

that mean concentrations of all the metals were below geochemical background 

concentrations. This suggests that the sediments are not enriched with anthropogenic inputs 

probably because sediments from this location were sandier. 

 

Significant correlations were observed between Cu versus Cr, Ni versus Cr, Ni versus Cu 

and Zn versus Pb respectively (Table. 5.21). The fact that the concentration of these is 

below the local geochemical concentration, the correlations observed elements suggest that 

these elements are geologically derived. Their migration and deposition behaviour is also 

similar.  
Table 5.20. Median, mean, minimum and maximum levels and the standard deviation around the 
mean for Core H2.   
Element Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Mean concent. 16 12 10 21 31 
Stdev.  4 2 1 10 10 
Median concent. 18 11 11 24 32 
Min. concent. 8 16 8 3 19 
Max. concent. 18 11 11 27 46 
Southampton Water 88 15 26 24 75 
 

Table 5.21. Pearson product-moment correlation coefficient matrices for Cr, Cu, Ni, Pb and Zn from 
the surface to 28 cm (Core H2).  

  Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Cr 

     Cu 0.82 
    Ni 0.99 0.90 

   Pb -0.17 -0.69 -0.31 
  Zn 0.02 -0.29 -0.05 0.67   

The R values for each element are shown. Values significant at 95% confidence are in bold (n=35, 
critical value=0.430. 



154 
 

5.4.8 Vertical variation of heavy metals  

There is a consistent distribution with depth of Cr, Cu and Ni in Core H2 (Fig. 5.23) in this 

core. From the marsh surface, a near constant depth trend for these elements is observed up 

to a depth of 8 cm. Cr and Ni concentration values then slightly decrease up to 10 cm. Cu 

concentration values are observed to insignificantly increase between 8 to 10 cm. From this 

depth, constant Cr, Cu and Ni concentration values are observed up to a depth of 16 cm. 

Their concentration are then observed to significantly increase from this depth up to 28 cm. 

Cr, Cu and Ni elements attain a concentration peaks of 37, 27 and 26 mg/kg-1 respectively 

between 24 to 28 cm. A significant decrease of these elements is then observed from this 

depth to 30 cm where a slight increase in their concentration is observed up to the bottom 

sediments. Unlike Cr and Ni, Cu concentrations values were above the background 

concentration values of 18 mg/kg-1 between 16 cm and the bottom sediments. The 

consistent Cr, Cu, and Ni distribution with depth suggests a common source for these 

elements or similar post deposition behaviour.  

 

Pb concentration values were below the background concentrations at the surface in core 

H2. However, the concentration values were observed to increase from the marsh surface 

up to 8 cm. A significant decrease in the concentration of this element is then observed 

between this depth and 10 cm. A constant trend for this element is again observed up to a 

depth 28 cm. Concentration values are then observed to significantly rise to a low peak of 

16 mg/kg-1 before gradually declining to the bottom sediments. From the surface, Zn 

concentration values are observed to have a near constant trend up 36 cm. A likely 

anthropogenic peak concentration of 182 is observed in the bottom sediments and could be 

an early diagenic in origin. This peak is above the background concentration values of 75 

mg/kg-1.  
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Figure 5.23. Vertical variation of Cr, Cu, Ni, Pb, Zn concentration and % LOI from core H2 are compared  
against the graphic log. Concentrations of heavy metals are quite low compared to core H1 except for Zn.  
Metal distribution in this core appears be controlled by grain size variation.  
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5.4.9 Core H3 description 

Core H3 was collected from a grid reference SU 71590; 03091. Depth profiles from the 

marsh surface up to 6 cm comprised of dark grey mud with pebbles 5 mm–2 cm (Fig. 

5.24). There were some open spaces possibly from burrowing at depth 6–11 cm. This 

depth also contained grey mud, some coarse sand and fine gravel. Brown mud or clay was 

observed from 11 cm to base.  About 10% of the sediments between 11 to 40 cm 

comprised of coarse sand, gravel and included shell fragments which were about 2 cm 

changing to pale to the base. Sediments nearer to the base of core H3 appeared pale. The 

base of this core comprised of pale brown clay.  

 

5.4.10 Geochemical associations  

Concentrations of metals are given in Table 5.22. All the metal concentrations except Cu 

(22 mg/kg-1) and Zn (187 mg/kg-1) in this core were below the local geochemical 

background concentrations. Significant correlations were observed between Cr versus Cu, 

Cr versus Ni, Cr versus Pb, Cr versus Zn, Cu versus Ni, Cu versus Pb, Cu versus Zn and Ni 

versus Pb (Table 5.23). This suggests that Cr, Ni and Pb are geologically derived since 

their concentrations are below the background concentrations. These elements may also 

not have separated much in the course of sediment transport and deposition. However the 

Cu and Zn are likely to be derived from the Land West of Old Railway landfill since their 

concentrations are above the local geochemical background concentrations (Table 5.22). 

Another possible explanation for the source of contamination in sediments is the longshore 

east to west transport (Algan et al., 1994) of contaminated sediments from Portsmouth 

harbour. The behaviour of these two elements was also similar during sediment 

transportation and deposition.  

 
Table 5.22. Median, mean, minimum and maximum levels and the standard deviation around the 
mean for Core H3.   
Element Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Mean 17 22 17 9 187 
Stdev. 7 5 9 2 11 
Median concent. 17 21 16 8 187 
Min. concent. 10 17 8 6 171 
Max. concent. 27 30 31 12 202 
Southampton Water 88 15 26 24 75 
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Table 5.23. Pearson product-moment correlation coefficient matrices for Cr, Cu, Ni, Pb and Zn from 
the surface to 28 cm depth (Core H3). 

  Cr (mg/kg-1) Cu (mg/kg-1) Ni (mg/kg-1) Pb (mg/kg-1) Zn (mg/kg-1) 
Cr      
Cu 0.85     
Ni 0.96 0.91    
Pb 0.60 0.84 0.68   
Zn 0.54 0.46 0.62 0.23  

The R values for each element are shown. Values significant at 95% confidence are in  
bold (n=35, critical value=0.430. 
 

5.4.11 Vertical variation of metals  

There are similar distribution with depth of Cr, Cu, Ni and Pb (Fig. 5.24). From the marsh 

surface, the concentrations of these elements increase with depth up to 2-4 cm. A constant 

decrease with depth of these metals is then observed from this depth to 14-16 cm. The 

concentration trend of these elements is then observed to significantly increase with depth 

from 16-18 up to between 26-32 cm. Cr, Cu, Ni and Pb attain a peak concentrations of 50, 

33 and 35 mg/kg-1 between depths 26-32 cm. Cu concentrations in this core (except at 

depth 16-18 cm) are above the background concentrations of 18 mg/kg-1. This suggests 

that Cu enrichment in this core is anthropogenic.  

 

Ni concentration at 20 to the bottom sediment was above the background value of 26 

mg/kg-1. The consistent depth trend observed by these elements is a likely indication of a 

similar behaviour after deposition or a common source. Pb concentration values are 

constant with depth up to 16 cm. From this depth the values significantly increase attaining 

a peak of 22 mg/kg-1 at 18-20 cm. Near constant Zn concentrations with depth are observed 

from the marsh surface to the bottom sediments. The vertical distribution of metals in this 

core is possibly controlled by grain size variations.  
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Figure 5.24. Vertical variation of Cr, Cu, Ni, Pb, Zn concentration and % LOI in core H3 are shown.  
Some degree of coincidental correlation between % LOI and heavy metals was observed in this core. 
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5.4.12 Hayling Island-Intra-site contaminants  

Mean concentrations of heavy metals from the three cores are summarised in Figure 5.25. 

All the cores have relatively uniform levels of Cr, Cu and Ni. Core H1 has the highest 

concentrations of Pb at 65 mg/kg-1. Core H1 and H3 have the highest Zn concentration at 

mg/kg-1 103 and 192 mg/kg-1 respectively. Cores H2 and H3 were extracted from the 

foreshore. Enhanced concentrations of Zn (218 mg/kg-1) were recovered from core H3. 

This core is located on the foreshore and may be a hot spot for this element. It is therefore 

possible that fine-grained sediments in this mudflat and salt-marsh have trapped or 

sequestered metals from the landfill. Core H1 was collected from a drain which may have 

been a transport pathway for contaminants.  

