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Abstract

The last century has seen the north east coast of England heavily affected by an-
thropogenic activities, none more notable than the coal mining industry, and the
millions of tonnes of colliery waste estimated to have been dumped every year. Since
the decline of the industry and subsequent remedial work carried out by the Turning
the Tide Partnership, investigation of the coastline has been minimal. The purpose
of this investigation is to consider the industrial forcing of the natural ecosystem
which exists along the north east coast of England, and analyse the impacts of reme-
diation in accelerating the recovery of the area from a state of economic exploitation,
to natural habitat and environmental resource.

Giusti et al. (1999) conducted a study which collected heavy metal data from the
shell and tissue material of Mytilus edulis (the blue mussel) at five coastal locations
along the north east of England, during the early stages of remediation (December
1997). A second study (Giusti, 2001) monitored the heavy metal contamination of
Fucus vesiculosus (bladderwrack) along the coast during the same period.

This investigation has provided comparative heavy metal data to these baselines,
allowing assessments of the level of recovery to be made, while highlighting current
areas of concern and the implications of post-remediation activity. The concentra-
tions of Fe, Mn, Zn, Cr, Cu, Pb, Ni and Cd were determined in both the soft tissue
and shell material of the blue mussel and common limpet (Patella vulgata) at sev-
eral sites between Whitburn and the Tees estuary. Bladderwrack is included as a
sensitive short term indicator of water based heavy metal contamination.

Although the investigation finds that the long term metal contamination of the
coastline has decreased, a change in the spatial pattern of pollution is observed,
manifested by an increase in metal concentrations at the Tees estuary site of Bran
Sands. The mobilisation and transport of offshore sediment is discussed as a possible
causal factor. High levels of iron and manganese are recorded in all three indica-
tors, suggesting an aqueous source. These high values include a 9-fold increase in
iron contamination of bladderwrack (to ~9,000 mg kg™'), and a 12-fold increase of
manganese in bladderwrack at Roker estuary (to ~1,600 mg kg'). Subsequently,
tentative links are drawn to the pumping of treated minewater into the sea at Horden

and Dawdon.
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Chapter 1
Introduction

The purpose of this investigation is to consider the industrial forcing of the natural
ecosystem which exists along the north east coast of England, and analyse the
impacts of remediation in accelerating the recovery of the area from a state of
economic exploitation, to natural habitat and environmental resource. Focusing on
County Durham, this stretch of coastline is of particular interest due to the degree
of degradation which occurred, with the coal industry using beaches at numerous
sites for the disposal of colliery spoil. Furthermore, the anthropogenic influence in
regenerating the coastline served to accelerate its evolution after the coal industry’s
decline, although there appears to be little research investigating the potential for
change in the chemical composition of the coast as a result. While working with Niall
Benson (Durham Heritage Coast Officer), he acknowledged the lack of such data
since remediation work carried out during the Turning the Tide Project, whereas
the current form of the coast and the remediation itself received acclaim. Despite
this, a number of studies considered the heavy metal contamination of the coast
using a variety of indicators prior to the Turning the Tide Project, providing a
baseline dataset for comparison with present day values. Through this investigation
it will be possible to comment on the impact of regeneration on the chemical record
of the coast.

The remainder of chapter 1 notes the significant changes which have occurred
along the County Durham coastline, including an overview of the Turning the Tide
Project which was responsible for its remediation between 1997 and 2002. The
aims and objectives of this investigation are also set out with reference to similar
projects in the literature. Chapter 2 details the studies carried out in the late 1990s
which provide the baseline data for comparison through the course of this study,
while chapters 3 and 4 consider the ecology of the coastline and different analytical
techniques respectively.

Chapter 5 introduces the research and analysis from this investigation, with the

findings presented in journal article form in chapters 6 and 7. Finally, chapter 8



provides an overview of findings, considering the relative impact of remediation in

producing the observed results.

1.1 Evolution of the County Durham Coastline:
From Coal Spoil to Heritage Coast

This coastal zone has a long history of mining with collieries at sites such as Eas-
ington (1899) opening in the 19th century, exploiting the coal seams which run out
beneath the North Sea (Durham Heritage Coast, 2010).

Wilkinson and McCay (1998) suggest it was the growth of the industry by the
1930s which raised the logistical issue of disposing of the coal spoil, the waste
by-product of the mining industry, claiming the cheapest and easiest solution was
adopted which saw the dumping of solid and liquid waste onto the local beaches.
Figure 1.1 shows these four major dumping sites at Dawdon in the north, through
Horden and Easington, with Blackhall in the south. This dumping continued, and
eventually peaked in the early 1980s where values are estimated to have reached
2.5 million tonnes per annum (Norton, 1985). Prior to the Second World War, it is
claimed that spoil on the beaches could be effectively removed by the erosive action
of the waves (Wilkinson and McCay, 1998). However as the volume being dumped
increased, human deposition exceeded natural erosion which led to increased ac-
cumulation until the gradual demise of the coastal mines, with the final closure
occurring in 1993 (Rodgers and Proudfoot, 1999). It is this 150 year history of in-
dustrial action and environmental neglect which created what Humphries (1996) sees
as the anthropogenically induced chemical and structural legacy which was visible

prior to remediation (figure 1.2).
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Reference — Nose's Point

Figure 1.2: Colliery spoil at Dawdon while the mines are still open. Rising above
the spoil to the left, the headland of Nose’s Point can be seen (image from Durham

Heritage Coast Partnership)

Away from the coast, the 1972 United Nations Conference on the Human Envi-
ronment prompted the creation of international policy which would change the way
coastal environmental management is conducted (Mendelsohn, 1971). The ‘Conven-
tion on the Prevention of Marine Pollution by Dumping of Wastes at Sea’ was signed
by 80 countries in London in November 1972 (Duncan, 1973), which ultimately led
to an announcement by the UK government in 1974 that beach tipping of coal spoil
should cease (Rodgers and Proudfoot, 1999). This is one of the many contributory
factors which triggered a decline in coastal dumping from the 1970s right up to the

closure of the last coastal mine in County Durham at Easington in 1993.



1.2 Introduction to the Sampling Sites

1.2.1 Whitburn & Roker

Whitburn is a headland site which lies just north of the Wear estuary at Roker. As
the site was not heavily affected by the dumping of coastal mining waste, the shore-
line is dominated by large boulders with comparatively little fine grain sediment.
The main source of pollution at this site is likely to be the outflow of sewage into
the sea through pipelines (for pipeline information see Davis and Horswill, 2002).
Roker lies south of Whitburn and consists of fine sediment bathing beaches with
outlying rocky areas. The estuarine site in this study relates to the confluence of the
River Wear with the North Sea. As a result, past pollution influences include the
inland North Pennine Orefield (Dunham, 1990). However, recent work with farmers
and industrial bodies has aimed to reduce pollution discharges, accompanied by
huge investment in sewerage infrastructure, leading to a dramatic recovery in river

water quality (Environment Agency, 2011a).

1.2.2 Dawdon, Easington, Horden & Blackhall Rocks

The area between Dawdon and Blackhall Rocks includes four study sites which
were previously mine waste dumping areas (see figure 1.1). As a result, extreme,
anthropogenic changes to the physical characteristics of the shoreline occurred which
severely affected local flora and fauna (e.g. Hyslop et al., 1997). Remnants of the
physical burden of mine waste material remain at sites where the spoil was left to
erode naturally, such as Dawdon blast beach. At this site, spoil material is present
along the coast in the form of a small, retreating cliff. The areas in the low tide zone
which are now free of this material are returning to a more natural, rocky shoreline,

manifest by the recolonisation of a small number of mussel species.

1.2.3 Middleton, North Gare & Bran Sands

The Middleton site at Hartlepool is a location where there is a change in shape
of the coastline which will ultimately have implications for sediment transport and
deposition. This is important as longshore drift in the region transports material
from north to south (e.g. Bird, 2010), and Middleton is situated south of all four
former dumping sites. As a result, it is possible that the headland at Hartlepool
is an area affected by the deposition of material that was dumped on the beaches

further north in the past.



North Gare and Bran Sands lie either side of the River Tees estuary. North Gare
is a site of dunes and grazing marsh situated north of the river, and Hartlepool
nuclear power station.

Bran Sands is located on the south side of the Tees estuary opening. Due to the
change in direction of the coast here, combined with the disruption of coastal sedi-
ment transport by the estuary opening itself, this is an area of material deposition
and represents the southern point of the Shoreline Management Plan’s sediment
cell 1c (see figure 1.3). Bird (2010) highlights Bran Sands as an area of deposition,
noting that the barrier spit that makes up the south side of the estuary mouth
means that the material in the estuary has accumulated as a result of rising tides

and longshore drift, rather than from riverine input.
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Figure 1.3: The coastal sediment cells of central and northern England. All sites but
Whitburn and Roker currently lie in the sub-cell 1c. Modified from Aspect (2012).

Figure 1.3 shows the sediment cells as outlined in the shoreline management
plan, with sub-cells 1b (Tyne to Seaham Harbour) and 1c (Seaham Harbour to Tees)
being the focus of this study. While sub-cells are defined as a length of coastline
where sediment movement is relatively self-contained, it has been suggested that
1b and 1c are combined as the reason for selecting Seaham Harbour as a boundary

is not clear from the coastal processes (DEFRA, 2011). As a result, the generally



low to moderate southward drift of material along a stretch of coastline which is
characterised by embayments with rock headlands is not necessarily interrupted at
Seaham (DEFRA, 2011), and the pollution history for each of the sites in this study

could have implications for the sites further south along the coast.

1.3 The Remediation - Turning the Tide

The recovery from a site of extreme environmental decay to a distinguished and
protected area of heritage has been attributed to the regeneration project called
‘Turning the Tide’, which facilitated the development of the coastline into the envi-
ronmentally significant site which we currently see. The Durham Coast Management
Plan (1993) outlined in its Coastal Process Report that the complete erosion of the
spoil beaches, in the worst affected areas, could take between 52 and 210 years, de-
pendent on erosion rates. This highlighted the need for human intervention, along
with the now derelict mining sites, and the suffering ecology. As a result, the Turn-
ing the Tide Partnership was formed to regenerate the coast, making use of £10.5
million of funding (including £4.5 million from the Millennium Project) for remedial
work to take place from 1997 to 2002 (Durham Heritage Coast, 2010). The project,
split into four categories, aimed to rejuvenate the beaches, remove colliery spoil,
undertake landscape enhancement and nature conservation, and promote coastal
recreation and access.

The Turning the Tide Partnership, including English Nature, The National Trust
and Durham County Council among others, started the remediation of the coast in
July 1997. The work carried out included the reclamation of 80 ha of land and the
removal of 1.3 million tonnes of coal spoil from the beaches, which was transported
and spread over the sites of two former pits, capped and covered with soil to create
a public open space. (Durham Heritage Coast, 2010). The three main goals of the

project were as follows:

e To restore, enhance and conserve the environmental quality of the Durham
Coast.

e To encourage sustainable use and enjoyment of the Durham Coast.

e To rekindle local pride and a sense of ownership of the Durham Coast.

(Durham Heritage Coast, 2010)
The project was deemed a success, as previous estimates of the time taken to
erode spoil beaches to their natural states were dramatically reduced to 20 years

(Durham Heritage Coast, 2010), and the remediation work was jointly awarded The



Royal Institute of Chartered Surveyors (RICS) Award for Outstanding Achievement
in Regeneration 2001, shared with the Eden Project.

1.3.1 Since Turning the Tide, and Other Remediation

In the period following industrial decline and remediation, the County Durham
coastline was awarded a 14 km stretch of Heritage Coast (Natural England 2011).
This area which lies between the conurbations of Teesside and Tyneside was awarded
the National Landscape Award 2010, and is recognised locally, nationally and inter-
nationally through statutory designations for its geological and nature conservation
value (Scarborough Borough Council, 2006). The underlying magnesian limestone
geology of the area and the associated grasslands are the focal point of the Black-
hall Rocks Local Nature Reserve (LNR) (Natural England, 2011) and the wider
National Nature Reserve (NNR). The coastal stretch is also recognised as a Site of
Special Scientific Interest (SSSI), a Special Protection Area (SPA), a Special Area
of Conservation (SAC) and a Ramsar site recognising the international importance
of the coastal habitats and wetlands which lie in the area (Natural England, 2011).
The intertidal area is frequented by over wintering seabirds such as oystercatcher,
turnstone, redshank and purple sandpiper due to its importance as a feeding ground.
The presence of nationally significant numbers of purple sandpiper, fulmars nest-
ing in the cliffs at Hendon, and breeding pairs of the endangered little tern, means
the ecological significance of this coastal zone is unquestionable (Limestone Land-
scapes, 2010). For reference, figure 1.4 shows Dawdon after remediation had been
completed.

Since the end of Turning the Tide, further measures have been taken to protect
the east Durham magnesian limestone aquifer, which provides 20% of local drink-
ing water and supplies Sunderland, Durham and Hartlepool, from rising levels of
contaminated mine water (Coal Authority, 2007). While the coastal mines were
open, underground pumping of water from the pits was active, however this ceased
with the final closure of these mines in the early 1990s, and subsequently mine wa-
ter levels began to rise and collect contaminating minerals. The aquifer was being
threatened by contaminated water with high levels of iron and dissolved salts, with
twice the chloride concentration found in sea water (40,000 mg/1), via direct con-
nections and old shafts. Through the treatment and pumping of this water into the
sea, a 125 km? area has been protected from contamination, including public supply
wells which are exploited to the value of c. 35 million litres/day (Parker, 2003).
Initially, a temporary treatment plant was set up at Horden in 2004 which drew
raw mine water from the shaft of the local colliery. This water passed through the

High Density Sludge (HDS) treatment plant, removing contaminating iron, before



Figure 1.4: Nose’s Point post-remediation (image from Durham Heritage Coast

Partnership)

being pumped back into the North Sea (Coal Authority, 2007). With information
gathered from this work and a series of technical studies, a longer term treatment
solution was planned. The use of a single pumping site was deemed to have a high
risk of blocking due to underground collapses, and subsequently Dawdon was iden-
tified as an ideal secondary pumping site. More recently, a third pumping site has
been established further north at Whitburn (January 2011) (Environment Agency,
2011b), although this site opened after the data collection from this study. The
HDS treatment facilities are designed to reduce the iron contamination levels of the
water to less than 1 mg/1 from values reaching 160 mg/1, before discharge back into
the sea (Coal Authority, 2007).

1.3.2 Remediation of Estuarine Sources

The cessation of coastal mining in the area coincided with the decline of the estuary
based industry of the River Tees in particular, with many of the areas formerly occu-
pied by sites of steel production, ship building and chemical and power plants being
transformed into diverse habitats for important wildlife (Tees Valley Joint Strategy
Unit, 2008). Similar decline occurred in industry which impacted the River Wear
such as the lead, zinc, cadmium and copper mining of the North Pennine Orefield,

an area which was once the UK’s leading producer of lead and zinc (Dunham, 1990).



Despite this and subsequent remediation efforts, Shepherd et al. (2009) highlight the
importance of continued monitoring as fine grained river sediment can contain up
to 600 mg/kg of lead, illustrating an industrial legacy of environmental pollution.
Outfalls of domestic sewage which used to be discharged untreated into both of these
rivers, and more significantly the River Tyne due to higher populations, now flow

through treatment plants sited by the coast (Giusti, 2001).