 

The vertical trends and correlations are a possible indication that the heavy metals 

originate from a common source i.e. the landfill or that they are associated with the same 

sediment fraction. The increase of metal concentration with depth shows that the waste pile 

from the closed landfill sites has matured and degraded. Record of the peak flow of 

contaminants is evident from the peaks in vertical variation trends and is seen to have 

fallen. The vertical contaminant peaks are possible evidence that fine-grained sediments in 

mudflats and the Spartina sp. marshes on Hayling Island have trapped or sequestered 

heavy metals.  
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Figure 5.25. Summary of heavy metal concentration in mg/kg-1 from the three cores on 
Hayling Island compared with an unpolluted core from Southampton Water.  
 

5.4.13 Saline intrusion 

Sea water leaching tests were undertaken in this study and are detailed in section 5.2.18. It 

is possible that saline intrusion in Hayling Island could result in biogeochemical reactions 

causing the release of such pollutants as Cu, Ni, Pb and Zn. Such saline intrusion could 

cause biogeochemical reactions which could change the chemical state, mobilization and 

bioavailability of such pollutants as Cu, Pb and Zn at this site. Such pollutants would be 

expected to impact on the coastal ecosystem e.g. the Spartina sp. marsh, the Oyster beds 

and the local Nature Reserve.  

 

Electrical conductivity measurements were undertaken along the shoreline. Electrical 

conductivity along the transects was between 50-306 millimho/meters (Fig. 5.26). 

Electrical conductivity was highest near the shoreline with between 153-204 

millimho/meters suggesting tidal flooding at the margins of this site. The geology of this 

area comprises of brick earth i.e. loams and clays (British Geological survey, 1994). With 

the expected sea level rises, it is likely that saline intrusion is likely to spread landward.   
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Figure 5.26. Electrical conductivity measurements were highest near the shoreline and are 
shown in arrows A and B. The near surface salinity appeared to gradually decrease inland. 
The EM31 readings are in millimho/meters. The peak height of the land west of the old 
railway landfill is about 4 m above the sea level. 4 m of the landfill and the underlying 
marine deposits (sands and clays) were explored with the EM31 meter.  
 

5.4.14 Water quality 

Dissolved Cu, Ni, Pb and Cd concentrations are given in Table 5.24. Metal concentration 

in the water samples from this site are below the water quality standards developed from 

the Dangerous Substances Directive (Cole et al, 1999). Eh, Ph and electric conductivity 

values ranged from 52-140, 7.7-8.5, and 13-26 respectively. Electric conductivity results 

study showed that the aquatic system on Hayling Island is brackish.  As in the Lodmoor 

marsh and Pagham harbour, insignificant differences were observed between centrifuged 

and non-centrifuged metals in water samples from the three locations on this site (P<0.05). 

 

 

 

 

Image not available due to copyright restrictions
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Table 5.24. Dissolved heavy metals in water from Hayling Island are shown in mg/l-1. 
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5.5 Inter-site comparison in heavy metal concentration 

Mean concentrations of Cr, Cu, Ni, Pb and Zn from the three study sites are summarised in 

Figure 5.27. Lodmoor marsh contained the highest mean concentration of Cr, Ni and Pb at 

51, 50 and 52 mg/kg-1 respectively. Pagham harbour had the highest concentration of Cu 

and Zn at 34 and 180 mg/kg-1 respectively and indication that the mobility of these two 

metals in particulate matter at this site is relatively high. An interesting finding was that 

concentration of all the metals except Zn in Hayling Island was lower than in the other two 

sites. In their work, Write and Mason (1999) reported that more anthropogenic metals are 

likely to build up in marsh than in mudflat sediments hence the low concentration of 

metals at this site which comprises of poorly developed Spartina sp. marshes and mudflats. 

The concentration data for Cr, Cu, Ni, Pb and Zn was analysed for differences across the 

three sites with a Kruskal-Wallis test followed by a Mann Whitney test between two sites.  

 

The lowest and highest concentration values of Cr (10-90 mg/kg-1) were from the Lodmoor 

marsh. A Kruskal Wallis test for average Cr concentration in the three sites showed 

significant differences P=0.003. A Mann Whitney U test for differences in Cr 

concentration revealed no significant differences between the Lodmoor marsh and Pagham 

harbour (P=0.171) and the Lodmoor marsh and Hayling Island (P=0.056). No significant 

differences were observed between Pagham harbour and Hayling Island (P=0.000). 

 

Minimum (12 mg/kg-1) and maximum (92 mg/kg-1) Cu concentration were recovered from 

Hayling Island and the Lodmoor marsh respectively. Kruskal Wallis statistical tests for Cu 

concentration from the three sites revealed significant differences (P=0.000). Results from 

Mann Whitney U test showed significant differences in Cu concentration between Pagham 

harbour and Hayling Island (P=0.000) and between the Lodmoor marsh and Pagham 

harbour (P=0.000). The tests showed no statistical difference in Cu concentration between 

Hayling Island and the Lodmoor marsh (P=0.441).  

 

Average Ni concentrations in the three locations varied from 10 mg/kg-1 on Hayling Island 

to 79 mg/kg-1 in the Lodmoor marsh. Kruskal Wallis statistical tests showed that the 

concentration of this element was significantly different between all the three sites 

(P=0.000). Mann Whitney U test results for average Ni concentration between the 

Lodmoor marsh and Pagham harbour were P=0.043, between the Lodmoor marsh and 

Hayling Island P=0.000 and between Pagham harbour and Hayling Island were P=0.000 
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suggesting that there were significant difference in average Ni concentration between all 

the sites.  

 

Mean concentrations of Pb ranged from 9 mg/kg-1 (Hayling Island) to 90 mg/kg-1 (in the 

Lodmoor marsh). Kruskal Wallis tests in the concentration of this element in all the sites 

revealed significant differences (P=0.000). Significant differences in average Pb 

concentration was observed between the Lodmoor marsh and Hayling Island (P=0.000) 

and between Lodmoor marsh and Pagham harbour (P=0.000). However the Mann Whitney 

U test results (P=0.678) in Pb concentration showed insignificant differences in Pb 

concentration between Hayling Island and Pagham harbour.     

 

As mentioned above, a key finding in this study was that the mean concentration of Zn was 

the highest in the three sites (101 to 180 mg/kg-1) when compared to other heavy metals. 

However these findings are consistent with reported concentrations of Zn at higher 

concentrations in polluted sediments than the other metals (Christensen et al., 2001). Mean 

concentrations of Zn in Pagham harbour was higher than in the other two sites. Significant 

differences in the average concentration of Zn between the three sites was observed from 

Kruskal Wallis tests (P=0.016). Mann Whitney U tests showed statistical differences 

between the Lodmoor marsh and Pagham harbour (P=0.097) and Pagham harbour and 

Hayling Island (P=0.007). No statistical differences in average in Zn concentration were 

observed between the Lodmoor marsh and Hayling Island (P=0.130).   

 

Metal migration from the coastal and estuarine landfills in the three sites studied is likely 

to have been enhanced by their uncontrolled nature, geotechnical instability and the 

absence of maintenance (Assmuth, 1992).  Heavy metal retention in the landfills adjacent 

to the three study sites in this study is therefore likely to have been poor resulting to the 

release of heavy metals onto the coastal and estuarine environments.    
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Figure 5.27. Intersite comparisons of heavy metal contamination. 
 

5.6 Principle Component Analysis (PCA)  

A PCA of metal concentrations, particle size and % LOI was undertaken to examine metal 

associations more closely. The three cores i.e. L8 (Lodmoor), P3 (Pagham harbour) and H1 

(Hayling Island) with the most extensive data set (up to a depth of 28 cm) were selected 

(Appendix 4). The data discussed in this section support the correlations discussed earlier 

in this thesis (cf. tables 5.4, 5.16, and 5.19). No clear trends were observed when data from 

the three sites were amalgamated.  

 

In core L8, 56 % of all the variation in the data is explained by Principle component (PC) 1 

(Appendix 4). 25.8 % of the variation in the data is explained by PC2. Therefore 81.8 % of 

the data in this core is explained by PC1 and PC 2. Cr, Cu and Zn are inversely weighted 

with Clay, Silt and % LOI (Fig. 5.28). Metals do not group with Clay suggesting that metal 

concentrations in this core are primarily controlled by pollution inputs. Cu, Cr and Zn have 

the biggest weighting in PC1. Silt and Clay are the two environmental variables that 

strongly weight along PC2.  
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Figure 5.28. Principle component loadings, plotted as Principle component 1 (PC1) loading versus 
Principle component 2 (PC2) for core L8.  
 
 
65.9 % of all the variation in the data from core P3 is explained by Principle component 

(PC) 1 (Appendix 4). 16.2 % of the variation in the data is explained by PC2. Therefore 82 

% of the data in this core is explained by PC 1 and 2. Cu, Ni and Pb are inversely weighted 

with Clay and Silt (Fig. 5.29). Zn groups with % LOI and is consistent with the vertical 

variation trends shown in section 5.3.3. 

 

 
Figure 5.29. Principle component loadings, plotted as Principle component 1 (PC1) loading versus 
Principle component 2 (PC2) for core P3. 
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In core H1, 65.6 % of all the variation in the data is explained by Principle Component 

(PC) 1 (Appendix 4). 20 % of the variation in the data is explained by PC2. Therefore 85.6 

% of the data in this core is explained by PC 1 and 2. Pb and Zn group with % LOI and 

also have the biggest weighting in PC1 (Fig. 5.28). This grouping is consistent with 

previous discussions in section 5.4.12. Ni has the strongest weight (negatively) along PC2.  

 
Figure 5.30. Principle component loadings, plotted as Principle component 1 (PC1) loading versus 
Principle component 2 (PC2) for core H1. 
 

5.7 Inter-site mineralogical comparison 

Mineralogy in the three sites is given in Table 5.25. Illite, kaolinite muscovite and quartz 

were found in all the three sites. In addition to these minerals, calcite was also found in 

samples from Pagham harbour while samples from Hayling Island were found to contain 

feldspar and gypsum. In the Lodmoor marsh and Pagham harbour samples, illite and 

muscovite overlap on the XRD and cannot therefore be distinguished.  

 

5.8 Comparison of heavy metal concentration with other sites across the region 

A comparison of the heavy metal concentrations from this study was made with data from 

other sites in the region (Table 5.26). However, it should be noted that when comparing 

metal concentrations across the region, the three sites studied in this thesis are sensitive 

ecosystems and therefore more likely to be affected by pollutants.  

 

The highest concentrations of Cr (101 mg/kg-1) and Cu (491 mg/kg-1) were reported in 

Southampton water. The second highest values of Cr (51 mg/kg-1) were observed in the 
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Lodmoor marsh samples. Poole harbour was noted to have the second highest 

concentration of Cu (50 mg/kg-1). Lodmoor marsh was found to have the highest 

concentration of Ni (50 mg/kg-1) followed by Southampton water (34 mg/kg-1). The 

highest concentration of Zn (180 mg/kg-1) was found in Pagham harbour followed by 

Southampton water (166 mg/kg-1) and Poole harbour (165 mg/kg-1). The above and other 

data presented in this chapter forms the basis for discussions relating to sediment quality 

guideline values and likely effects of future sea level rise in the next chapter.  
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Table 5.25. A comparison of geochemical composition data from the Lodmoor marsh, Pagham Harbour and Hayling Island. 

 
 
Table 5.26. Average values for heavy metal concentration in mg/kg-1 from sediments in the south of England.  

 
References: 1Bryan et al., (1992), 2Norry et al., (1994), 3Cundy et al., (1995), 4Nunny and Smith (1995) and 5this study. 
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6. Sediment quality and sea level rise 

6.1 Introduction  

This chapter discusses the results presented in chapter five in relation to sediment quality 

guidelines and ecological risk assessment. Discussions are also based on thesis objectives 4 

and 5. Discussions also focus on the spatial extent of heavy metal contaminants especially 

Cu and Zn.  

6.2 Sediment quality guidelines and site risk assessment 

As a result of global recognition of the ecological as well as social importance of wetlands 

and the threats they face, laws and regulations governing their use have been enacted and 

are now being implemented. This has lead to controlled development in wetlands 

especially sensitive ecosystems of many activities which may be potentially harmful 

(Lacerda and Fitzgerald, 2001). 

 

European law has for, example, progressively acknowledged the significance of wetland 

ecosystem conservation (Janssen et al., 2005). The European Water Framework Directive 

represents various directives which impact on wetlands (Janssen et al., 2005). The Ground 

Water Directive (80/68) was introduced to protect ground water from historically 

contaminated land (Ball and Bell, 1995). In this directive, Hg and Cd are in list 1 

substances which are prohibited from entering the ground water. List 2 contains low risk 

substances which should be controlled from entering the ground water. These include 

inorganic substances such as Cu, Ni, Pb and Zn detected from the three study sites.  

 

In the UK, the Environment Agency has published Soil Guideline Values (SGVs) to make 

it easier to estimate if contaminant concentration values are harmful to humans and the 

environment. The SGVs give intervention values above which there is a possibility of 

unacceptable harm to site users. Sites with contaminants above the SGVs may warrant 

further analysis and/or remediation to reduce human risk and protect the environment 

(Environment Agency, 2007). 

 

The SGVs were developed from the Contaminated Land Exposure Assessment (CLEA) 

model for three categories of land use, namely allotments, residential and 

industrial/commercial. SGVs are legally used for the management of contamination in 

respect to part 11A of the Environmental Protection Act (1990) and the development 

control within the Town and Country Planning Acts (Environment Agency, 2007). The 
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SGVs do not show however how available heavy metal concentrations are to organisms 

and are therefore not applicable to marine ecosystem such as wetlands. Sediment quality 

guidelines are preferred to help isolate possible sections which may contain adverse 

biological effects.  

 

The use of sediment quality as a tool to relate sediment contamination levels to the 

potential effects on aquatic ecosystems has received much discussion (Long et al., 1995; 

Long and MacDonald, 1998: Cole et al., 1999: Langston et al., 2003). This has shown that 

a number of biological measures can be employed to establish biological effects of 

contaminants linked to sediments (Burton 1992). The sediment quality guideline values 

can therefore be used as benchmarks to assess the quality of sediments and to isolate and 

give preference to high risk zones (Langston et al., 2003). From the early 1990s, a number 

of biological effects based sediment quality guideline values have been developed (Table 

6.1). In the UK, the Interim Marine Sediment Quality Guidelines (ISQGS) are informal but 

are recommended for use by the Habitats Directive Water Quality Technical Advisory 

Group (TAG) as initial estimates when evaluating the possible risks by contaminated 

sediments on organisms (Cole et al., 1999; Environment Agency, 2004) and were therefore 

used to interpret data in this study.  

 

The statistical distribution effects reported in Long et al., (1995) were established through 

percentiles described in (Byrkit, 1975). The biological effects-based sediment quality 

guidelines were developed for use by the United States National Oceanic and Atmospheric 

Administration (NOAA) and are summarised in Long et al., (1995). These values were 

classified into an effects range low (ERL) and effects range-median (ERM) when exposed 

to a variety of aquatic organisms. The effects describe three concentration scales for each 

contaminant. Concentrations lower than the ERL indicate a least effects range. In such 

circumstances, effects may hardly be noticed. In cases where contaminant concentration is 

equivalent to and higher than the ERL but less than the ERM, the values represent likely 

effects range and effects are sometimes likely to be observed. When contaminant 

concentrations are equal to and higher than the ERM value, this suggests a probable effects 

range and effects are likely to be more frequent. The reliability and accuracy of the 

guidelines for all the metals except Ni and Zn is considered to be quite high (Long et al., 

1995). 

 

The Probable Effects Levels (PELs) and Threshold Effects Levels (TELs) are used in 

Florida Department of Environmental Protection (FDEP) Guidelines, ISQGS and Canadian 
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Guidelines (Table 6.1) are similar to the effects ranges described in Long et al., (1995) 

since both procedures are dependent on linkages between biological effects and sediment 

contaminant concentration levels. Effects might be identified in some vulnerable species 

when exposed to TEL (Cole et al., 1999). On the other hand, a broad range of organisms 

are likely to be adversely affected when exposed to PEL (Cole et al., 1999).  A site specific 

risk assessment based on the mean concentrations of Cr, Cu, Ni, Pb and Zn with respect to 

the ISQGS and local geochemical background concentrations up to a depth of 10 cm is 

discussed in this chapter. 

 

Table 6.1 Sediment quality guideline values in mg/kg-1  from different countries (Long et al., 1995; 
Cole et al., 1999). 