1.3.3 Implications

Although a large amount of remediation has occurred and the expectation may be
that heavy metal pollution has decreased significantly, new processes which were
absent during previous monitoring need to be considered. The remobilisation of
large volumes of contaminated material on the beaches during remediation, exposing
more material to the action of the waves, the pumping of controlled levels of iron
contaminated water, and the influence of riverine pollutants, may still have some

effect on coastal pollution levels.

1.4 Scientific Context

The majority of the discussion thus far has been concerned with change: the reju-
venation of a coastline from polluted dumping ground to a site of recognised scenic
importance. Remedial work of this sort ultimately requires monitoring to gauge its
success, justifying the input of funding, and assessing the suitability of the tech-
niques used and their potential impact. Continued monitoring can allow a temporal

record to be constructed, allowing the rate of recovery to be measured.

1.5 The Current Study

The transformation of the County Durham coastline over a relatively short period
of time (approx. 50 yrs), provides an opportunity to monitor recovery and discuss
the remediation work which was carried out along this coastal stretch. A unique
feature of the proposed investigation is the existence of heavy metal contamination
data in both Mytilus edulis and Fucus vesiculosus from after final colliery closure
on the coast, and prior to the commencement of remediation, in several sites along
the County Durham coastline. This past work by Giusti et al. (1999) and Giusti
(2001) will provide the base line data for the current study, allowing a temporal
comparison across the five year remediation project, and allowing changing spatial

patterns to be identified.
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1.5.1 Aim

To provide a new heavy metal record in Mytilus edulis and Fucus vesiculosus post-
remediation, and compare this to data collected between final colliery closure and
the start of Turning the Tide. This comparison, along with an assessment of the
present spatial patterns will allow a discussion of the remediation process and the

impacts it may have had on the County Durham coastline.

1.5.2 Research Questions

For this investigation, based on current understanding from the literature and of
the site, the following research questions have been derived. The answering of these

questions will allow the aim to be met.

e What is the current spatial pattern of heavy metal contamination in Mytilus
edulis, Patella vulgata and Fucus vesiculosus along the County Durham coast-

line?
e What trends are observed between the data collected for each species?

e How do the current point concentrations and spatial trends compare to data

collected prior to Turning the Tide?

e What impact could the process of remediation have had on the observed spatial

and temporal trends?

Through the discussion of past studies which have monitored coastal pollution
levels in littoral communities, both at the site of interest and further afield, justifica-
tion for the current investigation can be derived. This will include discussion of key
factors such as the complexity of the intertidal zone, the role of heavy metal bioac-
cumulation in pollution monitoring, an insight into the niche of the bioindicators

for this study, and a summary of popular analytical techniques.

1.6 Monitoring Coastal Recovery

Throughout history, natural resources have been exploited despite the subsequent
detrimental impacts on the environment, both physically and ecologically, as well
as climatically (Ludwig et al., 1993). The coastal ecosystem is no exception to
this, whether a result of tourism (Priskin J., 2003), power generation (Rotchell
et al., 2001), the shipbuilding and petrochemical industries (Davies et al., 2005)
or, more relevant to this study, coastal mining (Giusti et al., 1999). Although this

investigation is site specific given the short timescale and circumstances which lie
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beneath the transformation of the Durham Coast, a number of similar monitoring
projects have been carried out using littoral ecology to assess the impact of polluting
activities, and recovery from them.

Bryan (1980) acknowledges that the development of fast analytical techniques
during the 1970s brought a significant increase to the amount of research conducted
in heavy metal contamination in the sea. Indeed, In the 6-7 years that followed the
1972 UN Conference in Stockholm, advances in the use of bivalve molluscs for heavy
metal pollution research were made, with new techniques allowing an increased un-
derstanding of tissue distribution and the kinetics of metal uptake (Cunningham,
1979). The four most prominent indicators of coastal contamination are littoral
flora such as Fucus vesiculosus, littoral fauna (mainly gastropods e.g. Patella vul-
gata, and molluscs e.g. Mytilus edulis), beach sediment and the seawater itself.
However, the difficulties of monitoring using seawater, due to the need for multiple
samples to eliminate variations in pollutant concentrations, currents, tidal patterns,
and inputs of freshwater have been identified (Phillips, 1977). Similarly, problems
occur with variations in sedimentation rate and percentage organic matter when
analysing beach sediment (Phillips, 1977). An additional problem when measur-
ing heavy metal concentrations in beach sediment is the lack of direct relation to
the contamination of present biota. Despite these issues in monitoring sediment,
it should be noted that to some extent the problems concerning spatial variability
are being lessened due to the advances in digital mapping and reduction in cost
of analysis, allowing reliable sampling of multiple recorded sites within one beach.
This was utilised by Romano et al. (2004), where potential sinks of pollution were
identified in marine sediment near an industrial plant in Bagnoli, Naples. This
compares to Giusti (2001) at the current study site where a single surficial sample
was taken from a beach and used to represent overall contamination, despite earlier
studies suggesting that polluted sediment was being remobilised from offshore and
transported along the coast (Johnson and Frid, 1995).

Forsberg et al. (1988) utilised Fucus vesiculosus to study heavy metal contami-
nation in the Archipelago of Stockholm, concluding that the species is an excellent
indicator for heavy metal pollution, given its sensitivity, particularly when trans-
planted. Miramand and Bentley (1992) used a combination of Patella vulgata and
Fucus serratus to establish levels of heavy metal contamination in the rocky shore
of Goury, thought to be influenced by the outlet of the nuclear reprocessing plant
of La Hague in France. The investigation reported the influence of the industrial
activity was negligible by comparison of the values with other regions. Additionally,
the suitability of the indicators for seasonal studies due to their fluctuating uptake,
peaking in winter, is discussed. Phillips (1970) highlights the advantages of using

both Fucus vesiculosus and Mytilus edulis in a study due to the different mechanisms
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by which metal contamination is accumulated, with mussels being more susceptible
to pollution from particulate matter, and seaweed from water contamination. This
study confirms the use of the indicators to compare results spatially and temporally,
to past investigations from the same area. This is a key factor in the current in-
vestigation. Finally, the Bristol Channel in the south west of England is a prime
example of an area which has undergone repeated heavy metal monitoring as a result
of industrial influence. Here, multiple different species of indicator were sampled,
including Fucus vesiculosus, Patella vulgata and Nucella lapillus, to monitor the
gradual decrease of metal contamination as a part of the Sabrina Project (Nickless
et al., 1972). An additional aspect in Bristol, which has yet to be mentioned, is the
use of this monitoring to assess the spatial extent of pollution rather than just com-
paring between study sites and years. Indeed, Fuge and James (1973) identify steep
gradients between samples taken from just 100 m away, from within and outside a
harbour. The ability to identify these boundaries at any site is useful in planning
and implementing any future remediation work. In addition, these studies highlight
the importance of adopting a multi-species approach due to the different rates of
metal uptake and population sizes between species in different environmental con-
ditions. Reliance on a single species when conducting a monitoring project could
result in accurate data which is specific to that species, but not necessarily reflective

of general coastal conditions.

1.7 Previous Studies of the County Durham Coast-
line

Due to the significance of the environmental disturbance created by industry along
the north east coastline, a number of studies have been carried out investigating
environmental impact. Due to the level of change both spatially and temporally,
the data present in existing studies are dated. Indeed, the majority of studies
relating to the biosphere along this stretch of coast (e.g. Ellis and Hoover, 1990;
Johnson and Frid, 1995; Hyslop et al., 1997; Barnes and Frid, 1999; Giusti et al.,
1999; Giusti, 2001) were carried out around the time of the final closure of coastal
mines in County Durham but significantly, prior to the start of coastal regeneration.
Some of their findings are considered before an introduction to the two key papers
which provide baseline data for the current study.

The effects of the spoil in limiting the biodiversity of the polluted coastal areas are
clearly visible. For example, the number of different species of algae found across the
County Durham coastline varies between 10 and 60, compared to a national coastal

average of 90 species (Durham Biodiversity Partnership (DBP), 2009). There are
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a number of ways in which the presence of coal spoil is thought to have had such
an impact on the ecology of the coastal zone. These include the bioaccumulation of
heavy metals in flora and fauna (Giusti et al., 1999), and habitat disturbance and
often loss due to modified shoreline topography and an increase in suspended solids
(Barnes and Frid, 1999; Rodgers and Proudfoot, 1999). This relationship between
habitat disturbance and spoil material is particularly complex and differs greatly
by type of shoreline. Indeed on sediment shores, small scale population extinctions
were found to be caused by sediment instability as a result of mine waste deposition
(Ellis and Hoover, 1990). Conversely on rocky shores, Hyslop et al. (1997) found that
where significant correlations were found between faunal species richness and colliery
waste input, they were positive. Combine these factors with seabed smothering and
increased water turbidity (Hyslop et al., 1997), and the extent of the impact of coal
spoil on coastal ecology becomes clearer.

Despite the interest taken in this stretch of coastline prior to remediation, only
two studies measured heavy metal contamination in bioindicators just before re-
mediation commenced. Giusti et al. (1999) and Giusti (2001) collected data from
Muytilus edulis and Fucus vesiculosus with which the present study will compare its

results. The following chapter outlines the findings of these studies.

1.8 Summary of Objectives

Through answering the outlined research questions, a comparison between datasets
of heavy metal contamination on the County Durham coastline before and after
remediation can be carried out. While enabling the project to meet its aim of
discussing the impacts the remediation may have had, the production of new data
will provide an up-to-date benchmark of contamination levels along the coast. As a
result, this data may highlight areas where remediation has been successful, where
further work is required, and raise questions concerning the current problems, and

how to solve them.
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Chapter 2
Key Baseline Studies

These two studies provide the foundation for the current project for two reasons.
Firstly, they both call for further investigation due to the limited data collection
which has been carried out at these sites. Secondly, both studies occurred before
the Turning the Tide Project. As a result, a current dataset can be collected and
compared to this past data to monitor what impacts the regeneration work may
have had on these contamination levels. Although it may be expected that the re-
mediation work would decrease coastal contamination, the large scale anthropogenic
disturbance of coal spoil and the pumping of treated mine water into the sea may

provide differing results.

2.1 “Biologically available trace metals in Mytilus
edulis from the coast of north east England”

(Giusti et al., 1999)

This study measured the heavy metal concentration in the shell and tissue of Mytilus
edulis samples which were collected during the winter of 1996-1997. The study used
an open aqua-regia digest and flame atomic absorption techniques to determine
the concentrations of Fe, Mn, Zn, Cr, Cu, Pb, Ni, Cd, and Ag in the seaweed at
all sites. The sites were chosen due to the declining influence of both estuarine
industrial sources of pollution (Roker, Middleton & Bran Sands), and areas affected
in the past by coastal mining (from Easington to Blackhall Rocks). Holy Island was
chosen as a control site due to its location approximately 100 km north of the other
sites. Fewer sampling sites were used compared with the Giusti (2001) study, most
likely due to an insufficient population at other sites.

The overall outcome of the study was that mussels from the coastline under study
accumulated heavy metal concentrations similar to or higher than the literature’s

most contaminated sites. This included Cu levels found in the mussel tissue that are
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higher than the standards set for metals in shellfish in the 1987 UK guidelines. These
elevated levels are thought to be particularly significant due to the time of year in
which they were collected, as uptakes rates are likely to be slower during the winter.
The authors note that a fraction of the metal loads will be of natural origins due to
the past mining activities in the inland Pennine region causing the accumulation of
contaminated material in the estuaries of the Wear and Tees rivers. High levels of
Pb at Roker are attributed to this source, although the busy coastal roads between
Sunderland and South Shields are also highlighted as they may have some influence
through atmospheric pollution. High levels of metals such as Fe, Pb, Cd, and Ag
at Blackhall were thought to be a result of the oxidation of pyrite contained in
mine waste at the site. These metals, while attached to sand and silt particles,
would be released when ingested by the filter-feeding mussels under study. High
values of Fe, Mn, Cu, Zn and Ni were thought to be a product of industrial sources,
particularly the close proximity to the petrochemical works. The unexpectedly low
metal concentrations at Bran Sands, an estuarine site which has been influenced by
sewage and industrial efluents for decades, suggests a reduction in metal loading to
this estuary, although future studies were called for to help confirm these trends.
The use of Holy Island as a control site is questioned due to the high metal levels
at sampling sites there, thought to be a product of the weathering of the dolerite
dyke at the location. Other possible causes are cited, including agricultural run-off,
sewage output, and increased traffic across the causeway connecting the island to

the mainland.

2.2 “Heavy metal contamination of brown sea-
weed and sediments from the UK coastline
between the Wear river and the Tees river”

(Giusti, 2001)

Samples of the brown seaweed Fucus vesiculosus and surface sediment were also
collected in December 1997 at 17 sites along the north east coastline of England
(figure 2.1).
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Figure 2.1: Map of study sites for the 1997 Fucus vesiculosus sample collection

(after Giusti (2001))

17




The main finding of the investigation was that although all mines in the area had
closed, along with the decline of many industrial activities in the area, both sedi-
ments and algae were contaminated with elevated levels of heavy metals. Seaweed
samples from Whitburn, Roker, Easington and Horden had high burdens of Zn, Cu,
and Cr. As with the mussel study, levels of metals at Bran Sands are lower than at
other sites, and concentrations of Pb, Zn, Cu, Cd and Ag observed in seaweed are
normally lower than those found in the mussels of the previous paper. Conversely,
Mn in seaweed is frequently an order of magnitude higher than that observed in the
mussels.

The study called for further data to be collected due to the small time frame of
the study, and again to confirm the apparent reduction in industrial impact on the

marine environment at Teesside.

2.3 Review

Although these studies provided important heavy metal data for a coastline natu-
rally recovering from significant industrial impact, it appeared difficult to place the
results in environmental context due to the lack of locally collected comparison data
available, restricting analysis to comparison with similar studies of other contami-
nated sites, and with international legislative guidelines for metals in edible shellfish.
Equally, by limiting shellfish data collection to Mytilus edulis (the common mussel)
and not exploring the contamination of other species, interpretation can be difficult.
For example, Patella vulgata (the common limpet), Nucella lapillus (dog whelk) and
the mussels collected in Giusti (2001) all have different ecological niches, as will be
explained in Chapter 3, meaning that they are affected differently by varying levels
of specific metals, an attribute which promotes the use of multiple faunal indicators
when investigating the contamination of a coastal stretch.

While the pumping of minewater into the River Wear is mentioned in the intro-
duction of Giusti (2001), the discussion of treatment strategies and the implications
of the process on the collected data is not a significant feature. This may be surpris-
ing given that Fucus vesiculosus is known to be a good indicator of water quality,
and it will be interesting to see if the ongoing treatment and pumping efforts since
this study will appear to have any impact in the dataset produced in the current

investigation.
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Chapter 3

Ecology

3.1 Rocky Shorelines

The dependence of shore communities on tides and wave action, which cause varia-
tions in the temperature, level of drying and exposure, creates specific zones where
communities can be found. The four most distinct of these communities are found
at the splash zone, the upper, middle and lower shore (Cremona, 2005). Additional
physical variables to consider include aspect, salinity, substrate type, light exposure
and slope (e.g. Durham Biodiversity Partnership (DBP), 2010; Cremona, 2005),
while climate and predator-prey interactions are also shown to be significant factors
in the stability of these habitats (Bertness et al., 1999a). Consideration must be
given to the great variability of some of these factors within rocky shorelines as well
as between them, such as slope and aspect, when constructing a sampling method
for multiple sites. This is important as fauna living on opposite sides of rocks, or
at different heights, may witness different slope, aspect and exposure to both waves
and potential heavy metal pollution.