  US NOA Guidelines FDEP Guidelines ISQGS & Canadian Guidelines 
Chemical ERL ERM TEL PEL TEL PEL 
Cr 81 370 52 160 52.3 160 
Cu 34 270 18.7 108 18.7 108 
Pb 46.7 218 30.2 112 30.2 112 
Ni 20.9 51.6 15.9 42.8 15.9 42.8 
Zn 150   410   124 271 124   271 
 

6.2.1 Probabilistic classification of contaminated sediments/Environmental risk 

assessment 

While comparing metal concentrations against the ISQGS and local geochemical 

background concentrations, it is important that measurement uncertainties are taken into 

account. In their work, Ramsey and Argyraki, (1997), pointed out that it was possible for 

samples from a specific location in a given part to show results of an element above a 

threshold value even when replicate samples extracted from the same point give a mean 

level below the threshold. It is also possible that a sample can give results above the 

threshold, while repeated analysis indicates that the mean concentration at a specific 

location is below the threshold. A probabilistic classification of contaminated sediments 

from the three study sites that includes uncertainty as discussed in Ramsey and Argyraki 

(1997) was therefore adopted in this study.  

 

Using the above classification, no change in status was observed for all the elements in all 

the locations except for Cu in cores L2 and H1 (Table 6.3). In core L2, there was a change 

in status from being probably contaminated to being possibly being contaminated while 

core H1 changed from possibly being contaminated to probably being contaminated with 

Cu (Table 6.3). Discussions in sections 6.2.2, 6.2.2.3 and 6.2.4 will focus on the 
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probabilistic classification, ISQGs and the local geochemical background concentrations 

(e.g. Chapman and Mann, 1999; Hursthouse, 2001) in the three study sites. The Spatial 

distribution maps in the above mentioned sections were developed using Ordnance Survey 

maps, ArcGIS (Geographical Information System) computer software and primary data 

from all the three study sites.  

 

A comparison between the number of possibly contaminated locations and those that were 

probably contaminated from the three sites is given in Table 6.2. Three elements i.e. Ni 

(93%), Pb (66%) and Cu (60%) were observed to be probably contaminated in more than 

50% of the locations. Ni was found to be the most probable contaminant in all the locations 

sampled. 

 

6.2.2 Lodmoor marsh 

Concentrations of Cr, Cu, Ni, Pb and Zn in nine cores from the Lodmoor marsh compared 

against the ISQGs TEL and the local geochemical concentrations are given in Figure 6.2 

and in Table 6.3. The spatial distribution of these elements is discussed in section 5.2.13 

and illustrated in Figures, 6.1, 6.3 6.4, 6.5 and 6.6.  

 

An interesting finding was that all the cores from this site contained concentrations of the 

above referred elements (except Cr) above TEL and the local geochemical concentrations 

of at least one of the five elements i.e. Cr, Cu, Ni, Pb and Zn (Fig. 6.1 and Table 6.3). This 

is in direct contrast to Pagham harbour and Hayling Island and where only three and two 

elements were above the ISQGS TEL and the local geochemical background 

concentrations respectively.  

 

A significant finding was that Pb concentrations in all the cores except core L6 was above 

both the ISQGs TEL (30.2 mg/kg-1) and the background concentration values (27 mg/kg-1). 

This suggests that most areas of this site are probably contaminated with Pb. All the cores 

were observed to contain Ni concentrations above ISQGs TEL and PEL values. However 

only cores L1, L2, L3 and L4 were probably contaminated with Ni concentrations which 

were observed to be above both the ISQGs PEL (42.8 mg/kg) and the local background 

concentration values (56 mg/kg). Zn concentration was found to be above both the ISQGs 

TEL (124 mg/kg-1) and the background concentration values (110 mg/kg-1) in cores L4, L7 

and L9, suggesting that these cores are probably contaminated with this element. The 

concentration of Cu was above the ISQGs TEL values in five cores i.e. L1, L2, L4, L6 and 
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L7. However Cu concentrations were observed to be above the background concentrations 

(166 mg/kg-1) in only two cores i.e. L5 and L6 which are probably contaminated with this 

element. Cr concentration in six cores i.e. L1, L2, L3, L4, L6 and L9 were observed to be 

above the ISQGs TEL values. However these concentrations were noted to be below the 

background concentrations (166 mg/kg-1) suggesting that the site is not likely to be 

contaminated with Cr.  

 

It is interesting to note that no clear distribution patterns of heavy metal concentration were 

observed in the marsh subsection. This suggests that other factors such as drains acting as a 

medium of sediment repositories may have played a key role in the current distribution of 

metals in the marsh before the water table (in the marsh) was raised in 1999 (WPBC, 

2002). The lack of clear metal distribution patterns may also be attributed to the physical 

mixing of heavy metals within the marsh, further supporting the idea of Cundy et al., 

(1997) and French (1996). 

 

The number and percentages of possibly contaminated locations and those that were 

probably contaminated from the Lodmoor site is given in Table 6.4. Three elements i.e. Ni 

(100 %), Pb (88 %) and Cr (66%) were observed to be probably contaminated in more than 

50 % of the locations sampled. Ni was found to be the most probable contaminant in all the 

locations sampled from the Lodmoor marsh with concentrations above the ISQGs TEL, 

PEL and the local geochemical concentrations. However, while Cr values were observed to 

be above the ISQGs TEL values, they were lower than the local background geochemical 

concentrations and therefore these locations are not likely to be contaminated.  
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Table 6.3. The number and percentages of locations with values above ISQGS and FDEP PEL guidelines are shown.  
Core Cr (mg/kg-1) New values Cu (mg/kg-1) New values Ni (mg/kg-1) New values Pb (mg/kg-1) New values Zn (mg/kg-1) New values 
L1 58 53 27 24 77 69 50 46 69 75 
L2 58 53 19 17 77 70 37 33 38 41 
L3 66 60 17 18 79 72 90 81 44 48 
L4 68 62 92 83 69 62 68 61 50 55 
L5 23 25 21 22 30 27 35 32 159 144 
L6 59 53 35 32 23 21 27 30 99 109 
L7 10 11 48 44 30 27 51 46 216 196 
L8 25 27 15 17 24 22 51 47 81 89 
L9 90 82 17.9 20 40 37 56 51 154 140 
P1 34 37 39 35 28 25 17 19 186 168 
P2 25 28 30 28 21 19 19 20 172 156 
P3 42 46 34 31 29 26 37 33 180 163 
H1 23 25 18 20 17 15.3 41 37 102 112 
H2 16 17 12 13 10 11 21 23 31 34 
H3 17 19 22 24 17 15.2 9 9 187 169 
SQGVs-TEL 52.3  18.7  15.9  30.2  124  
SQGVs-PEL 160  108  42.8  112  271  
Oxford clay 166  32  56  27  110  
S. W.  88  15  26  24  75  
*The green colour represent samples below the ISQGs TEL guideline values and the yellow colour indicates values above the ISQGS TEL values and the red 
colour denotes values above the ISQGS PEL values. *S. W. stands for Southampton Water. 

 Table 6.2. The number and percentages of locations in all the sites with values above ISQGS PEL guidelines are shown. 
Element Number of probably contaminated locations % of probably contaminated locations by element 
Cr 6 40% 
Cu 9 60% 
Ni 14 93% 
Pb 10 66% 
Zn 7 46% 
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Table 6.4. The number and percentages of locations with values above ISQGS PEL guidelines in the 
Lodmoor marsh are shown. 

 
 

Figure 6.1. Mean Cr concentration up from 0-10 cm depth in six cores were observed  
to be above the ISQGs TEL values (© Crown Copyright OS 100024463). However  
these concentrations were noted to be below the background concentrations  
(166 mg/kg-1) suggesting that the site is not likely to be contaminated with Cr.  

  
 

 

Image not available due to copyright restrictions
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Figure 6.2. A comparison of heavy metals versus the TEL and PEL ISQGS is shown. Toxicity effects are likely to be  
observed in sensitive sediment dwelling species if exposed to Cu, Ni, Pb and Zn where heavy metal concentrations in  
sediments are above TEL values.   
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Figure 6.3. The average concentration of Cu up to 10 cm depth was above the ISQGs TEL values in six 
cores (© Crown Copyright OS 100024463). However concentrations were observed to be above the 
background concentrations (32 mg/kg-1) in only two cores i.e. L5 and L6.  

 

Figure 6.4. Only cores L1, L2, L3 and L4 were probably contaminated with Ni concentrations 
observed to be above both the ISQGs PEL (42.8 mg/kg) and the local background concentration values 
(56 mg/kg) (© Crown Copyright OS 100024463). The mean Ni concentrations presented were up to a 
0-10 cm depth. Concentrations of this element were observed to be lower in the drains but above the 
PEL in four locations in the marsh. 

Image not available due to copyright restrictions

Image not available due to copyright restrictions
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Figure 6.5. Average Pb concentrations up to 10 cm depth in all the cores except L6 were above both the 
ISQGs TEL (30.2 mg/kg-1) and the background concentration values (27 mg/kg-1) suggesting that most 
locations at this site are probably contaminated with Pb (© Crown Copyright OS 100024463). It is 
possible that Pb may have migrated from the landfill over time and is spread in most parts of the 
marsh. 

Figure 6.6. Zn migration through the drains appears to be more pronounced at this site. Zn 
concentration was found to be above both the ISQGs TEL (124 mg/kg-1) and the background 
concentration values (110 mg/kg-1) in cores L5, L7 and L9 (© Crown Copyright OS 100024463). These 
cores were located in drains or adjacent to drains and some distance from the Lodmoor landfill.  

Image not available due to copyright restrictions

Image not available due to copyright restrictions
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6.2.3 Pagham Harbour 

Cu, Ni, Pb and Zn concentrations in three cores from this site are compared with the 

ISQGs TEL values and the local geochemical concentrations (Fig. 6.7 and Table 6.3). An 

important finding was that concentrations of Cu, Pb and Zn were observed to be above the 

ISQGs TEL values and the local background geochemical concentrations.  

 

Cu concentration was observed to be above the ISQGs TEL values and the local 

geochemical concentrations in cores P1, P2 and P3. Pb values exceeded the ISQGs TEL 

values and the local geochemical concentrations in core P3. Zn concentrations were 

observed to be above the ISQGs TEL ISQGs TEL values and the local geochemical 

concentrations in all cores. 

 
Figure. 6.7. A comparison of heavy metals versus the TEL and PEL ISQGS is shown. 
Toxicity effects are likely to be observed in sensitive sediment dwelling species if exposed to 
Cu, Ni, Pb and Zn.   
 

Location maps of metal concentration in Pagham harbour were developed using methods 

described in section 5.2.13. These maps illustrate concentration of selected elements in the 

locations sampled at this site. Metal concentrations are given in Figures 6.8, 6.9, 6.10, 6.11 

and 6.12.    
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Figure 6.8. Cr concentrations from the core surface up to  
10 cm depth were all below the TEL concentration guidelines  
(52.3 mg/kg-1) and the local geochemical concentrations  
(88 mg/kg-1) (© Crown Copyright OS 100024463). 
 

Figure 6.9. The average concentration of Cu between 0-10 cm depth  
was above the TEL values (18.7 mg/kg-1) and the local background  
geochemical concentrations (15 mg/kg-1) in all the three locations  
(© Crown Copyright OS 100024463).  

 

Image not available due to copyright restrictions

Image not available due to copyright restrictions
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Figure 6.10. Average concentration of Ni between 0-10 cm was observed  
to be above the TEL values (15.9 mg/kg-1) but below the local background  
geochemical concentrations (26 mg/kg-1) in core P2  
(© Crown Copyright OS 100024463). 
 

Figure 6.11. Mean Pb values from the core surface to a depth  
of 10 cm were above the TEL values (30.2 mg/kg-1) and the  
local geochemical concentrations (24 mg/kg-1) in in core P3.  
Low concentration of Pb below the TEL values was recovered  
from the foreshore (© Crown Copyright OS 100024463). 

Image not available due to copyright restrictions

Image not available due to copyright restrictions
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Figure 6.12. Average Zn concentration between 0-10 cm, in depth were  
observed to be above the TEL values (214 mg/kg-1) and the local geochemical  
concentrations (75 mg/kg-1) in in all the three cores (© Crown Copyright OS 100024463).  

 

6.2.4 Hayling Island 

Concentrations of Cu, Ni, Pb and Zn from Hayling Island are compared with the ISQGs 

TEL and the local geochemical concentrations (Fig. 6.13 and Table 6.3). Only two 

elements in only two locations were observed to be above the ISQGs TEL and the local 

geochemical background concentrations. Pb concentrations (41 mg/kg-1) in core H1 were 

above the ISQGs TEL and the local geochemical background concentrations. The 

concentration of Zn (187 mg/kg-1) was also above the ISQGs TEL the local geochemical 

background concentrations. Ni concentrations in cores H1 and H2 are above the ISQGs 

TEL but below the local geochemical background concentrations suggesting that these 

sediments are not contaminated. Cr concentrations in the three cores are all below the 

ISQGs TEL and local geochemical background concentrations.  

Image not available due to copyright restrictions
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Figure 6.13. A comparison of metal concentration in the upper core to the surface against 
PEL and TEL values. Toxicity effects are likely to be observed in vulnerable sediment 
dwelling species if exposed to Cu, Ni, Pb and Zn.  
 

Location maps of metal concentration in Hayling Island site were developed using 

the methods described in section 5.2.14. These maps illustrate concentration of 

selected elements in the locations sampled on this site. The concentration of the 

five elements is given in Figures 6.14, 6.15, 6.16, 6.17 and 6.18. 

 Figure 6.14. Mean Cr concentration from the core surface up to a depth of cm were below the 
 TEL values (52.3 mg/kg-1) and and the local geochemical concentrations (88g/kg-1) in all 
 the three cores (© Crown Copyright OS  100024463).  

Image not available due to copyright restrictions
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Figure 6.15. Average Cu concentration up to a depth of 1o cm in cores H1  
and H2 were below the TEL values (18.7 mg/kg-1) and the local geochemical  
concentrations (15 mg/kg-1) but above the the TEL values and background  
concentrations in core H3 (© Crown Copyright OS 100024463).  

Figure 6.16. Concentration of Ni between 0-10 cm were above  
the the TEL concentration guidelines (15.9 mg/kg-1) but below  
the the local background geochemical concentrations (26 mg/kg-1)  
in two cores H1 and H3 (© Crown Copyright OS 100024463).   

Image not available due to copyright restrictions

Image not available due to copyright restrictions



186 
 

Figure 6.17. Mean Pb concentration up to 10 cm depth  
were above the the TEL concentration guidelines (30.2 mg/kg-1)  
and the local background geochemical concentrations (24 mg/kg-1) 
 in core H1.  As was observed in Pagham harbour, Pb concentration  
was below the TEL values in the foreshore locations  
(© Crown Copyright OS 100024463).  
 

Figure 6.18. Average Zn concentration from the core surface to a  
10 cm depth were above the the TEL concentration values (124 mg/kg-1)  
and the local background geochemical concentrations (75 mg/kg-1) in  
core H3 only (© Crown Copyright OS 100024463).    

 

Image not available due to copyright restrictions

Image not available due to copyright restrictions
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6.2.5 Inter-site comparison  

A summary of mean concentrations of Cr, Cu, Ni, Pb and Zn in the three sites is presented 

in Figure 6.19 and in Table 6.3. The concentrations of these elements in the three sites 

were compared with ISQGS and FDEP guidelines. Hayling Island appears to have only 

two metals i.e. Cu (23 mg/kg-1) and Pb (29 mg/kg-1) with concentrations above the ISQGS 

TEL guideline values of 18.7 mg/kg-1 and 15.9 mg/kg-1 for Cu and Pb respectively. In 

Pagham harbour, three elements Cu (34 mg/kg-1), Pb (27 mg/kg-1) and Zn (183 mg/kg-1) 

are observed to have levels above the ISQGS TEL guideline values e.g. Zn (124 mg/kg-1). 

The Lodmoor marsh, an engineered wetland has all the elements, Cr (58 mg/kg-1) Cu (20 

mg/kg-1), Ni (36 mg/kg-1), Pb (50 mg/kg-1) and Zn (145 mg/kg-1) above the ISQGS TEL 

guideline values e.g. Ni (30.2 mg/kg-1). It is also noteable that Pb concentration (50 mg/kg-

1) in the Lodmoor marsh was above the ISQGS PEL guideline values (42.8 mg/kg-1) and 

hence a broad range of organisms are likely to be adversely affected when exposed to PEL 

(Cole et al.,1999).  

 

In the case of the Lodmoor marsh wetland and as was discussed in chapter two, 

constructed wetlands may be cheaper to construct than using conventional land 

remediation techniques. However, while water quality is enhanced by the absorption of 

pollutants onto plants such as the P. australis, it is possible that the heavy metals locked 

within them are recycled into the marsh ecosystem when these plants die and are 

remineralised. This scenario maybe applicable to Lodmoor marsh where it is likely that 

heavy metals may continually be recycled into the marsh ecosystem. Furthermore there 

was evidence of heavy metals above the ISQGS and FDEP PEL guideline values. 