Intertidal communities can be particularly complex when coping with different
levels of habitat disturbance. As Bertness et al. (1999b) illustrate, different habitat
modifications, such as the removal of seaweed canopies, can have differing ecological
effects on shoreline communities depending on the location within the beach. Indeed,
their research shows that the presence of canopies aided the survival of underlying
fauna in the upper tidal zone but had little effect on fauna in the lower tidal zone.
This is perhaps due to the upper tidal zone exhibiting greater ranges of moisture and
temperature; factors which can be mediated with floral shelter. In this sense, positive
interactions between neighbouring organisms can have a buffering effect, reducing
the impact of stressful conditions in certain habitats (Bertness and Leonard, 1997).

While the susceptibility of coastal communities to similar minor disturbances can
vary greatly, larger scale physical and pollutant disturbances may have a broader

scale effect. Castilla (1996) discusses the ecological impact of the El Salvador un-
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treated copper mine tailings on intertidal communities around a dumping site in
northern Chile between 1975 and 1990. Changes in ecology were monitored in pol-
luted and unpolluted sites during this period. Comparisons showed a complete
absence of all littoral species in the polluted site, with Enteromorpha compressa
dominating the rocky substrate in their absence. This conveys the susceptibility of
floral and faunal species to the large scale physical and chemical disturbance created
by industrial pollution.

Perhaps more spatially relevant to this investigation is the study carried out by
Hyslop et al. (1997). When carrying out an ecological survey on rocky shorelines
prior to remediation on the County Durham coastline, the presence of colliery spoil
was shown to have implications in lowering the species diversity of macroalgae com-
pared with unpolluted sites. However, unlike the Castilla (1996) study, the presence
of mine waste material significantly increased the diversity of faunal communities in
some instances. This occurrence may be a product of the mine waste material being
of boulder size, and therefore providing a surface on which intertidal communities
can inhabit, particularly as species diversity was reduced on typically sandy beaches
with mine waste present.

Intertidal communities are clearly fragile, yet unpredictable and are sensitive
to small variations in physical and chemical disturbance. The dumping of colliery
spoil on the County Durham coastline was a particularly large disturbance on both
fronts, yet the remediation work itself, with the remobilisation of large volumes of
contaminated material, poses another disturbance event not yet investigated. Due
to wide range of ecological niches which are apparent in intertidal communities, this
section discusses the characteristics of the three bioindicators under study in this

investigation.

3.2 Muytilus edulis

Figure 3.1 illustrates the internal structure of the blue mussel, Mytilus edulis.

Due to the ease with which these mussels can be kept alive in laboratory con-
ditions, their relative abundance and their widespread distribution, they are well
studied and are often used as bioindicators (e.g. Goldberg, 1975; Hueck, 1976). They
are found on rock surfaces and in crevices occupying most of the intertidal range on
the rocky shores of open coastlines, attaching to suitable substrata by byssal threads
(see figure 3.1) (Brenner and Buck, 2010). They are filter feeders and with 80-100%
efficiency, can remove particles down to 2 — 3 pm from ingested water (Mohlenberg
and Riisgard, 1979). Daly and Mathieson (1977) showed that zonation patterns of
the common mussel could be limited in the lower regions of the intertidal range due

to sand burial. This could be a particular problem in coastlines where large amounts
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Figure 3.1: Internal structure of the blue mussel, Mytilus edulis. After Morton
(2005)

of coal spoil have been dumped on shores normally predominated with larger rocks,
giving a rough, discontinuous surface, the preference of the common mussel (Maas
Geesteranus, 1942). Studies which use Mytilus edulis as a bioindicator tend to mea-
sure concentrations of heavy metals found in the byssal threads (Szefer et al., 1999),
the soft tissue with byssal threads removed (Giusti et al., 1999), or digestive gland
(Fitzpatrick P. J. et al., 1997), along with shell material. The life span of the species
varies depending on local conditions and the degree of predation, although the ma-
jority of studies which consider the age of the specimen look at samples which are
<10 years, perhaps due to the availability of a large enough sample (e.g. Sukhotin
and Portner, 2001).

3.3 Patella vulgata

This gastropod is abundant on substrata which are firm enough to allow the attach-
ment of the organism’s foot muscle to rocks (Smith, 1992). The common limpet is
abundant on rocky shores of all levels of wave exposure. They have a radula which

aids the scraping of biofilm nutrients off rocks. The common limpet forages for its
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algal food supply when the tide covers it, travelling an average of 0.4 m and then
returning to the home scar at least an hour before exposure caused by the outgoing
tide (Hartnoll and Wright, 1977). The idea of the home scar makes the limpet well
adapted for inhabiting exposed shorelines. When the organism finds a suitable habi-
tat, it will grind down on the rock so that it fits perfectly on the surface, allowing
only a small gap for water to enter to prevent drying out. This method of attaching
to rocks provides protecting against winged predators. The other common predator
is the dog whelk, which can emit shell dissolving acid onto its prey (Gabriel, 1981).
As with mussels the life span of the species can vary drastically, from 4-5 years to
nearing 15-17 years in peak conditions (Lewis and Bowman, 1975).

Numerous studies have been conducted using Patella vulgata as bioindicators
of heavy metal pollution. For example, a study of the shell and soft tissue was
conducted in monitoring the heavy metal contamination from a French nuclear fuel
reprocessing plant (Miramand and Bentley, 1992). Other studies have focused on
contamination levels of the radula, or feeding muscle of the limpet (Davies et al.,
2005).

3.4 Fucus vesiculosus

Fucus vesiculosus, commonly known as bladderwrack due to the prominent air sacks
present on the plant’s fronds, is a species of brown algae which is tolerant of exposed
shorelines and freshwater. The species spreads rapidly after colonisation and lives
for around 3-5 years (FSC, 2008).

Species of brown algae such as Fucus vesiculosus have been used in numerous
studies to estimate trace metal availability in coastal waters around the Northern
Hemisphere (e.g. Rainbow P.S.; 1995; Rainbow and Phillips, 1993). Fucus vesiculo-
sus is the ideal choice for this study as it is abundant at all study sites along the
County Durham coastline, is the species used by the past study for comparison, and
being a brown algae, readily accumulates metals (Roberts et al., 2008) due to their
high affinity to the large amounts of sulphated polysaccharides in the organism’s cell
walls (Davis et al., 2003). Indeed transplant experiments from unpolluted sites to
estuaries affected by mine waste have shown in the past a significant uptake of met-
als by Fucus vesiculosus (Ho, 1984). The use of a hardy, early coloniser such as this
is useful at locations like the County Durham coastline, where up until recently some
sites where completely devoid of littoral ecology due to the unfavourable conditions
produced by the coal spoil, both physically and chemically. Given the documented
sensitivity of the species to metal fluctuations in the environment, and the relatively
short life span of 3-5 years, it makes it the ideal species for a comparison study over

a 10 year time scale, either side of remediation.
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Figure 3.2: Fucus vesiculosus (bladderwrack), (FSC, 2008)

3.5 Nucella lapillus

Although only mentioned briefly within this study, it is worth noting the role of
the dog whelk in the ecosystem under investigation, particularly when going on
to discuss the bioaccumulation of heavy metals. Dog whelks are gregarious, bare a
largely conical shell and are predators of species including both mussels and limpets,
drilling through their shells and using digestive enzymes to allow feeding (Rovero
et al., 1999). The species is also widely used as an indicator of coastal pollution,
particularly tributyltin (TBT), where imposex is exhibited when the female of the
species is exposed (Gibbs et al., 1987). The life span of the species is thought to be
around 6 years (Feare, 1970).

3.6 Heavy Metal Bioaccumulation

Bioaccumulation of heavy metals in marine organisms occurs through the uptake of
metal complexes across membranes, and into the tissues of the organism. The level
of bioaccumulation is dependent on a number of factors, including the concentration
and the physical form of the metal, as well as its bioavailability to the organism which

can differ greatly between species (Neff, 2002). Indeed, the physical form of the
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chemical not only influences its method and rate of uptake, but also the level of harm
it can do to the tissue of the organism (Nelson and Donkin, 1985; Waldichuk, 1985),
and its potential rate of biomagnification up the food web. The most bioavailable
form of most metals is thought to be that of free ions and aquo ions, e.g. M[OH]2
and M[OH-] (Cowan et al., 1984; Newman and Jagoe, 1994). While at normal levels
marine organisms regulate these often essential micronutrients between a narrow
range in soft tissue, this is not always possible when concentrations in food and
water reach high, nearly lethal levels (Amiard et al., 1987). In bioindicators, metals
such as Zn and Fe bioaccumulate due to their biological significance (Jothinayagi and
Anbazhagan, 2009), however, toxic metals such as Pb and Cd can accumulate due
to the inability of the organism to efficiently process and remove the contaminant
(Regoli and Orlando, 1994). As the level of excretion of a number of metal complexes
(e.g. Pb) is often much slower than its uptake (Regoli and Orlando, 1994), marine
organisms can be very useful for monitoring coastal recovery from heavy metal
contamination.

There is an additional complexity that in most marine molluscs, the level of
metals found in the shell and tissue material can differ greatly. Numerous theories
exist to try and explain this, including the use of the shell material as a matrix
for storing toxic contaminants which are unaffected by soft tissue detoxification
mechanisms (Walsh et al., 1995), and the differential concentrations being caused
by the different physiological roles of the metals (Huanxin et al., 2000). Overall,
marine molluscs can be useful bioindicators of heavy metal pollution but we have
to be careful when conducting studies and comparing results due the variations in
uptake and excretion between species, and shell and tissue.

The expected bioaccumulation of metals in the current study is illustrated in
figure 3.3, with metals accumulating through the microfilm or seaweed as a primary
producer (represented in this study by bladderwrack), through the limpets (grazers)
and mussels (detritus feeders), and finally in the dog whelks as the predator.

Micro-film/seaweed Limpets

W

™ Dog Whelks

Plankton/detritus Mussels

VW

Bioaccumulation

Figure 3.3: Predicted bioaccumulation of metals up the food chain
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Chapter 4

Sample Preparation & Analytical

Techniques

This chapter discusses the techniques used in this study to produce comparable
data to that collected by Giusti et al. (1999) and Giusti (2001). Although the use
of different techniques in the preparation and analysis of the samples was restricted
by the desire to produce comparable results, it is worth acknowledging other pos-
sible methods utilised in the literature. By conducting appropriate pilot studies,
and discussing their advantages and disadvantages, potential methods for future

investigations have been identified.

4.1 Digestion Techniques

The method of sample preparation used by Giusti et al. (1999) and Giusti (2001)
is an open, hot plate aqua-regia digest in glass beakers. This has been repeated
in the current investigation to allow result comparison but pilot studies suggested
that it is not the most efficient digestion technique. Initial observation highlighted
issues with inconsistent heating across the hotplate, remedied by careful monitoring,
while some consideration was given to the potential for material to effervesce during
the reaction due to the open nature of the procedure. Despite these concerns, the
literature suggests that the alternative, a closed microwave digest, produces little
advantage in terms of chemical yield. Indeed, Afridi et al. (2006) report the recovery
of heavy metals in microwave digests to be 96-98% of that achieved using a hot
plate digest when analysing biological tissue samples. In addition, a study which
compared aqua-regia hotplate and microwave digestion techniques on soil samples
and standard reference materials found that precision and accuracy was similar using
both methods. However, the ability of the microwave digest to dissolute Al, Ba and
K, elements which are largely found bound to silicates, was found to be greater

than the open technique (Chen and Ma, 2001). Although this would be worth
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considering in a study which looked to analyse beach sediments, these elements are
not being considered in this organic study. One additional consideration was the
relative success of an aqua regia digest of the materials within the investigation,
compared to other methods which use Hydrofluoric acid, or a mixture of the two
techniques. Although hydrofluoric acid is considered to be a weak acid, due to
its lower dissociation constant than stronger acids, it is highly corrosive (Tam and
Wong, 2000). Aqua regia digest of pilot studies using shell material showed near
complete digestion, unsurprising considering that the calcium carbonate shell reacts
strongly with acids. Furthermore, the removal of organics from the pilot study
bladderwrack samples by ashing appeared to aid the digestion, greatly reducing
the volume of material per glass vessel, and preventing a solidifying of material in
the base of beakers. The pilot digestion of faunal tissue materials is more of an
issue, given that the lack of ashing meant there was a lot of organic material in
the samples. Although this was the method required to produce comparable data
for this investigation, a future study could include hydrogen peroxide to aid the

oxidation of the organic material (Hoenig and de Kersabiec, 1996).

4.2 Analysis Techniques

Three techniques of metal analysis were considered when constructing this study:
atomic absorption spectroscopy (AAS), X-ray fluorescence (XRF) spectroscopy and
inductively coupled plasma-mass spectroscopy (ICP-MS). Each method has advan-
tages and disadvantages in terms of running cost, sample preparation and resolution

of detected elements.

4.2.1 X-ray fluorescence (XRF)

XRF is a technique commonly used to determine contaminant levels of coastal and
estuarine sediments (e.g. Ackermann et al., 1983; Araujo et al., 1988; Middleton
and Grant, 1990). The method involves drying and homogenising samples to a fine
powder, mixing with wax, and forming a small pellet under high pressure. The pellet
is subsequently illuminated by an intense X-ray beam. The sample then emits X-rays
across a spectrum of wavelengths based on the molecular structure of the sample,
allowing the contents to be identified (Wirth and Barth, 2011). This method is
relatively robust, cheap and produces fast results, and does not require a digestion
in sample preparation. It also has the advantage of analysing quite large sample
masses ("5g) allowing the analysis of relatively large homogenised samples which

is particularly useful when using a small sampling technique to make assertions
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over a wider coastal area. The pilot study showed that the faunal shell material in

particular would lend itself to this form of analysis.

4.2.2 Atomic Absorption Spectroscopy (AAS)

Flame AAS uses an air/acetylene flame to evaporate the prepared solvent, dissoci-
ating a sample into its component atoms. To do this, sample is typically drawn up
through a nebulizer to the flame, meaning the material has to be a completely clear
solution. Light from a series of cathode lamps (based on the elements under inves-
tigation) is allowed to pass through this cloud of atoms. The amount of light which
is absorbed by the atoms under investigation is measured, and used to calculate
its concentration in the sample (Thermo Elemental, 2001). This technique is more
expensive than the XRF method and requires a prior digest to obtain the sample
in the form of a solution. Despite this, it is widely used to analyse heavy metal
concentrations in ecological samples (e.g. Amiard et al., 1987; Giusti et al., 1999;
Giusti, 2001; Vlahogianni et al., 2007). The advantages of this technique include
its robust interface, speed of analysis and ease of use, although detection limits are

moderate when compared to the high resolution of the ICP-MS analysis.

4.2.3 Inductively coupled plasma-mass spectroscopy (ICP-
MS)

The ICP works on a similar premise to the AAS as it analyses a digest of the material
under investigation, but there are some notable differences which produce a higher
resolution analysis of elements in a sample. Rather than an air/acetylene flame, the
ICP uses a plasma source to dissociate the digested sample material into atom or
ion form. These ions are removed from the plasma and, unlike the AAS where light
emission is measured, the particles themselves are detected. Elements are separated
and detected based on their atomic mass to charge ratio in the mass spectrometer
(Thermo Elemental, 2001)

Based on the specification of the machine available in the department, much
smaller sample sizes (70.5g) are required than either XRF or AAS (73g) due to
samples being limited to <0.2% dissolved solids. Although this is seemingly bene-
ficial, especially considering the lower detection limits which are achieved with this
technique, it may not be ideal when planning to analyse large homogenised samples
due to the need to include a large number of repeat samples. An additional possible
issue recognised when analysing pilot samples by AAS is the large content of sodium
in the sample material. Due to the intricate nature of the ICP-MS machinery, the

production of a solid sodium based material when the solution is heated could pro-
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duce interferences, or worse still, block the machinery. An interesting feature of the
ICP-MS technique is the presence of a micro-drill, which can be used to analyse
small sections of shell material from a single organism. As Toland et al. (2000) note,
this Laser Ablation-ICP-MS is a useful method of extracting and analysing material
within yearly growth bands, applicable to both mussels and limpets. By using this
technique, short term elemental signals can be measured which would be lost when
homogenising and digesting material for analysis in solution.

Overall, ICP-MS is a technique which is very expensive when compared to either
AAS or XRF in both start-up and running costs, but for that, excellent detection

levels with few interferences are available to the user.

4.3 Summary

To summarise, the techniques used in this investigation reflect those used by Giusti
et al. (1999) and Giusti (2001). Although this was a constraint, the information sug-
gests that some of the more modern techniques may be less favourable for such an
investigation, exemplified by the use of the more robust techniques in the literature.
Should this investigation be conducted again, without the aim of producing com-
parable data to previous studies, the use of microwave digestion techniques would
be investigated due to greater efficiency and perhaps a more complete digest. Sec-
ondly, the LA-ICP-MS technique would be considered for the analysis of seasonal

variations in metal contamination within solid shell samples.
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Chapter 5
Introduction to Research

The following two chapters contain the research carried out for this thesis. The
studies are presented in the style of two articles prepared for submission to academic
journals. The research has been split across two papers because the interpretations of
the different data sets have different environmental implications due to the different
ecological niches and trophic levels of the bioindicators used.

The blue mussel (Mytilus edulis) has already been identified as a filter feeder
which lives attached to rocks by byssal threads. Based on this habitat and feed-
ing process, a hypothesis could be drawn which would suggest that heavy metal
contamination of this species within collected samples would have decreased post
remediation, due to a reduced loading of contaminated sediment available on the
beaches. This may apply more to metals which are largely found bound to sedi-
ment particles, and not in soluble oxidised ionic form such as iron and manganese.
Unlike the blue mussel, the common limpet (Patella vulgata) feeds on algal film
attached to large boulders near the home scar. As a result it is less influenced by
sediment based pollution than the blue mussel. Consequently a second hypothesis
may be that heavy metal pollution of limpets will be lower than that of mussels
should the coastline be strongly influenced by the remobilisation of contaminated
sediment. These two indicators are used in the first of the two studies. This paper
aims to draw comparisons between mussel data collected either side of the regener-
ation project, with limpet samples included to conduct the species comparison, and
provide indicative data for areas where mussel populations are too low to sample.

The brown seaweed (Fucus vesiculosus) is a primary producer and has been
shown as a good indicator of water quality. The second study uses samples of this
species to consider the degree of soluble heavy metal pollution which exists along
many of the same coastal sites as the first study, including areas adjacent to the
treated minewater pumping sites discussed in chapter 1. Should this efluent be
having an adverse effect on the coastal habitat ecosystem, the use of algae, where

growth rates (and therefore a monitoring timescale) can be estimated (e.g. Bryan
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and Hummerstone, 1973), is a suitable method of investigation and is the focus of
the second study. This is of particular importance as an additional site of minewater
treatment has been opened since this data was collected (Whitburn January 2011),
so any negative effects observed could be increasing should they be a result of this
process. Aside from the monitoring of water based metal pollutants, the addition of
seaweed to this investigation means species across trophic levels have been collected,
and therefore the implications of heavy metal bioaccumulation can be considered.
All of the data for this study were collected in the winter of 2010-2011, 14 years
since the data collected in the studies prior to remediation, and 8 years since the

end of the Turning the Tide remediation project.
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Chapter 6

Heavy metal contamination in
Muytilus edulis and Patella vulgata
between the estuaries of the River
Wear and River Tees, UK.

6.1 Abstract

The north east coastline of England has been heavily influenced by coal mining and
input from estuary based industry throughout the 20th century. Pollutant levels and
ecological impacts in the area were monitored in various studies during the decline
of these mining sites, yet little research has been carried out since the 10 million
Turning the Tide Project which regenerated coastal zones affected by coal spoil
dumping. This study determines concentrations of Fe, Mn, Cu, Zn, Ni, Pb, Cr and
Cd in the shell and soft tissue of the mussel (Mytilus edulis) and common limpet
(Patella vulgata), collected since the end of remediation. Comparable methods
are used to a similar study carried out prior to remediation (Giusti et al., 1999),
allowing comparison of individual values and spatial trends. An overall decrease
in total metal pollution is observed however significant increases in Fe and Mn are
present in mussel tissue, with average Fe values reaching 8293 mg kg™! at Blackhall
Rocks. Similarly high average values of Fe (8662 mg kg!) in limpet tissue suggest an
aqueous source of pollution. We tentatively link high levels of Fe in tissue material to
treated minewater discharge along the Durham coast, a potential source of pollution

which was absent at the time of the Giusti et al. study.

31



6.2 Introduction

The degradation of the north-east coast of England through the dumping of colliery
spoil over the past 200 years has been subject to a number of studies (e.g. Nor-
ton, 1985; Ellis and Hoover, 1990; Hyslop et al., 1997; Giusti et al., 1999; Giusti,
2001). Estimates suggest that millions of tonnes of colliery waste were dumped an-
nually in these coastal locations, peaking in the early 1980s with values reaching 2.5
million tonnes per annum (Norton, 1985; Wilkinson and McCay, 1998). Although
the last coastal mine at Easington closed in 1993 (Rodgers and Proudfoot, 1999),
the anthropogenically induced chemical and structural legacy remained (Humphries,
1996).

The presence of colliery spoil on the beaches has served to limit the biodiver-
sity of the coastline. Habitat disturbance caused by the modification of shoreline
topography and an increase in suspended solids (Barnes and Frid, 1999; Rodgers
and Proudfoot, 1999), is manifested in surveys suggesting coastline algal species
are limited to between 10 and 60, compared to the national coastal average of 90
species (Durham Heritage Coast, 2010). Ellis and Hoover (1990) suggest that small
scale benthic faunal population extinctions can be attributed to sediment instability
as a result of mine waste deposition, with added influence from seabed smothering
and increased water turbidity (Hyslop et al., 1997). After final mine closure, Giusti
et al. (1999) note that heavy metal content in Mytilus edulis was slightly above
those from other sites in the UK, while sediment samples contain significant levels
of heavy metal contamination 4 years on from the cessation of dumping (Giusti,
2001).

After final mine closure in 1993, a significant effort was made to transform the
County Durham coastline to an area of conservation rather than exploitation with
the Turning the Tide regeneration programme, which spanned 5 years between 1997
and 2002, being the focal point. This series of projects received approximately 10
million of funding to undertake remedial work, regenerating beaches and coastal
habitats, stretching 17 km along the County Durham coastline. One aspect of this
series of projects was the reclamation of 80 ha of land through the removal of 1.3
million tonnes of coal spoil from the beaches at Horden and Easington. This material
was moved to cliff top heaps, spread out, and capped before covering with soil to
allow habitat creation and open public space (Scarborough Borough Council, 2006).
This process served to significantly reduce estimates of the time taken to completely
erode spoil beaches, to approximately 20 years, from initial calculations of between
52 and 210 years, dependent on erosion rates (Durham Coast Management Plan,
1993). Dawdon beach, which provided a dumping site for Seaham, Vane Tempest

and Dawdon collieries, was left to erode naturally.
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Since the end of Turning the Tide, further measures have been taken to protect
the east Durham magnesian limestone aquifer. This was being threatened with
contamination from rising levels of mine water, which is now being treated on the
coastline and pumped into the sea at Dawdon and Horden (Environment Agency,
2011b). The aquifer provides 20% of local drinking water and so had to be protected
from the high levels of iron, but also chlorides with concentrations reaching 40,000
mg/l. The treated mine water, with concentrations of iron below 1 mg/1, is pumped
into the sea at the two sites at a rate of 35-70 litres per second (Environment
Agency, 2011b). An additional pumping site has been trialled at Whitburn, north
of the Heritage Coast region.

Since the industrial decline and remediation work, County Durham has been
awarded 14 km of Heritage Coast designated land (Durham Heritage Coast, 2005)
and is recognised locally, nationally, and internationally through statutory designa-

tions for its geological and nature conservation value (Natural England, 2011).
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Figure 6.1: A GIS produced map with overlapping layers of designated land, study
sites and current treated minewater pumping sites at Dawdon and Horden. The
base layer is Heritage Coast, then SSSIs, SPAs, and SACs. The four former coastal
dumping sites are included to help illustrate the transformation of land use from

polluting heavy industry to conservation.
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Figure 6.1 shows designated Sites of Special Scientific Interest (SSSIs), Special
Areas of Conservation (SACs) and Special Protection Areas (SPAs), along with
the four past colliery dumping sites, current study sites, and locations of treated
minewater outflow. Of particular relevance to studies of beach contamination, are
the SPAs of the foreshores to the extreme north and south of the Heritage Coast
region. Here, Ramsar site designation has been awarded for the important coastal
habitats, specifically for overwintering seabirds such as purple sandpiper and little
tern which are in nationally significant numbers at the location (Natural England,
2011). Grasslands associated with the underlying magnesian limestone geology in
the area make up 92% of Britain’s total area designated as an SSSI and contribute
to a wider National Nature Reserve (Natural England, 2011).

Despite previous interest in the anthropogenic impact of the coastal ecosystem
at study areas spanning this coastal zone, few have assessed the impact of the
regeneration work carried out by the Turning the Tide Partnership, and monitored
the apparent recovery which has taken place. The study carried out by Giusti (2001)
was a landmark in the research of the chemical record of the coastal coal mining
industry in County Durham in terms of its content and timing, yet it predates the
removal of spoil in the region. The investigation found that samples of Mytilus
edulis accumulated elevated levels of metals between the Wear and Tees estuary,
despite the cessation of mining in the area. The study also showed that these
contamination levels all met 1987 UK guidelines for metals in shellfish, apart from
Cu, which exceeded the levels. The study is unique as it is the only one which
measured the heavy metal content in faunal species in several locations along the
north east coast after final mine closure and prior to remediation. Despite this,
it is evident that a great degree of change has occurred in the physical form of
the coastline, and so, the Giusti et al. study is now out of date. The aim of
the current investigation is to provide an up to date assessment of heavy metal
contamination in Mytilus edulis. This provides a post-remediation study, allowing a
detailed comparison with the past data to highlight recent chemical and ecological
change resulting from the regeneration work, while demonstrating the areas where
further investigation is required.

In addition we consider the effects on those areas occupied by sites of industry
on the Tees estuary that are becoming more diverse habitats for important wildlife
(e.g. Evans et al., 1998). The partial decline of industry in the River Tees is similar
to that of industry which affected the River Wear, such as the lead, zinc, cadmium
and copper mining of the North Pennine Orefield, an area which was once the UK’s
leading producer of lead and zinc (Dunham, 1990). Despite this and subsequent
remediation efforts, Shepherd et al. (2009) highlight the importance of continued

monitoring as fine grained river sediments contain up to 600 mg kg of lead, il-
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lustrating present transportation of pollutants from source, and thus an industrial
legacy of environmental pollution. The discharge of these sediments into the North

Sea may have repercussions in heavy metal concentrations along the coast.

6.3 Methodology

6.3.1 Ecological Consideration

This study used the common limpet Patella vulgata as a bioindicator in addition
to the mussel, Mytilus edulis, used by Giusti et al. (1999). Limpets are gastropods
which are known to consistently migrate and forage short distances for food, nor-
mally lichen (Little et al., 1988) and microalgae (Hill and Hawkins, 1991). Con-
versely, mussels are filter or suspension feeders, straining incurrent water for plank-
ton and other small fauna (Hawkins et al., 1996). Mohlenberg and Riisgard (1979)
suggest that this filtering process can achieve 80-100% efficiency, removing particles
down to 2-3 pm. This potentially creates a bias in results from mussels to suspended
particles rather than bioavailable dissolved ions. Daly and Mathieson (1977) showed
that zonation patterns of the common mussel could also be limited in the lower re-
gions of the intertidal range due to sand burial. This could be a particular problem
in coastlines where large amounts of coal spoil have been dumped on shores normally
predominated by larger rocks, giving a rough, discontinuous surface, shown to be

the preference of the common mussel (Maas Geesteranus, 1942).

6.3.2 Legislative Values

The Giusti et al. (1999) study showed that heavy metal concentrations were simi-
lar to, or in the case of copper, exceeded national and international guidelines for
shellfish. As a result, these will be considered again as an additional indicator of

the health of the coastline. Guideline values are shown in table 6.1.
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6.3.3 Sampling & Analysis

The relative uptake of heavy metals by both indicator species varies throughout
the year, peaking in winter and decreasing through to summer for the majority of
metals (e.g. Bourgin, 1990; Miramand and Bentley, 1992; Regoli, 1998). Field data
collection took place during December 2009, to capture the period of maximum
concentrations and to be consistent with the timing of data collection carried out
by Giusti et al. (1999).

For consistency with Giusti et al. (1999), all samples were collected from the
mid to upper tidal range at each location. As mussels were not readily abundant at
all locations, a single composite sample of 50-60 mussels was collected from across
each site, helping to negate influences from variation of habitat. The same method
was used to collect limpets, and samples were transported back to the laboratory in
seawater from the site.

The need for an additional indicator was exemplified by the lack of sufficient
mussels at Roker to provide an adequate sized sample without causing significant
disturbance to the local population. As a result no mussels were collected here but
limpets were readily available. In addition to the collection of samples from the 5
sites in the original study, limpets were collected from Easington, the site of final
colliery closure. Again, mussel populations were too sparse for an adequate sized
sample.

Giusti et al. (1999) suggest that the high levels of metals measured at Holy Island
could be attributed to increasing vehicular traffic, agricultural run-off and sewage
output, along with the weathering of the dolerite dyke. These heightened levels

exclude its use as a control, and no samples were collected from this site.