Concentration values of Cu, Pb and Cd were also above the proposed UK Environment 

Agency EQS values. The results in this study revealed that the notion of ―dilute and 

disperse‖ adopted by WMBC (and possibly other local authorities elsewhere) when 

dumping waste into the marsh prior to 1970‘s appears not to have worked. However 

further long-term research may be required to ascertain if this is the case. These results are 

an indication that the past histories of these sites as unregulated industrial and municipal 

waste dumping sites have and continue to impact on adjacent ecosystems.  

 

A comparison between the number of possibly contaminated locations and those that were 

probably contaminated from the three sites is given in Table 6.3. Three elements i.e. Ni 

(93%), Pb (66%) and Cu (60%) were observed to be probably contaminated in more than 

50% of the locations. Ni was found to be the most probable contaminant in all the locations 
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sampled. 

 
Figure 6.19. A graphical summary of mean concentrations of Cr, Cu, Ni, Pb and Zn for the three sites 
compared with the ISQGS and FDEP guidelines is shown. 

 

6.2.6 Water Quality 

Data from analysed water samples in this section were compared with the National 

Environmental Quality Standards (EQS) for list I and II substances. These standards were 

based on annual means for these substances. Data that were available were for two 

categories of water i.e. fresh water and salt water. In the absence of standards for a 

brackish system, standards for salt water which are suggested for the protection of salt 

water ecosystems were used in this study. Furthermore and as discussed in section 5.4.13, 

it is possible that at least one of the study sites (Hayling Island) experience saline intrusion 

at high tide. Metals concentrations in water samples from all the sites were below the water 

quality standards given in the Dangerous Substances Directive (Cole et al., 1999).  

 

6.3 Sea level rise 

Predicted sea level rise is expected to impact on coastal and estuarine wetlands such as 

marshes/mudflats through coastal erosion (discussed in chapters two and three) and the 

possibility of the release of pollutants from the marsh sediments. Saline intrusion could 

further cause biogeochemical reactions which could change the chemical state, 

mobilization and bioavailability of heavy metals (Lu and Chen, 1977; Buchholz, 1998). 
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This would be a threat to marine and coastal life. Further details on sea level rise are 

discussed in chapter 2. 

 

Accelerated sea level rise and sediment accretion in South England were discussed in 

Cundy and Croudace (1996) who propose, based on salt marsh accretion rates a local sea 

level rise of up to 4-5 mm over the last 100 years in the region. An imbalance between 

accelerating sea level rise and sediment accretion was identified as an additional threat to 

future stability of salt marshes this region and in other areas (e.g. Baumann, et al., 1984). 

Further acceleration of sea level rise was projected in the IPCC (2007). These projections 

give a maximum and a minimum sea level rise of about 40 and 80 mm by the year 2020. 

By 2045, sea levels are expected to rise by between 80 and 200 mm. A further rise of 

between 220 and 500 mm is expected by the year 2100. In light of this trend, this section 

discusses the areas at risk from the projected sea level rise in the three study sites.  

 

6.3.1 Lodmoor marsh  

Lodmoor was found to be a brackish marsh. It is a low lying Phragmites australis 

dominated marsh. The detailed topography of this site is discussed in chapter three. In the 

absence of a sea defence, almost the the whole of the Lodmoor marsh would be at risk of 

flooding from a high water tide but the site is currently protected by a sea wall. Projected 

IPPC maximum and minimum estimates of a sea level rise 40 to 80 mm by the year 2020 

are expected to increase the high tide from 2.68 m to between 2.72 to 2.76 m. A further a 

projected rise of rise of between 80 to 200 mm by the year 2045 would rise the high water 

to between 2.76 and 2.88 m affecting an area of about 0.489 acres. A further rise of 

between 220 and 500 mm which would raise the high water by between 2.9 and 3.18 m by 

the year 2100 would affect a total of about 0.915 acres (Figures 6.20 and 6.21). Without a 

strong sea defence the Lodmoor North landfill would be at risk from saline intrusion and 

wave erosion.    
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Figure 6.20. Almost the whole of the Lodmoor marsh is at risk of flooding from a high water tide but is currently protected by  
a sea wall. A rise of between 3.21 and 3.49 expected by the year 2100 shown in the map (developed using Lidar data:  
Source: Environment Agency, 2004) above would put significantly large areas at risk from saline intrusion and wave erosion in  
the absence of a strong sea defence. A third of the landfill area that would be at risk from coastal erosion and saline intrusion  
is shown.  
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Figure 6.21. A summary of the total areas at risk from flooding by a sea level rise by the year 2100 in Lodmoor, Weymouth is shown  
in the map (developed using Lidar data: Source: Environment Agency, 2004) above. About a third of the Lodmoor North Landfill would be  
affected. 



192 
 

6.3.2 Pagham harbour  

The study site in Pagham harbour is low lying marsh. The detailed topography of Pagham 

harbour is discussed in chapter 3. The harbour experiences a high tide of 2.99 m (Havant 

Borough Council, 2010). The constructed sea defence protect the area from the high tide 

which would flood significantly large areas. Projected IPPC (2007) maximum and 

minimum estimates of a sea level rise by the year 2020 would be expected to increase the 

high tide from the current high water to a minimum and a maximum of 3.03 and 3.07 m 

respectively in Pagham harbour (Fig. 6.22). While the impact of these rises would cover 

about 4 ha of the area at this site, a projected rise of rise of between 80 to 200 mm by the 

year 2045 would significantly affect another 5.8 ha (Fig. 6.23). A further rise of between 

220 and 500 mm is expected by the year 2100 would be expected to affect significantly 

large areas i.e. about 13 ha (Fig. 6.24). A third of the landfill would be flooded. The total 

area at this site that would be at risk of being flooded as a result of sea level rises between 

the year 2020 and 2100 would be about 22.89 ha (Fig. 6.25).   

 

In the absence of reinforcements to the current sea defence to cope with the future rise in 

sea level, the landfill would at risk from erosion and saline intrusion. The Spartina sp. 

marsh and most of the Local Nature Reserve would be at risk from saline intrusion and 

coastal erosion from wave energy. The sea level changes are also likely to impact on the 

sedimentation of the intertidal area. A reduction of the Local Nature Reserve is also likely 

to result to a reduced carrying capacity and hence a possible loss of habitats.  
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 Figure 6.22. With a high tide of 2.99 m (Havant Borough Council, 2010) sea defences protect the area from the high tide. Projected  
 IPPC (2007) maximum and minimum estimates of a sea level rise by the year 2020 in Pagham harbour would be expected to increase  
 the high tide from a minimum and maximum of 3.03 and 3.07 respectively as illustrated in the map (developed using Lidar data:  
 Source: Environment Agency, 2007) above. About 4 ha in this site would be at risk of being flooded.  

 

Image not available due to copyright restrictions
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Figure 6.23. Higher sea defences would have to be constructed or else significantly large areas are at risk of being affected by future sea  
level rises of between 3.07 and 3.19 m by the year 2045 in Pagham harbour as shown in the map (developed using Lidar data:  
Source: Environment Agency, 2007) above. About 5.8 ha at this site would be flooded.  
 

 

 

Image not available due to copyright restrictions
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Figure 6.24 A further rise of between 3.21 and 3.49 expected by the year 2100 in Pagham harbour would put significantly large areas  
(13 ha) at risk from saline intrusion and wave erosion as depicted in the map (developed using Lidar data:  
Source: Environment Agency, 2007) above. Almost a third of the landfill (shown) would be flooded.  
 

Image not available due to copyright restrictions
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Figure 6.25. The total area (22.89 ha) that would be at risk from flooding and coastal erosion between the year 2020 and 2100 is shown in the map 
(developed using Lidar data: Source: Environment Agency, 2007) above. Almost a third of the landfill would be affected by this rise.  

Image not available due to copyright restrictions
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6.3.3 Hayling Island 

The Hayling Island study site is low lying and is dominated by Spartina sp. salt marsh. The 

detailed topography of the Island is discussed in chapter three. Large areas adjacent to the 

landfill are affected by a mean annual high water of 2.58 m (Fig. 3.44). Projected IPPC 

(2007) maximum and minimum estimates of a sea level rise by the year 2020 are 40 to 80 

mm. These rises are expected to affect about 1.5 ha. These rises would be expected to 

increase the current high water to a height of between 2.62 and 2.66 m affecting an area of 

about 1.5 ha (Fig. 6.26). The impact of these rises may not be significant but there is an 

increased risk of saline intrusion onto the landfill leading to enhanced leaching of metals.  