6.3.4 Extraction & Measurement

The living samples were transferred to beakers and stored in seawater from the rel-
evant site for 24 hours to allow depuration/cleansing (Bordin et al., 1992; Robinson
et al., 1993; Donkin et al., 2003). Mussel samples for each location were separated
into two shell length size groups, a 20-29 mm and a 40-50 mm category. Giusti et al.
(1999) found no relationship between tissue concentration of Cr, Cd, Mn, Zn, Ni and
Pb and body size, so the middle size category of 30-39 mm has been omitted from
this study. These groups were then weighed and dissected by cutting the abductor
muscle to separate shell and flesh. Excess water was allowed to drain and the byssal
threads were removed as these are known to have raised values (Szefer et al., 1999).
Limpet samples were treated in a similar way, except instead of separating by shell
length, they were separated by approximate age into <4 years and >7 years. The

average age of the limpets in each age group was determined by counting shell rings.
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Additionally the soft tissue was sliced using a scalpel to increase surface area to aid
drying.

All mussel and limpet samples were transferred to for oven drying at 105°C for
48 hours and left to cool. All samples were then ball milled for 4 minutes at 200 rpm
to ensure homogenisation. 5 g of shell and 3 g of soft tissue were weighed into 50 ml
vessels along with five repeats. These were pre-digested with 15 ml of concentrated
HNOj3, and left overnight. Samples were then refluxed in 5 ml an aqua regis mixture
of 16 M HNOj3 and 15 ml of 12 M HCIl. After refluxing for 1 hour the samples
were allowed to cool and vacuum filtered through a 0.45 pm-membrane filter, with
deionised water. The samples were then diluted to the 50 ml with deionised water.

The digested samples were analysed using the same method as Giusti et al.
(1999) using the Varian SpectrAA 220FS Atomic Absorption Spectrometer. The
metals analysed for were Fe, Mn, Zn, Cr, Cu, Pb, Ni and Cd. Ag has been omitted
from this study due to the consistent low results observed in Giusti et al. (1999),
which may be reflective of background levels. Standards of known concentrations of
each metal were run through the machine prior to the analysis. The matrix effect
was accounted for through the addition of some HCl and HNOj3 to the standards
in the 3:1 ratio equivalent to that of aqua regia in the samples. For some elements
with high concentrations, for example Fe, the 50 ml sample needed to be further
diluted with deionised water before being analysed. Machine readings of each metal
were expressed in mg kg (dry weight).

As with Giusti et al. (1999), no systematic variation in contamination with size of
mussel is observed. Thus, results plotted are a mean taken of both size groups. For
reference, the results of a certified reference material run through this methodology
are presented in table 6.2, while results for repeat shell and tissue samples are

presented in table 6.3 to indicate precision.
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Metal | TAEA-413 Reference | This Study | % Recovery
Fe 1370 1123.05 82
Mn 158 128.93 81.6
/n 169 155.42 92
Cu 11 9.96 89.8
Pb 242 214.81 88.8
Ni 113 99.88 88.4
Cr 377 328.71 87.2
Cd 204 182.84 89.6

Table 6.2: Recovery of metals in certified reference material IAEA-413 (Algae).
Reduced recovery of metals may reflect the differing method of extraction used for
the reference material; while this study extracted using open aqua regia digestion
only, the reference values are averages of different extraction techniques including

closed vessel microwave digestion. Values expressed in mg kg™ (dry weight).
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6.4 Results

Tables 6.4 and 6.5 summarise metal concentration results.

These results are initially discussed in aggregated form prior to discussion of
specific metal type and location variability. Total recorded metal concentrations are
shown as a Metal Pollution Index (MPI) calculated for both past and present data
sets (e.g. Usero et al., 1996, 1997; Giusti et al., 1999) using:

MPI = (M1 x M2 x M3 x....Mn)/»

Where Mn is the concentration of metal n in mg kg (dry weight). This was
then used to compare the overall metal contamination at each site, and to assess

trends down the coast.
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6.4.1 Shell Composition

Figure 6.2 shows the MPI for shell material at the five sites.

Shell MPI for the 5 study sites
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Figure 6.2: Metal pollution index (MPI) values calculated using concentrations for
the 8 metals analysed used in the current study and corresponding data from Giusti
et al. (1999) in shell material. Significantly reduced values are observed in mussel

and limpet data compared with mussel data collected in 1996.

A significant decrease in MPI of the mussel shells is observed over time at all
sites, the greatest being at Middleton (dropping from >30 to <2). The smallest
decrease (down 12 points) is seen at Bran Sands. This site had the lowest MPT in
1999 and the highest in 2009. Limpet data shows a similarly low MPI to that of the
mussels, although the spatial trend for highest and lowest MPI differs slightly; mussel
shell MPI increase down the coast, whereas limpet shell MPI peaks at Blackhall
Rocks. The limpet data for Roker and Easington is comparable in magnitude to
that of the limpets in the three sites with mussels present. Sturesson (1976) and
Sturesson (1978) identified, through laboratory experiments, that the sorption of
heavy metals in shell material is much slower than in soft tissue, suggesting that
this medium may be more useful in the monitoring of long term variations of metal
contamination. This is a result of the low accretion rates in shell material. With
an approximate 3-10 year lifespan for mussels at each study site, the shell samples
analysed in 1996 represent an average record potentially dating back as far as 1986,

prior to remediation and when dumping was still occurring. Samples analysed from
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2010 represent an average record dating back to “2000, this will largely cover the
period after remediation although some individual mussels may date back to end of

the Turning the Tide project, 7 years after final colliery closure.

6.4.2 Tissue Data

MPT calculated for tissue data (figure 6.3) is much more variable.
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Figure 6.3: Metal pollution index (MPI) values calculated using concentrations for
the 8 metals analysed in the current study and corresponding data from Giusti et

al. (1999) in tissue material.

Values at all sites appear similar in magnitude to the pre-remediation data, with
the MPI in mussels actually increasing at Blackhall Rocks (up 4 points) and Bran
Sands (up 7 points). Middleton shows a clear decrease in MPT of the mussel tissue.
However, the data is less clear at the other two sites. No mussel data for Roker
and Easington were collected due to low population numbers. However, limpet data
appears to have comparable values to that of mussels, with average values normally
higher in the Limpet tissue. This may suggest tissue values at Roker represent a
drop in metal pollution.

Where shell material is thought to be more indicative of a long term contamina-
tion, increasing number of studies monitoring heavy metal levels in transplanted

bioindicators suggest that tissue material may reflect shorter term fluctuations.
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Studies such as Regoli and Orlando (1994) find that, for example, 4565 mg kg™
(dry weight) of Fe could be taken up by bivalves in two weeks after being trans-
planted from a clean to a polluted site. This concentration in turn reduced to below
1000 mg kg! after approximately one month of depuration. Although the study
finds that different metals are excreted or detoxified at different rates, the different
nature of metal contamination in shell and tissue material is useful for temporal
analysis of contaminated sites. The tissue data collected in 1996 is unlikely to be
reflective of pollution levels during spoil dumping, but during the period between
final colliery closure (1993) and the start of remediation. This suggest that the
short term availability of total metal contaminates appears to be similar prior to

remediation and after the remediation.

6.4.3 Variations in Type and Location of Contaminants

Results for the individual metals Cr, Cd, Pb and Ni in soft tissue are shown by site
in figure 6.4 and data for Zn, Cu, Fe and Mn are shown in figure 6.5.
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Figure 6.4: Metal concentration values for Cr, Cd, Pb and Ni in tissue material of

mussels and limpets from the current study, and mussels from 1996 (Giusti et al.

1999). Values expressed in mg kg™ (dry weight).
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Zn, Cu, Fe, Mn Metal Concentrations in Mussel and Limpet Tissue
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Figure 6.5: Metal concentration values for Zn, Cu, Fe and Mn in tissue material of
mussels and limpets from the current study, and mussels from 1996 (Giusti et al.

1999). Values expressed in mg kg™ (dry weight).
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Concentrations for Cr and Cd in mussels from 2010 show negligible change (<2.5
mg kg!) from data collected in 1996. Such small differences at low detection levels
are likely to fall within the error of both studies in terms of detection limits and levels
of methodological uncertainty. Concentrations of Cr in limpets appear comparable
with that of mussels, while concentrations of Cd in limpets are higher than in mussels
at all sites, but still at low levels (<7.5 mg kg!). Pb contamination is shown to be
negligible in limpets at all sites, while in mussels, concentrations at Bran Sands are
higher in 2010 than in 1996 but lower elsewhere.

For the 1996 data, results for Ni appear similar down the coast aside from a
clear peak at Middleton. Although Middleton was the site with the highest total
MPI in 1996, these high values for Ni are not apparent in either limpet or mussel
tissue in the 2010 data. Instead, Ni levels are negligible at all sites. In figure 6.5, a
similar pattern is seen in Zn and Cu levels with an apparent peak at Middleton in
1996 being absent from the 2010 record. At present, Zn and Cu levels are lower at
Middleton than Bran Sands and Blackhall Rocks, the site which currently appears
to be the most polluted area.

Results for Fe and Mn in this study for both fauna, show an increase in values at
all sites. Fe and Mn peak at Blackhall Rocks in the 2010 data, with Fe concentrations
in the mussels at this site showing values ten times higher than in 1996. Similarly,
concentrations of Mn in the mussel tissue at the same site are eight times larger.
Middleton, the site with the highest concentration of both metals in 1996, while
showing a small increase to 2010, now has the lowest concentration of Fe and Mn in
this study.

6.4.4 Comparison with Legislative Values

Although Fe concentrations have shown up to tenfold increases in mussel tissue
compared with 1996, the lack of Fe specific safe guideline levels in shellfish means
that overall, the quoted national and international guidelines for each metal are all
met. For consistency, although not as popular for consumption, the 2010 limpet data
meets all guidelines apart from Cd at Blackhall Rocks. Here, the Joint Monitoring
Programme- Oslo & Paris (CEFAS, 1997) guideline of 5 mg kg™ is exceeded (7 mg
kg1). Despite this, the overall results for mussel tissue show a marked improvement
from 1996.

6.5 Discussion

The shell results of this investigation, compared to Giusti et al. (1999), suggest a

significant long term (715-20 year) decrease in coastal heavy metal contamination.
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Both data sets are produced from samples in relatively stable external conditions.
The 1996 study collected samples at a period where pollutant beach conditions were
consolidated, after the cessation of spoil dumping and prior to its removal through
remediation. While this remediation reduced significantly the total sedimentary
reservoir of pollutants, in 2010 the samples were collected in a similarly consolidated
state, 8 years after the end of remediation with no new polluted sediment input. The
1996 total MPI data for mussel shell suggests, on average, a greater level of pollution
during the life span of the collected samples in this period, prior to remediation.
Total MPI data calculated for the corresponding mussel shell samples in the 2010
study suggests a decrease in the contamination at all sites since the previous study.
The removal of 1.3 million tonnes of coal spoil from the beaches as part of the
Turning the Tide Project between 1997 and 2002 may have influenced these differing
temporal records. Given that mussels are filter feeders, separating nutrients from
sediment in suspension, they are heavily affected by pollutants adsorbed directly on
sediments. As a result, the gradient in volume of spoil material between studies,
created by remediation efforts, is the likely cause of the change in pollution record.

The comparison of total MPI from the 1996 mussel tissue and the 2010 investi-
gation suggest a more variable record, with increases at some sites. Closer analysis
of individual metal data however, shows either decreases or negligible levels of the
toxic metals Ni, Cd, Pb and Cr at the majority of sites. This corresponds to metal
concentration values found in the shell material. The high MPI values in tissue (this
study) result from significant increases in Fe and Mn levels between 1996 and 2010.
The high concentrations of both metals are present in limpet and mussel samples.
These two species have very different ecological niches, with limpets living on hard
substrates and feeding on algae that are known to be reflective of water quality
and mussels being detrital feeders processing particulates through their gut before
expelling indigestible sediment. This suggests that limpets are less affected by sed-
iment pollution. The increases in pollutant levels in both species tissue despite a
decrease in polluted sediment volume would support this argument, as would the
decrease in corresponding shell contamination. As the shell contamination of Fe
and Mn has decreased, the increases in tissue contamination of these metals suggest
short term fluctuations in the source which are either smoothed in the shell record,
or the result of more recent contamination. This degree of fluctuation is characteris-
tic of metals in aqueous form, given the influence of tides, salinity, temperature and
mobility on metal availability from marine water. Since remediation, there has also
been an introduction of treated mine water and outfall into the sea at two points
along the coast is a potential input of such aqueous metal sources. These process,
implemented to protect the East Durham aquifer from groundwater contamination,

pumps 35-70 litres of water per second into the sea at Horden (commenced 2004)
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and Dawdon (2009), see figure 6.1. Although treatment aims to restrict Fe levels
in the output water to jlmg/l, Environment Agency monitoring of water content
has recorded a number of instances at both sites where this is exceeded, and at
an extreme, reaching 34 mg/1 on the 10th of June 2011 at Dawdon (Environment
Agency, 2011b). No monitoring data for Mn in the treated water is available. The
degree of fluctuation and the volume of water which is pumped out at these sites is
a potential cause of the pollution record in this study, given that both pumping sites
lie between Roker and Blackhall Rocks, the most polluted site by Fe and Mn. The
high values observed in the faunal data compared to the lower levels in minewater
output can be explained by bioaccumulation. Wang et al. (1996) record accumu-
lation of 6 trace metals in Mytilus edulis, while Regoli and Orlando (1994) record
rates of uptake and excretion of Fe during transplant experiments. This excretion
or detoxification during periods of reduced exposure to trace metals may explain the
absence of peaks in Fe from the 2010 shell data. The fluctuation of Fe contamina-
tion levels from minewater could simulate the conditions of transplant experiments,
resulting in the absence of high levels of Fe from the long term record. Guthrie et al.
(1979) suggest that biomagnifications of metals through trophic levels is greater in
attached species such as mussels, than for example, crabs. As a result further study
in lower trophic levels such as algae, which are known to be good indicators of water
quality (e.g. Phillips, 1970; Rainbow P.S., 1995), is recommended.

6.6 Conclusion

The long term heavy metal record of the County Durham coastline is shown to have
decreased at the sites studied using the two bioindicators, mussels and limpets. The
use of these two indicators from different habitats allows clear insight into the type
and mobilisation of the contaminants. Increases in tissue contamination of Fe and
Mn between 1996 and 2010, which is not reflected in shell material, suggest short
term fluctuations are the source. As these high concentrations are also present in
limpet tissue, the contamination is likely to be in aqueous form and subsequently,
links are drawn to the pumping of treated minewater near the study sites. Further
study is required to assess contamination of water on beaches and at these pumping
sites. The use of seaweeds which are known to be good indicators of water quality
would enable better spatial coverage and clear causal links to be drawn. Despite
these findings, all guideline values are met for the toxicity of heavy metals within
mussel tissue, showing an improvement on the 1996 study. These values are within

the requirements for edibility.
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Chapter 7

Monitoring the heavy metal
contamination of the north east
coast of England: a case study
using the floral indicator, Fucus

vesiculosus.

7.1 Abstract

Heavy metal data collected from the faunal indicators Mytilus edulis and Patella
vulgata have suggested the long term heavy metal record of the coast has signifi-
cantly decreased since remediation carried out by the Turning the Tide Partnership
after the decline of the mining industry. Despite this, the short term tissue record
from these samples suggests pronounced peaks in iron and manganese contamina-
tion. This study investigates whether this contamination could be from a primarily
aqueous source by using the floral indicator Fucus vesiculosus to produce compa-
rable data to a study carried out prior to remediation (Giusti, 2001). This study
determines concentrations of Fe, Mn, Cu, Zn, Ni, Pb, Cr in the seaweed. The data
confirms high values of Fe (9081 mg kg™) and Mn (1172 mg kg™!), peaking at Horden.
As a result, plausible links are made with minewater treatment facilities situated
north of the most polluted sites, and the transportation and erosion of offshore mine

waste material.
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7.2 Introduction

Species of brown algae such as Fucus vesiculosus (or bladderwrack) have been used
in numerous studies to estimate trace metal availability in coastal waters around
the Northern Hemisphere (e.g. Forsberg et al., 1988; Rainbow P.S., 1995; Rainbow
and Phillips, 1993). In particular, bladderwrack has been shown to be a sensitive
indicator of contaminated coastlines, with transplant experiments between unpol-
luted and polluted sites observing significant uptake of pollutant metals (Ho, 1984).
This high degree of uptake can be attributed to the metals high affinity to the large
amounts of sulphated polysaccharides in the organism’s cell walls (Davis et al.,
2003). A resilient early colonizer such as bladderwrack, which is abundant in the
UK and sensitive to environments with changing contamination levels, is a suitable
choice for the monitoring investigation of a regenerated coastline such as County
Durham, which was impacted heavily by the mining industry throughout the 20th
century. Indeed, until 1993 and the closure of the final coastal colliery at Easington,
the north-east coastline of England was a site of intense industrial activity, rang-
ing from estuarine ship building and petrochemical activities, to the mining of coal
seams which run out beneath the North Sea. Humphries (1996) suggests that in
particular, the dumping of colliery waste directly onto the beaches at four coastal
sites produced a chemical and structural legacy.

Despite a history of promoting resource exploitation over environmental stability,
a five year remediation project entitled Turning the Tide commenced in 1997, tasked
with aiding the return of the coastline to its natural state (Durham Heritage Coast,
2010). The remediation work carried out by the Turning the Tide Partnership
included the removal of an estimated 1.3 million tonnes of coal spoil from the beaches
at Horden and Easington (Scarborough Borough Council, 2006) and contributed to
the designation of 14 km of Heritage Coast in County Durham (figure 7.1).
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ing sites, and Fucus vesiculosus sample collection sites.
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This reduced the time expected for beaches to erode to their natural form to
approximately 20 years (Durham Heritage Coast, 2010), from initial calculations of
between 52 and 210 years, dependent on erosion rates (Durham Coast Management
Plan, 1993). Since this remediation was carried out, further preventative measures
have been taken by the Coal Authority (Parker, 2003) to intercept the contamina-
tion of the East Durham Aquifer by rising mine water in the disused shafts. This
prompted the opening of treatment plants at Horden in 2004 and Dawdon in 2009
which would reduce the iron contamination of these waters from in the region of 160
mg/1 to below a target of 1 mg/l (Coal Authority, 2007). These pumping stations
are capable of returning treated water back to the North Sea at a rate of between
35 and 70 litres per second (Environment Agency, 2011b).

The aim of this study is to produce a dataset of heavy metal contamination levels
in bladderwrack at a number of sites along the north east coast, providing compa-
rable data to that produced by Giusti (2001). Justification for such a comparison,
specifically relating to water quality rather than sediment or faunal contamination
is threefold. The dumping of spoil material offshore during the height coastal min-
ing is not something which could be easily addressed during remediation and the
remobilisation and transport of this sediment has been previously cited as a possible
source of contamination (Johnson and Frid, 1995). It is possible that contamination
from this material could be manifested in elevated concentrations of heavy metals in
water. Secondly, the bladderwrack samples in the Giusti (2001) study were collected
in the winter of 1997, at the commencement of remediation. The production of cor-
responding data in this study would provide a means of comparing contamination
across this physical transformation. The collection of samples reflective of water
contamination is of particular significance as the removal of such large volumes of
material would expose an increased amount of contaminated sediment to the action
of the waves, potentially increasing the volume of soluble and suspended pollutants.
Finally, since the Giusti (2001) study, treated minewater pumping has commenced.
Current monitoring provides a means of establishing any impacts which this may
be having on coastal heavy metal levels. Although the target iron concentration of
1 mg/1 is low, the pumping of large volumes and occurrence of increased values in
the effluent (as high as 34 mg/1 (Environment Agency, 2011b)), suggests monitoring
the possible impacts is valid, particularly as a new treatment site has recently been
employed at Whitburn (January 2011).

Additionally, the collection of seaweed samples allows for the study of bioaccu-
mulating metal contamination across trophic levels through comparison with previ-
ously collected Mytilus edulis (blue mussel) and Patella vulgata (common limpet)
samples and an additional small sample of the carnivore Nucella lapillus (dog whelk).

Bioaccumulation of heavy metals in marine organisms occurs through the uptake
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of metal complexes across membranes, and into the tissues of the organism. The
level of bioaccumulation is dependent on a number of factors, including the con-
centration and the physical form of the metal, as well as its bioavailability to the
organism which can differ greatly between species (Neff, 2002). Indeed, the physical
form of the chemical not only influences its method and rate of uptake, but also
the level of harm it can do to the tissue of the organism (e.g. Nelson and Donkin,
1985; Waldichuk, 1985), and its potential rate of biomagnification up the food web.
In bioindicators, metals such as Zn and Fe bioaccumulate due to their biological
significance (Jothinayagi and Anbazhagan, 2009), however, toxic metals such as Pb
and Cd can accumulate due to the inability of the organism to efficiently process
and remove the contaminant (Regoli and Orlando, 1994).

The present study presents a post remediation dataset of bladderwrack for com-
parison spatially and to previous data, while also examining the relationship to data
collected from fauna in the food chain, including limpets, mussels and a preliminary

samples of dog whelks.

7.3 Methodology

7.3.1 Sampling and Analysis

Miramand and Bentley (1992) show that heavy metal uptake by Fucus species varies
throughout the year, peaking in winter and decreasing through the summer for the
majority of metals. The degree of variation with season is shown to be inconsistent
between metals, with Cr showing the least variation (<0.5 mg kg!), and Fe the most
(>200 mg kg!). As aresult, sample collection took place during December of 2010 to
account for this seasonal variability and reflect the timing of data collection in Giusti
(2001). The faunal samples with which metal concentrations in bladderwrack are
compared were also collected in December, as similar patterns of seasonal variation
are shown in limpet and mussel species (Bourgin, 1990; Miramand and Bentley,
1992; Regoli, 1998).

Samples were collected at twelve sites including Whitburn, Roker North Pier,
Roker estuary, Dawdon, Easington, Horden, Blackhall Rocks, Middleton, North
Gare and three sites at Bran Sands (figure 7.1). This differs from Giusti (2001)
as the control of Holy Island has been omitted from this study due to heightened
background levels of metals, thought to be a product of increased vehicular traffic
and the erosion of a dolerite dyke (Giusti, 2001). Equally, the presence of the Giusti
(2001) baseline data for comparison reduces the need for such a control. The number
of sites at Bran Sands has been reduced from five to three, although the sites still

range from estuary to coast. An additional site at Dawdon was used as this was a
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site heavily affected by colliery spoil dumping, and the only site where spoil heaps
were allowed to erode naturally.

Acknowledging differing concentrations of metals through the plant, and recorded
growth rates, Giusti (2001) collected the most recent 8-10 cm fronds of 20-30 ran-
domly chosen plants to produce a single composite sample at each site. The use of
the newest growth from each plant is significant as studies such as Forsberg et al.
(1988) report normally lower metal concentrations than in older growth. Giusti
(2001) also assumes this length of frond will provide an average metal concentra-
tion for a period of 3-5 months, with typical growth rates being recorded as 2-3 cm
month™ (Knight and Parke, 1950). For consistency with Giusti (2001), this 8-10 cm
length of frond was collected and all samples were taken from the mid to upper tidal
range at each location. As bladderwrack was abundant at all sites, the sample size
was increased from 20-30 randomly chosen plants to 30-40, allowing for additional
repeat aliquots to be analysed. Bladderwrack samples were cleaned in the field using

seawater and transported to the laboratory in marine water from the site.

7.3.2 Extraction and measurement

Prior to digestion, seaweed was washed with deionised water and dried at 105°C for
48 hours. Samples were cooled and then weighed and ashed at 475°C, allowing for
the calculation of the loss on ignition (LOI). From each sample, four 5g aliquots of
ashed material were allowed to pre-digest with 5 ml of 16 M HNO3 and 15 ml of 16
M HCI (a 20 ml aqua regia solution) in 50 ml beakers for 48 hours. Each sample
was subsequently refluxed on a hot plate. The samples were gradually heated to
120°C, regulating the temperature when the reaction was getting too aggressive.
The duration of the extraction was until the reaction appeared complete, but no
longer than two hours (Giusti, pers. comm.). Subsequently, all samples were cooled
and then diluted to 50 ml with deionised water.

The digested samples were analysed using the same method as Giusti (2001)
using the Varian SpectrAA 220FS Atomic Absorption Spectrometer. The metals
analysed for were Fe, Mn, Zn, Cr, Cu, Pb, Ni and Cd. Ag has been omitted from
this study due to the consistent low results observed in Giusti et al. (1999), which
may be reflective of background levels. Standards of known concentrations of each
metal were run through the machine prior to the analysis. The matrix effect was
accounted for through the addition of some HCI and HNOj to the standards in the
3:1 ratio equivalent to that of aqua regia in the samples. For some elements with
high concentrations, for example Fe, the 50 ml sample needed to be further diluted
with deionised water before being analysed. Machine readings of each metal were

expressed in mg kg (dry weight).
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7.3.3 Faunal Samples

The results for the seaweed were compared to Mytilus edulis and Patella vulgata
samples previously collected from some of these sites. A small sample of Nucella
lapillus shells were also collected and analysed from Easington and Blackhall Rocks.
These dog whelk samples were treated in the same way as the limpets.

Composite samples of 50-60 mussels were collected from Blackhall Rocks, Mid-
dleton and Bran Sands. Similar sized samples of limpet were collected from Roker
Pier, Easington, Blackhall Rocks, Middleton and Bran Sands. The living samples
were transferred to beakers and stored in seawater from the relevant site for 24 hours
to allow depuration/cleansing (Bordin et al., 1992; Robinson et al., 1993; Donkin
et al., 2003). Each species was separated into shell and tissue, removing the byssal
threads of the mussels. The samples were dried at 105°C for 48hrs, ball milled to
achieve homogeneity (4 minutes at 200 rpm), and then digested and analysed as for
the seaweed.

For reference, the results of a certified reference material run through this method-

ology are presented in table 7.1.

Metal | TAEA-413 Reference | This Study | % Recovery
Fe 1370 1123.05 82
Mn 158 128.93 81.6
/m 169 155.42 92
Cu 11 9.96 89.8
Pb 242 214.81 88.8
Ni 113 99.88 88.4
Cr 377 328.71 87.2
Cd 204 182.84 89.6

Table 7.1: Recovery of metals in certified reference material IAEA-413 (Algae).
Reduced recovery of metals may reflect the differing method of extraction used for
the reference material; while this study extracted using open aqua regia digestion
only, the reference values are averages of different extraction techniques including

closed vessel microwave digestion. Values expressed in mg kg™ (dry weight).
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7.4 Results

Table 7.2 is a summary of the raw data collected in the current investigation, in-
cluding the % ash of seaweed material remaining after loss on ignition is calculated.
The Bran Sands sites are number based on their proximity to the estuary. 1 signifies
the site furthest inland in the estuary, whereas site 5 is the site on the coast. The
table includes the data collected by Giusti (2001), and notes the change in values
observed at each site. N/A represents a site where data was not collected in either
this study or Giusti (2001).

Figure 7.2 is a preliminary look at the data in aggregated form, using the geo-
metric mean of the heavy metal levels to produce a Metal Pollution Index (MPT)
(e.g. Usero et al., 1996, 1997; Giusti et al., 1999):

MPI = (M1 x M2 x M3 x....Mn)/»

Where Mn is the concentration of metal n in mg kg™! (dry weight). This is used to
compare the overall metal contamination at each site before and after remediation,

and to assess trends down the coast.
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Study Site Fe Mn Zn Cu Pb Ni Cr Cd % Ash

2001 Whitburn 636.50 490.60 560.20 29.60 3.60 3.00 5.00 2.53

2011 Whitburn 930.77 636.14 251.53 20.82 7.69 13.02 4.84 3.56 22
Change Whitburn 294.27 145.54 -308.67 | -8.78 | 4.09 10.02 | -0.16 | 1.08

2001 Roker Pier 300.30 360.00 511.40 23.30 5.90 20.20 3.00 2.41

2011 Roker Pier 513.32 454.61 355.57 25.29 9.33 18.09 4.68 4.86 24

Change Roker Pier 213.02 94.61 -155.83 1.99 3.43 -2.11 1.68 2.45

2001 Roker Estuary 490.60 176.00 740.00 30.70 7.80 30.60 3.60 2.02

2011 Roker Estuary | 1962.33 | 1582.82 655.66 33.38 | 45.90 21.47 6.73 3.65 21

Change | Roker Estuary | 1471.73 | 1406.82 -84.34 2.68 38.10 -9.13 3.18 1.63

2001 Dawdon N/A N/A N/A N/A | N/A N/A N/A | N/A

2011 Dawdon 2432.29 901.63 503.17 49.95 | 14.50 37.99 5.10 5.88 27
Change Dawdon N/A N/A N/A N/A N/A N/A N/A | N/A

2001 Easington 1208.90 80.60 1015.50 | 50.60 | 12.10 36.00 3.80 10.03

2011 Easington 842.21 546.38 613.34 49.06 5.38 32.98 4.46 7.97 23
Change Easington -866.69 465.78 | -402.16 | -1.54 | -6.72 -8.02 0.66 | -2.06

2001 Horden 920.10 105.40 904.80 35.90 8.40 70.50 3.50 9.18

2011 Horden 9081.52 1172.17 386.08 57.93 | 23.93 52.43 6.15 6.24 26
Change Horden 8161.42 | 1066.77 | -518.72 | 22.08 | 15.58 | -18.07 | 2.65 | -2.94

2001 Blackhall 815.10 107.90 140.30 20.20 5.70 32.10 2.60 2.16

2011 Blackhall 2045.89 975.84 400.63 56.61 5.86 43.92 4.87 6.84 23
Change Blackhall 1230.79 867.94 260.35 | 36.41 0.16 11.82 2.27 4.68

2001 Middleton 1027.00 83.00 45.40 9.70 0.60 0.40 1.10 0.14

2011 Middleton 1594.65 591.96 403.60 39.57 | 11.89 18.86 5.73 4.31 23
Change Middleton 567.65 508.96 358.20 | 29.87 | 11.29 | 18.46 4.63 4.17

2001 North Gare 80.40 31.60 23.60 8.40 4.90 0.70 2.10 0.21

2011 North Gare 558.73 738.65 342.05 38.72 7.42 19.46 4.69 4.06 21

Change North Gare 478.33 707.05 318.45 | 30.832 | 2.52 18.76 2.59 38.85

2001 Bran Sands 1 658.80 136.20 62.90 15.80 3.20 2.90 2.40 0.06

2011 Bran Sands 1 3045.84 985.30 366.27 40.71 | 23.18 22.84 8.57 3.48 28

Change | Bran Sands 1 2887.04 849.10 303.37 | 24.91 | 19.98 | 19.94 6.17 8.42

2001 Bran Sands 123.20 118.10 46.80 12.30 1.10 2.10 1.20 0.04
2011 Bran Sands N/A N/A N/A N/A | N/A N/A N/A | N/A 26
Change | Bran Sands N/A N/A N/A N/A | N/A N/A N/A | N/A

2001 Bran Sands 2 130.90 93.50 42.10 10.00 2.00 1.60 1.20 0.04

2011 Bran Sands 2 565.50 445.46 309.22 24.77 9.33 13.23 4.76 3.48 24

Change | Bran Sands 2 484.60 351.96 267.12 | 14.77 | 7.33 11.68 3.56 8.44

2001 Bran Sands 95.60 55.20 36.20 13.90 0.70 1.50 1.00 0.03

2011 Bran Sands N/A N/A N/A N/A | N/A N/A N/A | N/A 22
Change Bran Sands N/A N/A N/A N/A N/A N/A N/A | N/A

2001 Bran Sands 3 67.50 18.80 41.80 10.20 0.50 0.60 0.90 0.02

2011 Bran Sands 3 1476.83 549.57 308.58 29.50 | 12.53 15.18 4.62 4.21 26

Change | Bran Sands 8 | 1409.33 530.77 266.78 | 19.830 | 12.08 | 14.58 3.72 4.19

Table 7.2: Fucus vesiculosus heavy metal concentrations (mg kg™!) from the current

study and Giusti (2001) (prior to remediation).
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Fe concentration of F. vesiculosus at each sample site, including the 1997 and 2010 studies.