Figure 6.26. Relatively small areas likely to be affected by the pprojected IPPC (2007) sea 
level rise by the year 2020 are shown in the map (developed using Lidar data: Source: 
Environment Agency, 2007) above. 
 

Image not available due to copyright restrictions
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Figure 6.27. Parts of the landfill which are likely to be affected by projected IPPC (2007)  
sea level rise by the year 2045 are illustrated in the map (developed using Lidar  
data: Source: Environment Agency, 2007) above.  

 

While the impact of sea level rises may not be significant by the year 2020, a projected rise 

of rise of between 80 to 200 mm by the year 2045 would rise the high water to a height of 

2.66 and 2.78 m putting an area of about 2.5 ha at risk of flooding (Fig. 6.27).  

  

 

Image not available due to copyright restrictions
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Figure 6.28. Large areas to the north west of Hayling Island and the southern part of the 
landfill would be affected by the high water of between 2.8 and 3.08 m and therefore at risk 
from wave erosion by the year 2100 as shown in the map (developed using Lidar data: 
Source: Environment Agency, 2007) above.  
 

A further sea level rise of between 220 and 500 mm is expected by the year 2100 would be 

expected to affect about 6.1 ha (Figures 6.28 and 6.29). The southern part of the landfill 

would be at risk from erosion. In addition to the loss of the Spartina sp. marsh and the 

Oyster beds, most of the Local Nature Reserve would be at risk from saline intrusion and 

coastal erosion from wave energy originating from the south and the southwest. The sea 

level changes are also likely to impact on sand, mud and sedimentation of the intertidal 

area on this site. These potential changes under sea level rise can be used to develop a 

revised conceptual/contaminant linkages model (cf. fig. 3.44) shown in figure 6.30.   

 

Image not available due to copyright restrictions
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Figure 6.29. A summary of the total area (10.2 ha) likely to be affected by sea  
level rise of half a meter between the year 2020 and 2100 is illustrated in the  
map (developed using Lidar data: Source: Environment Agency, 2007) above.     
 

6.4 Summary-Environmental risk assessment 

The nature of contamination in the three study sites was quantified and an environmental 

risk assessment for each site undertaken using an effects range medium criterion described 

in Long et al., (1995) in previous sections in this chapter. A revised landfills‘ contaminant 

linkages model (Fig. 6.30) is also illustrated in this section. Specific contaminants (e.g. 

Hester and Harrison, 2001) and areas likely to experience adverse biological effects 

respectively were identified.  

 

The Lodmoor marsh was found to be contaminated with Cu, Ni and Pb. A future rise in sea 

level and subsequent coastal erosion (if sea defences are weak) and saline water is likely to 

make the marsh environment more oxidised (e.g. Lu and Chen, 1977). Under such 

conditions, metals are likely to be mobilised and released into the sensitive marsh 

Image not available due to copyright restrictions
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ecosystem. There is also a risk of pollution to ground water. These effects are likely to 

impact on the Lodmoor marsh with possible loss of habitat.  

 

Metal contaminants likely to be mobilised through coastal erosion (if current sea defences 

adjacent to the Sidlesham Ferry landfill site are not strengthened) and saline water from a 

future sea level rise in Pagham harbour are Ni and Zn. The effects on the Pagham harbour 

ecosystem are likely to be similar to the Lodmoor marsh discussed above.  

 

The mean concentration of the metals from three cores on Hayling Island was below the 

ISGQ and the local geochemical concentrations. However, contamination was observed in 

individual cores H1 (Pb) and H2 (Cu and Zn). These contaminants are likely to be 

mobilised through coastal erosion (if present sea defences adjacent to the Land West of 

Old Railway landfill site are not strengthened) and saline intrusion.         

 

A risk assessment summarised in table 6.7 established that the risk of coastal and estuarine 

landfills in relation to climate change and future sea level rise is a wider problem at meso 

scale and it demands attention. With a total number of 50,000 possibly contaminated 

landfill sites in England (Hardly, 1996), and many of them located in coastal and estuarine 

areas, a risk assessment scaled with their mapped distribution in South England would 

underpin the above view. The number of similar historical coastal and estuarine landfills 

worldwide and their environmental risks remain largely unknown.   

 

  
Figure 6.30 illustrating a revised landfill contaminant linkages conceptual model, under a scenario of 
rising sea level. With the rise in sea levels, marsh and mudflat sediments are likely to become more 
oxidised. Under such conditions, metals are likely to be mobilised and released (e.g. Lu and Chen, 
1977).     
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Table 6.7. An environmental risk assessment of mean heavy metal contamination with respect to habitats in the study sites. Likely pollution impacts on 
ecosystems are further discussed in section 2.8.4.  

 
* Cont. denotes contaminant. 
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7. Conclusion and recommendations 
 

7.1 Introduction 

This chapter draws the conclusion of this thesis. Conclusions are based on the five 

objectives of this study. Recommendations for site management and further study have 

also been suggested. 

 

7.2 Conclusion 

This study has expounded the understanding of metal migration from unregulated coastal 

and estuarine landfill activities which resulted in many sites without mechanisms to 

prevent the spread of potentially harmful leachate up to the early 1970s in Southern 

England, United Kingdom. The current study has specifically demonstrated that:    

 

Fine-grained sediments in mudflats and salt-marshes adjacent to the three historical landfill 

sites studied are probably contaminated with Cu, Ni, Pb and Zn. These elements are likely 

to have migrated over time from three historical landfill sites and have been trapped in the 

adjacent mudflats and marsh sediments.      

 
137Cs peaks in this study were attributed to the 1960s when unregulated landfills were in 

operation in the three study sites. This study therefore revealed that there has been heavy 

metal migration from the landfills onto the coastal mudflats and marshes. In some cores, 

metals were observed to increase with depth. This suggests that the peak flow of 

contaminants from these sites has fallen, an indication that the closed landfill sites have 

matured and possibly degraded. However it is interesting to note that some cores show an 

increase of contaminants from the bottom to the top layers. This is an indication that 

anthropogenic output of contaminants from the landfills such as Lodmoor North landfill, 

the Sidlesham Ferry landfill adjacent to Pagham harbour and from other regional sources is 

ongoing.  

 

There was a strong correlation between these heavy metals in terms of their vertical 

distribution and hence the possibility that these heavy metals may have originated from the 

same source i.e. landfills. Significant correlations also exist between heavy metals with 

organic content, clays and silts.  
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Metal concentrations recovered from subsurface water samples taken from drains flowing 

at the periphery and through the landfills were below the water quality standards developed 

from the Dangerous Substances Directive. Water samples from the locations sampled at 

the three sites were brackish. The high electrical conductivity observed along two transects 

in the Lodmoor marsh and Pagham harbour study sites is a possible indication of 

underground leachate from the adjacent landfill sites. Similar tests on Hayling Island 

suggested saline intrusion at the margins of this site. 

 

The three study sites are likely to be affected by future sea level rise. There is a threat of 

coastal erosion releasing pollutants from the marsh and mudflat sediments. Continued sea 

level rise over the next half century may result in the loss of salt marshes and wetlands 

from erosion and salination. This study revealed that the waste dumped in marshes such as 

the Lodmoor marsh and in hydraulic continuity with coastal and ground waters is in future 

likely to impact on the sensitive ecosystems. Salination can be problematic in polluted 

wetlands and is reported to cause biogeochemical reactions which can change the chemical 

state, mobilization and bioavailability of heavy metals. Short term leaching tests in this 

study did not show any significant release of heavy metals from polluted sediments. 

However research elsewhere has shown that saline intrusion onto contaminated sediments 

and the disturbance of sediments through erosion can cause the longer-term release of 

contaminants. Consequently, it is possible that saline intrusion and erosion of the landfills 

themselves may cause further metal release. 