Whitburn F———5

Roker Pier ——

Roker Estuary ——————x

Dawdon =

Easington ———

Horden

Blackhall Rocks ———————y
NorthGare F————

Middleton F——

Bran Sands 1 —

Bran Sands 2
-
Bran Sands3 F———

Bran Sands 4

Bran Sands 5 .:»—
Error bars = 1 standard error

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000
Fe (mg/kg)

’_ Fe —F. vesiculosus 1997 |:| Fe — F. vesiculosus 2010 ‘

Figure 7.3: Fe concentrations (mg kg™!) in bladderwrack before and after remediation

Mn concentration of F. vesiculosus at each sample site, including the 1997 and 2010 studies.
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Figure 7.4: Mn concentrations (mg kg™') in bladderwrack before and after remedia-

tion
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Cu concentration of F. vesiculosus at each sample site, including the 1997 and 2010 studies.
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Figure 7.5: Cu concentrations (mg kg!) in bladderwrack before and after remedia-

tion

Zn concentration of F. vesiculosus at each sample site, including the 1997 and 2010 studies.
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Figure 7.6: Zn concentrations (mg kg!) in bladderwrack before and after remedia-

tion
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Pb concentration of F. vesiculosus at each sample site, including the 1997 and 2010 studies.
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Figure 7.7: Pb concentrations (mg kg™!) in bladderwrack before and after remedia-

tion

Cd concentration of F. vesiculosus at each sample site, including the 1997 and 2010 studies.
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Figure 7.8: Cd concentrations (mg kg') in bladderwrack before and after remedia-

tion
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Cr concentration of F. vesiculosus at each sample site, including the 1997 and 2010 studies.
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Figure 7.9: Cr concentrations (mg kg') in bladderwrack before and after remedia-

tion

Ni concentration of F. vesiculosus at each sample site, including the 1997 and 2010 studies.
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Figure 7.10: Ni concentrations (mg kg?) in bladderwrack before and after remedi-

ation

66



The MPI at all sites is shown to increase to some degree (figure 7.2) across
remediation. The greatest increase between sites is observed at the first Bran Sands
site, furthest from the coast (from ~10 points to >70). The smallest increase in MPI
is observed at Easington, where both datasets result in an MPI of approximately
55. The largest MPI value in the current dataset is at Horden (>100), compared
to Easington in 1997 (755), and the lowest is Bran Sands 3 (737) compared with
Bran Sands 5 in 1997 (73). Aside from the overall increase in MPI values, the
general spatial trend appears to be a shift of less well defined peak values further
down the coastline. Where peak values are observed at Easington and Horden in
1997, and MPI values drop significantly south of Blackhall Rocks, peak values in
the 2010 dataset appear to stretch from Roker Estuary to Bran Sands 1 with MPI
generally decreasing either side. The four largest values in 2010 are observed at
estuarine sites (Roker and Bran Sands), and sites where treated minewater pumping
has commenced between studies (Horden (2004) and Dawdon (2009)). It is worth
noting again at this point that the length of frond sampled (based on recorded
growth rates) is used to provide an average pollution record for the 3-5 months
prior to sampling in both studies.

Concentrations of Fe, Mn, Cu, Zn, Pb, Cd, Cr and Ni from each study either
side of remediation are presented in figures 7.3 to 7.10.

Fe and Mn are shown to be the metals which have the greatest overall increase
in concentration between each study, increasing by an order of magnitude at some
sites. For example, Fe concentrations at Horden increase from <1000 mg kg to
>9000 mg kg™!, while Mn values at Roker estuary increase from <200 mg kg to
"1,600 mg kg between studies. The spatial pattern of Fe concentrations largely
mirrors the observed pattern in the 1997 data, with larger values between Dawdon
and North Gare. However, there appears to be an increasing input of iron from the
estuarine sites of Roker (up by ~1,500 mg kg') and Bran Sands (up by “2,250 mg
kg!) compared to the previous data set. There is a less well defined spatial peak
of Mn concentrations in the current study compared to the 1997 data, where the
highest values were observed at Whitburn (7500 mg kg™') and Roker pier (7360 mg
kg!). In 2010, the general trend appears to be a greater increase in concentrations
further south, between the estuarine sites, with the northern sites of Whitburn and
Roker seeing the smallest increases in Mn. This shift is manifested by the large
increase in Mn concentrations at Roker estuary and notably Horden (up by ~1,075
mg kg!), the sight of a significant increase in Fe concentration.

The concentration of Cu appears to have a similar spatial trend in this study
to the dataset provided by Giusti (2001), although the values from Horden, moving
south to Bran Sands, all show significant increases (smallest increase of “15 mg kg™

at Bran Sands 3, largest increase of “35 mg kg! at Blackhall Rocks). Conversely,
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the range of observed concentrations in Zn at all sites in 2010 (7400 mg kg™') is
significantly lower than that observed in the 1997 dataset (71000 mg kg), resulting
in the apparent spatial pattern of lower values south of Horden being removed from
the record. Zn is also the only metal for which concentrations in 2010 are consistently
lower between Whitburn (decreased by ~300 mg kg) and Horden (decreased by ~500
mg kg!) compared with the data from prior to remediation.

The majority of observed changes in concentration of Cr and Cd are likely to fall
within the error of both studies in terms of detection limits and levels of method-
ological uncertainty due to such small differences at low detection levels. However,
the apparent trend shown in the other metals of large increases at Bran Sands is
again observed for these metals as well as Pb and Ni. Notable increases in Pb are
found at both the estuarine sites, with Roker increasing by ~37.5 mg kg, and Bran
Sands increasing by “17.5 mg kg!. The trend observed in the results for Mn and
Zn of a narrowing concentration range due to increasing values south of Horden is
again apparent in Cd, Cr and Ni.

Overall, the individual metal concentration results suggest a changing spatial
pattern of contaminants compared to that observed in the 1997 dataset. Although
the majority of metals peak concentrations lie between Roker estuary and Blackhall
Rocks, the comparable or lower values observed north of these sites, and the large
increases generally observed in the Tees estuary area (North Gare to Bran Sands),
mean that the previous trend of decreasing contamination levels down the coast is
now absent from the record.

This increasing level of contamination seen at the Tees estuary sites south of
Horden, the significantly increased values of Fe and Mn, and the large increase in

Pb at the Roker estuary site are the key findings from this dataset.

7.4.1 Bioaccumulation

Table 7.3 shows metal concentrations from three indicators for the comparison of
metal accumulation in species at different trophic levels. Easington was chosen as
the site to produce this comparison as it was the last site of mine closure, and it is
down the coast from (and therefore potentially influenced by) the treated minewater

pumping station at Dawdon.
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If the site was subject to long term (species lifetime) pollution, it may be expected
that some of the metals would bioaccumulate in the shell material of faunal species
as it progresses up the food chain. The data suggests that a potential long term
source is not an issue as all metal levels in the predator (dog whelks) are lower than
in the prey (limpet), aside from a small increase in Zn. However, as with limpets
and mussels, Fe concentrations are significantly higher than any other metal in the
dog whelk shell.

7.4.2 High Fe and Mn Across Species

Although potential bioaccumulation of the high values of Fe and Mn observed in
bladderwrack appear to be absent from the shell material of limpets and dog whelks,
significantly high values are observed in the tissue material of both limpets and
mussels (table 7.4). Blackhall Rocks was the site chosen for this comparison as it
has the complete record of all three species and is located south of both the pumping

stations at Dawdon and Horden.

Blackhall Rocks Species Fe Mn

F. vesiculosus 20459 | 975.8
P. vulgata (tissue) | 10159 | 92.1
M. edulis (tissue) | 11691 | 174.5

Table 7.4: Comparison of heavy metal concentrations (mg kg') between species
from the 2010 dataset, including bladderwrack and the tissue material of limpets

and mussels.

Despite the differences between these values (which could be due to different
rates of uptake, measurement timescales, and different rates of excretion), they are
all significantly higher than observed in the work of Giusti et al. (1999) and Giusti
(2001). Due to the apparent absence of long term bioaccumulation from the record,
these high values are likely to be caused by a short term, or fluctuating, aqueous
source. This may be inferred due to the absence of significantly high values in
the shell record of the species analysed, and also due to the ecological niche of both
bladderwrack and limpets, suggesting that metal concentrations should be primarily

reflective of water quality rather than sediment bound pollutants.
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7.5 Discussion

The observed concentrations of the eight heavy metals analysed in this study are
typically higher than observed in Giusti (2001), with concentrations of Fe and Mn
showing significant increases in bladderwrack. This 3 month record is reflective of
the significant increases of these two metals observed in previously collected data
in mussel and limpet tissue. The consistent presence of these high values suggests
they are not anomalous, and the absence of such high concentrations in predators
and shell material may indicate a new aqueous source, independent of past mining
activities. One potentially polluting activity which is present now and would have
been absent from both Giusti studies is the treatment of polluted minewater and
subsequent pumping back into the sea. This process was initiated at Horden in 2004
and Dawdon in 2009, north of the sites which show the most significant increases in
Fe and Mn. Although this process is designed so that the efluent has concentrations
of Fe at or below 1 mg k¢!, values measured by the Environment Agency have
reached 34 mg kg in the past (see figures 7.11 and 7.12) (Environment Agency,
2011b).
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EA monitoring data of treated minewater effluent at Horden
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Figure 7.12: EA monitoring of treated minewater efluent at Horden (Contains Environment Agency information () Environment Agency and
database right)



The data shows that the output from the Horden station frequently exceeds the
target level of iron contamination. Although these values are still at a relatively
low level, the large volume of treated water which is pumped out suggests this
source of metals should be considered throughout any monitoring investigation,
particularly when considering future impacts as another station has recently been
opened. Couple these high values with the high rate of pumping (35-70 litres per
second), and the absence of manganese monitoring, and this appears to be a viable
source from which these metals could accumulate in bioindicators. Based on these
findings, future and more frequent monitoring of the efluent water and surrounding
seawater is suggested.

The trend in metal accumulation has also seen significant change since the pre-
vious study and remediation. Where the trend of most metal levels to decrease as
we move down the coast was present in Giusti (2001), a much less defined pattern is
currently present. This observation is epitomised by the significant increases in most
metals observed at the Bran Sands sites. This accumulation at the estuary may be
a result of offshore sediment being transported south with metals being removed by
wave action. This could provide a secondary hypothesis for observed increases in
metals between studies, as the process of sediment removal in remediation would
have allowed greater volumes of loose sediment to be picked up and moved by the
waves. If this is the case, the high values observed may represent temporary peaks
which are a necessary bi-product of removing huge volumes of polluted sediment
from the beach for disposal. In order to test this theory, future offshore sediment
grab samples and turbidity measurements are recommended.

High values of Pb observed at Roker estuary mirror the findings of the riverine
research carried out by Shepherd et al. (2009), and suggest these inland sources
may be having some coastal implications, despite remediation having taken place at
the inland sites. Further research should be carried out to monitor these possible

sources and consider the extent of the effected region.

7.6 Conclusion

Previous research using Mytilus edulis and Patella vulgata suggested that high values
of metal pollutants may be a result of short term aqueous sources, with the long
term record suggesting decreasing contamination levels and a successful remediation
project.

The results of this investigation using Fucus vesiculosus have done little to change
this theory, with high values of Fe and Mn observed in the indicator cited as a useful
measure of water quality. The apparent lack of bioaccumulation of metals between

predator and prey provide further support that these instances of high metal levels
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are short term or fluctuating. The results of this study should provide further
evidence that stricter monitoring of post remediation water treatment processes is
required, particularly as a new treatment facility has opened at Whitburn since this

data was collected.

75



Chapter 8
Conclusions

The following section summarises the outcomes of the two conducted studies with
reference to the research questions which the investigation aimed to answer. Sub-
sequent, more detailed discussion leads back to the aim of the investigation, before

suggestions for further work are noted.

8.1 Reference to Research Questions

8.1.1 What is the current spatial pattern of heavy metal
contamination in Muytilus edulis, Patella vulgata and
Fucus wvesiculosus along the County Durham coast-
line?

The patterns of heavy metal contamination in the shell and tissue material of both
limpets and mussels, along with bladderwrack, exhibit some distinct similarities
and differences along the coastline under study. The metal pollution index in shell
material for both mussels and limpets is uniformly low along the coast (<5 points at
each site). However, within this trend, different spatial peaks are observed. Mussel
shell appears to become more polluted as we progress down the coast, whereas limpet
shell increases in contamination level as we move south to Blackhall Rocks where
a peak is observed, before decreasing again to the Tees estuary sites. However, it
should be noted that due to the low values detected for each metal at each site,
these small variations may fall within the methodological error of the investigation.

The tissue data collected from the same species at the same sites illustrates
a different level of contamination with different trends. The MPI for the tissue
material across the study region does not fall below 13 points, peaking at around

30, although the high observed concentrations of Fe and Mn in this medium will
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influence these high values. As with the limpet shell material, the tissue data for
both species suggests a peak contamination level at Blackhall Rocks.

Unlike the faunal data, peak values of contamination in bladderwrack are found
at Horden, generally decreasing to the north and south, with MPI ranging from
approximately 35 to in excess of 100. Again, these values will be influenced by the
high concentrations of Fe and Mn observed at different sites, but the comparison of
MPI across species gives an indication of the sensitivity of the different indicators
in these environmental conditions. Indeed, these differences provide justification for
the analysis of both shell and tissue material, as well as the adoption of a multi-

indicator approach when conducting a heavy metal monitoring study.

8.1.2 What trends are observed between the data collected

for each species?