 

A specific risk assessment of the study sites established that coastal and estuarine landfills 

are probably contaminated with list I and II dangerous substances. These results are not 

only site specific but a wider problem at the meso scale (especially for Cu and Zn) when 

scaled across a mapped distribution of coastal and estuarine landfill sites across the region 

(Dorset, Hampshire and West Sussex) which demands attention. Furthermore there is also 

a risk of leaching from coastal and estuarine sanitary landfills after they have attained their 

lifespan. The presence of relatively high concentration of heavy metals in sediments in the 

three sites further exacerbates the problem taking into account the unfavourable ecological 

conditions of some of the sites such as in the Lodmoor marsh detailed in chapter three.  
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7.3 Recommendations 

 

With the increasing regulatory control of recreational coastal waters, the following 

recommendations are suggested: 

 

 It is important to undertake long term site monitoring of heavy metal in sediments 

and water.  

 

 Further work is suggested in these sites with view to identifying other contaminants 

present in these sites such as polycyclic aromatic hydrocarbons (PAHs).  

 

 Short term sea water leaching tests on polluted sediments carried out in this study 

showed metal concentrations below the ICP-OES detection limits. Long-term sea 

leaching tests are recommended.  

 

 There is also a need to examine the bioavailability of metals for example the 

presence of contaminants in the blue mussel Mytilus edulis. 

 

 An assessment and monitoring of contaminant transfer pathways thorough biota 

such as through plant roots, in fauna and related food chain is recommended.  

 

 There are gaps in knowledge on the current record of the locations of historic 

coastal and estuarine landfills, their contents and containment strategies in Southern 

England and elsewhere in the UK. Future studies on this topic are therefore 

recommended. 
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Appendix 1.  

 

Heavy metals data 

Calculation of the dilution factor 

 

 WF-WI=W ACID 

 WA × (25.0/25.525)= VA 

 VA/WS=X 

 X × concentration value from the ICP= Metal concentration value for sample 

 

WF = Final weight of tube + contents 

WI= Initial weight of dried tube + remains of acid digest 

WA= Weight of acid 

VA= Volume of acid 

WS= Weight of sediments 

X= Dilution factor 
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 Core L7.  Heavy metal concentration in mg/kg-1. 
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    Core L8. Heavy metal concentration in mg/kg-1. 
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    Core L9. Heavy metal concentration in mg/kg-1. 
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 Core P1. Heavy metal concentration in mg/kg-1. 
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 Core P2. Heavy metal concentration in mg/kg-1. 
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 Core P3. Heavy metal concentration in mg/kg-1. 
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 Core H1. Heavy metal concentration in mg/kg-1. 
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 Core H2. Heavy metal concentration in mg/kg-1. 
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 Core H3. Heavy metal concentration in mg/kg-1. 
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A summary of heavy metal concentration in mg/kg-1 from the Lodmoor marsh. 

Core  Cr Cu Ni Pb Zn 
L1 58 27 77 50 69 
L2 58 19 77 37 38 
L3 66 17 79 90 44 
L4 68 92 69 68 50 
L5 23 21 30 35 159 
L6 59 35 23 27 99 
L7 10 25 30 51 216 
L8 25 15 24 51 81 
L9 90 18 40 56 154 

 
 
A summary of heavy metal concentration in mg/kg-1 from Pagham harbour. 

Core Cr Cu Ni Pb Zn 
P1 34 39 28 17 186 
P2 25 30 21 19 172 
P3 42 34 29 37 180 

 
 
A summary of heavy metal concentration in mg/kg-1 from Hayling Island. 

Core Cr Cu Ni Pb Zn 
H1 23 18 17 41 102 
H2 16 12 10 21 31 
H3 17 22 17 9 187 

 
 
A summary of heavy metal concentration in mg/kg-1 from all the three sites. 

Site Cr Cu Ni Pb Zn 
Lodmoor marsh 51 32 50 52 101 
Pagham harbour 34 34 26 24 180 
Hayling Island 19 17 15 23 107 
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Appendix 2.  

 

Cs137 and Pb210 dating data 
Core L8. 

Depth (cm)            137Cs (Bq/kg) 210Pb (Bq/kg) 
0-2 25.6 65.1 
4-6 24.9 86.8 
8-10 18.2 51 
12-14 13 42.3 
18-20 9.76 35.5 
22-24 17.2 26.8 
26-28 34.4 49.4 
30-32 24.9 46.4 

 

Core P3. 

Depth (cm)            137Cs (Bq/kg) 210Pb (Bq/kg) 
0-2 4.6 28.4 
4-6 4.3 27.4 
8-10 5.4 35.9 
12-14 7.3 26.1 
18-20 10.9 36.4 
22-24 4.2 22.0 
26-28 1.5 23.3 
30-32 0.0 23.8 
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Cs137 and Pb210 dating data 
Core H1. 

Depth (cm)            137Cs (Bq/kg) 210Pb (Bq/kg) 
0-2 3.3 58.9 
4-6 31.8 69.7 
8-10 37.3 57.7 
12-14 8.7 33.4 
18-20 3.2 36.6 
22-24 0.0 33.2 
26-28 0.0 54.0 
30-32 0.0 42.2 
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Appendix 3 

 
Grain size and LOI data 
Core L3. 

Depth (cm) % volume – Clay < 3.9 μm % volume - Silt < 6.3 μm % mass LOI 
0-2 4 0.2 32 
4-6 23 1.9 32 
8-10 19 1.9 25 
12-14 9 1.1 22 
18-20 13 1.2 25 
22-24 7 0.8 27 
26-28 8 0.7 30 

 
Core P3. 

Depth (cm) % volume – Clay < 3.9 μm % volume - Silt < 6.3 μm % mass LOI 
0-2 27 2.1 5.5 
4-6 26 1.5 6.1 
8-10 28 1.8 6.6 
12-14 29 1.9 9.2 
18-20 28 2.4 10.5 
22-24 43 3.3 8.0 
26-28 52 3.9 6.8 

 
 
 
 
 
 
 
 
Grain size and LOI data 
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Core H1. 
Depth (cm) % Volume Clay % Volume Silt % LOI 

0-2 42 0.2 14.6 
4-6 47 1.9 13.3 
8-10 52 1.9 14.9 
12-14 36 1.1 16.3 
18-20 79 1.2 10.6 
22-24 79 0.8 3.2 
26-28 78 0.7 3.7 

 

 

Appendix 4 

 
Principle Component Analysis 

Metal concentration (in mg/kg-1), particle size (in % volume) and % LOI data for core L8.    
Cr Cu Ni Pb Zn % vol. Clay < 3.9 μm % vol. Silt < 6.3 μm % mass LOI 
50 14 24 47 68 4 0.2 32 
43 15 23 51 85 23 1.9 32 
53 19 27 54 98 19 1.9 25 
71 28 37 48 147 9 1.1 22 
63 36 48 57 159 13 1.2 25 
62 29 54 77 147 7 0.8 27 
58 24 50 80 130 8 0.7 30 

*Vol. denotes volume. 
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Principle Component Analysis 
Eigenic values and proportions from the Principle component analysis of data from core L8. 

 

 

Output for the Principle component analysis of data from core L8. 
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Principle Component Analysis 

Metal concentration (in mg/kg-1), particle size (in % volume) and % LOI data for core P3.    
Cr Cu Ni Pb Zn % vol. Clay < 3.9 μm % vol. Silt < 6.3 μm % mass LOI 
41 35 29 40 179 27 2.1 5.5 
40 33 29 34 189 26 1.5 6.1 
43 34 29 38 176 28 1.8 6.6 
54 37 31 43 208 29 1.9 9.2 
38 21 24 37 174 28 2.4 10.5 
27 20 25 20 202 43 3.3 8.0 
17 16 25 14 186 52 3.9 6.8 

*Vol. denotes volume. 
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Principle Component Analysis 
Eigenic values and proportions from the Principle component analysis of data from core P3. 

 

 

Output for the Principle component analysis of data from core P3. 
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Principle Component Analysis 
Metal concentration (in mg/kg-1), particle size (in % volume) and % LOI data for core HI.    

Cr  Cu Ni Pb Zn % vol. Clay < 3.9 μm % vol. Silt < 6.3 μm % mass LOI 
19 17 13 33 90 42 0.2 14.6 
24 19 18 39 97 47 1.9 13.3 
24 19 19 50 115 52 1.9 14.9 
18 19 15 87 185 36 1.1 16.3 
23 13 15 21 39 79 1.2 10.6 
26 13 17 11 34 79 0.8 3.2 
30 16 28 8 41 78 0.7 3.7 

*Vol. denotes volume. 
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 Principle Component Analysis 
           Eigenic values and proportions from the Principle component analysis of data from core H1. 

 

 

             Output for the Principle component analysis of data from core H1. 

 
 

 

 

 
 

 

 