Although the pattern for contamination in shell and tissue material differs for both
mussels and limpets, the limpet shell material appears to reflect the pattern observed
in tissue material more closely than the mussel samples. This may suggest that the
accumulation of metals in shell material, transferred from tissues, is more consistent
in this species. The high values of Fe and Mn are consistent across all three species,

suggesting this is not an anomaly.

8.1.3 How do the current point concentrations and spatial

trends compare to data collected prior to Turning the
Tide?

There are clear differences between the point data and spatial trends observed in the
current investigation compared with data collected by Giusti prior to remediation.
The long term heavy metal record of the County Durham coastline is shown to have
decreased at the study sites where the shell material of mussels and limpets was
analysed. However, increases in mussel tissue contamination of Fe and Mn between
1996 and 2010 are also present. The absence of these increases in the shell data
suggest the source may have arisen relatively recently, or these levels are a product
of short term fluctuations which are averaged out of the long term record provided
by shell material.

The previous spatial pattern of pollution found in bladderwrack, which suggests
a decreasing level of contamination down the coastline, is now absent from the data.
Indeed, the levels of metal concentration in all three indicators currently suggest
that the most southerly site, Tees estuary, has become increasingly polluted since

the studies in 1996-1997. Overall, the range of contamination levels observed in
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all indicators has decreased, with previous well defined peaks for certain metals at
certain sites becoming less obvious in the new dataset.

In addition, the high value of lead observed in the bladderwrack data for the
Roker estuary site compared to the earlier study confirms the need for further mon-

itoring of riverine sources, noted by Shepherd et al. (2009).

8.1.4 What impact could the process of remediation have

had on the observed spatial and temporal trends?

Due to the similarly high concentrations of Fe and Mn found in both limpets and
bladderwrack, both known to be good indicators of water quality, the implication is
that the predominant source of contamination for these metals is in aqueous form.
As a result, these high values observed in all three indicators are linked to the post
remediation pumping of treated minewater into the sea at Dawdon and Horden.
Although the treated effluent has a guideline value of Fe, Environment Agency data
suggests that this is frequently exceeded and Mn levels are not monitored at all.
Closer monitoring of this pumping is called for, particularly as plans to open a new
pumping site at Whitburn are being carried out.

Despite these findings, all guideline values are met for the toxicity of heavy metals
within mussel tissue, showing an improvement on the 1996 study. These values are

also within the requirements for edibility.

8.2 Further Discussion

When considering the results in this investigation which are indicative of long term
pollution trends, the change in physical form of the County Durham coastline, and
the improved image which this has brought, the £10 million regeneration project
has been a success. However, in light of the data collected here, new problems have
been created in terms of the maintenance of the coastline, and the goal of producing
consistently low levels of heavy metal contamination. Although the unusually high
levels of iron and manganese observed in these studies appear to be a result of
low level fluctuations, the source needs to be identified to prevent levels increasing
in the future, due to implications for fisheries and bathing sites. If, for example,
the source of the problem is found to be a result of the treated minewater efluent
from pumping stations, the opening of future sites after this study (e.g. the site at
Whitburn in January 2011), may be having unknown adverse effects if the issue is
not recognised.

The increase in heavy metal pollution at Bran Sands since 1997 is apparent

for the majority of metals analysed and present in the record provided using all
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three indicators. This would suggest that these results are not anomalous, and the
cause may be linked to the mobilisation of material which was initially dumped
offshore prior to mine closure. The net transport of material along this coastal
cell is from north to south (Johnson and Frid, 1995). The Tees estuary provides
a natural barrier and thus an area of deposition for transported material in this
cell to accumulate. It is possible that the general increase in metal contamination
at this site is a product of this gradual transport and deposition. The physical
breaking down and removal of mine waste from the beaches as a part of remediation
could cause a magnification of this effect. Although the contaminated sediment was
moved to the cliff tops and capped, the process of breaking up compact material may
have heightened the potential for contaminated sediments to be transported by wave
action during the remediation process. This theoretical fluctuation in the transport
of polluted material may explain why the Tees estuary area appears to be more
polluted now than during either of the Giusti studies, despite the sample collections
for all studies being carried out after the input of mine waste into the system had
ceased. Considering the bladderwrack data in particular, the general change in trend
from decreasing levels of contamination down the coast, to the present spatial record
which has a much narrower range, would suggest this theory has some grounding.
Indeed, it seems logical that this shift in trend, with increasingly polluted sites to
the south, would mirror the movement of the pollutants.

Another possible cause of the increased levels of metal contamination observed in
the estuarine environment is the riverine transport of polluted material from inland
sources. As Shepherd et al. (2009) suggest, this appears to be a factor in the Roker
estuary, with heightened levels of lead observed in the bladderwrack data. Future
studies of sediments at sites of deposition along the Tees river would be required to

consider how influential such sources may be at Bran Sands.

The aim of the current investigation was:

“To provide a new heavy metal record in Mytilus edulis and Fucus vesiculosus
post-remediation, and compare this to data collected between final colliery closure
and the start of Turning the Tide. This comparison, along with an assessment of
the present spatial patterns will allow a discussion of the remediation process and

the impacts it may have had on the County Durham coastline.”

This thesis has presented the new heavy metal records for three species, and
through the comparison of results to data collected prior to remediation, the in-
vestigation has highlighted areas which require future monitoring, and potential

problems which may be attributed to aspects of the remediation process. Through
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the presentation of data and the raising of new questions regarding the methods by

which mine water is treated, the initial aims have been achieved.

8.3 Future Work

Based on the findings of the current investigation, three key areas of future study
have been identified:

Firstly, work should be carried out to identify the source of the elevated levels
of aqueous iron and manganese. The collection and analysis of periodic sea water
samples at coastal sites could prove a useful starting point to such an investigation,
particularly as it appears these high values may be a product of short term fluctu-
ations. In order to identify any possible influences, closer monitoring of the treated
minewater efluent at Whitburn, Dawdon and Horden and the surrounding waters
would be beneficial.

Secondly, future consideration could be given to the mobilisation of polluted
sediment which lies offshore. By considering levels of turbidity at different sites,
collecting sediment samples from the seabed and utilising tracers, it may be possible
to identify sources and sinks of polluted material. It would be interesting to see how
any resulting spatial patterns map onto the pollution record collected from coastal
ecology.

Finally, further studies which use bioindicators to collect heavy metal data at
these sites would allow the construction of an increasingly detailed temporal record
of post-remediation contamination levels. The relatively short record provided by
such indicators is useful for noting changes in a dynamic environment, allowing areas
which require further investigation to be identified, as has been experienced in this

study.

80



Bibliography

Ackermann, F., Bergmann, H., and Schleichert, U. (1983). Monitoring of heavy
metals in coastal and estuarine sediments - a question of grain-size. Environmental
Technology Letters, 4(7):317-328.

Afridi, H. 1., Kazi, T. G., Jamali, M. K., Kazi, G. H., Arain, M. B., Jalbani, N., and
Shar, G. Q. (2006). Analysis of Heavy Metals in Scalp Hair Samples of Hyperten-
sive Patients by Conventional and Microwave Digestion Methods. Spectroscopy
Letters, 39(2):203-214.

Amiard, J., Amiard-Triquet, C., Berthet, B., and Metayer, C. (1987). Comparative
study of the patterns of bioaccumulation of essential (Cu, Zn) and non-essential
(Cd, Pb) trace metals in various estuarine and coastal organisms. Journal of
Ezperimental Marine Biology and Ecology, 106(1):73-89.

Araujo, M. D., Bernard, P. C., and Van Grieken, R. (1988). Heavy metal contami-
nation in sediments from the Belgian coast and Scheldt estuary. Marine Pollution
Bulletin, 19(6):269-273.

Aspect (2012). Coastal Cells. hitp://www.aspectsurveys.com/news.htm.

Barnes, N. and Frid, C. (1999). Restoring shores impacted by colliery spoil dumping.

Aquatic Conservation: Marine and Freshwater Ecosystems, 9(1):75-82.

Bertness, M. D. and Leonard, G. H. (1997). The role of positive interactions in
communities: lessons from intertidal habitiats. Fcology, 78(7):1976-1989.

Bertness, M. D., Leonard, G. H., Levine, J. M., Schmidt, P. R., and Ingraham, A. O.
(1999a). Testing the relative contribution of positive and negative interactions in
rocky intertidal communities. Ecology, 80(8):2711-2726.

Bertness, M. D., Levine, J. M., Bruno, J. F., and Leonard, G. H. (1999b). Climate-
driven interactions among rocky intertidal organisms caught between a rock and
a hot place. Oecologia, 120(3):446-450.

Bird, E. (2010). Encyclopedia of the World’s Coastal Landforms, Volume 1. Springer.

81



Bordin, G., McCourt, J., and Rodriguez, A. (1992). Trace metals in the marine
bivalve Macoma balthica in the Westerschelde estuary (The Netherlands). Part
1: Analysis of total copper, cadmium, zinc and iron concentrations-locational and

seasonal variations. Science of the Total Environment, 127.

Bourgin, B. (1990). Mytilus edulis shell as a bioindicator of lead pollution: Con-
siderations on bioavailability and variability. Marine Ecology Progress Series,
61:253-262.

Brenner, M. and Buck, B. (2010). Attachment properties of blue mussel (Mytilus
edulis L.) byssus threads on culture-based artificial collector substrates. Aquacul-
tural Engineering, 42(3):128-139.

Bryan, G. W. (1980). Recent trends in research on heavy-metal contamination in
the sea. Helgoland Marine research, 33(1-4):6-25.

Bryan, G. W. and Hummerstone, L. G. (1973). Brown Seaweed as an Indicator
of Heavy Metals in Estuaries in South-West England. Journal of the Marine
Biological Association of the United Kingdom, 53(03):705-720.

Castilla, J. C. (1996). Copper mine tailing disposal in northern Chile rocky shores:
Enteromorpha compressa (Chlorophyta) as a sentinel species. Environmental
Monitoring and Assessment, 40(2):171-184.

CEFAS (1997). Monitoring and surveillance of non-radioactive contaminants in the
aquatic environment and activities regulating the disposal of waste at sea, 1994.

Aquatic Environment Monitoring Report 47.

Chen, M. and Ma, L. Q. (2001). Comparison of Three Aqua Regia Digestion Methods
for Twenty Florida Soils. Soil Sci. Soc. Am. J., 65:491-499.

Coal Authority (2007). Dawdon and Horden:  Regional Water Re-
source Protection Scheme. hitp://coal.decc.gov.uk/en/coal/cms/environment/

schemes/horden_dawdon/horden_dawdon. aspz.

Cowan, C., Jenne, E., and Kinnison, R. (1984). A methodology for determining
the toxic chemical species of copper in toxicity experiments and natural waters.
In Hemphill, D., editor, Trace substances in environmental health, XVIII, pages
78-91. University of Missouri, Columbia.

Cremona, J. (2005). Rocky shore communities. Understanding Ecology Fieldwork 1
- Field Studies Council.

82



Cunningham, P. (1979). The use of bivalve molluscs in heavy metal pollution re-
search. In Vernberg, W., Calabrese, A., Thurberg, F., and Vernberg, F., editors,
Marine Pollution: Functional Responses, pages 184-221. Academic Press, New
York.

Daly, M. and Mathieson, A. (1977). The effects of sand movement on intertidal sea-
weeds and selected invertebrates at Bound Rock, New Hampshire, USA. Marine
Biology, 43(1):45-55.

Davies, M. S., Proudlock, D. J., and Mistry, A. (2005). Metal Concentrations in
the Radula of the Common Limpet, Patella vulgata L., from 10 Sites in the UK.
FEcotoxicology, 14(4):465-475.

Davis, G. and Horswill, P. (2002). Groundwater control and stability in an excava-
tion in Magnesian Limestone near Sunderland, NE England. Engineering Geology,
66(1-2):1-18.

Davis, T. A., Volesky, B., and Mucci, A. (2003). A review of the biochemistry of
heavy metal biosorption by brown algae. Water research, 37(18):4311-30.

DEFRA  (2011). Open  Coast SMP  management  boundaries.
hitp://www. defra.gov.uk/publications /files /smpg-vol2-appe. pdf.

Donkin, P., Smith, E. L., and Rowland, S. J. (2003). Toxic effects of unresolved com-
plex mixtures of aromatic hydrocarbons accumulated by mussels, Mytilus edulis,

from contaminated field sites. Environmental Science & Technology, 37(21):4825-
4830.

Duncan, R. N. (1973). 1972 Convention on the Prevention of Marine Pollution by

Dumping of Wastes at Sea, The. Journal of Maritime Law and Commerce, 5.

Dunham, K. (1990). Geology of the North Pennine Orefield, Volume One Tyne to
Stainmore. HMSO, London.

Durham Biodiversity Partnership (DBP) (2009). Marine & Coastal BAP.
http: //www. durhambiodiversity.org.uk/pdfs/Marineéd Coastal BA Pintroductioné
appendices. pdyf.

Durham Biodiversity Partnership (DBP) (2010). Ecology of Rocky Shores.
http:/ /www. durhambiodiversity. org.uk/pdfs/Marineéd Coastal BA Pintroduction
appendices.pdf.

Durham Coast Management Plan (1993). Coastal Processes Report, Job No. 7698A.
Report Reference: 1B. Technical report.

83



Durham Heritage Coast (2005). Durham Coast Conservation Management Plan.

www. durhamheritagecoast.org.

Durham Heritage Coast (2010). Coastal Remediation: Turning the
Tide. http://www.durhamheritagecoast.org/dhc/usp.nsf/pws/Durham+ Heritage+
Coast+-+The+Coast+-+History.

Ellis, D. V. and Hoover, P. M. (1990). Benthos on tailings beds from an abandoned
coastal mine. Marine Pollution Bulletin, 21(10):477-480.

Environment Agency (2011a). Most Improved Rivers. http://www.environment-

agency.gov.uk/news/132754.aspx.

Environment Agency (2011b). via personal communication with Niall Benson
(Durham Heritage Coast Officer). (Contains Environment Agency information

(copyright) Environment Agency and database right).

Evans, P., Ward, R., Bone, M., and Leakey, M. (1998). Creation of temperate-
climate intertidal mudflats: Factors affecting colonization and use by benthic
invertebrates and their bird predators. Marine Pollution Bulletin, 37(8-12):535—
545.

Feare, C. J. (1970). Aspects of the ecology of an exposed shore population of
dogwhelks Nucella lapillus (L.). Oecologia, 5(1):1-18.

Fitzpatrick P. J., O’Halloran J., Sheehan D., and Walsh A. R. (1997). Assessment of
a glutathione S-transferase and related proteins in the gill and digestive gland of

Mytilus edulis (L.), as potential organic pollution biomarkers. Biomarkers, 2(1):6.

Forsberg, A., Soderlund, S., Frank, A., Petersson, L., and Pedersén, M. (1988).
Studies on metal content in the brown seaweed, Fucus vesiculosus, from the

Archipelago of Stockholm. Environmental Pollution, 49(4):245-263.

FSC  (2008). Field Study Council:  Bladderwrack (Fucus vesiculosus).
hitp://www.theseashore.org.uk/theseashore /SpeciesPages/Bladderwrack%20
French.jpg.html.

Fuge, R. and James, K. (1973). Trace metal concentrations in brown seaweeds,

Cardigan Bay, Wales. Marine Chemistry, 1(4):281-293.

Gabriel, J. (1981). Differing resistance of various mollusc shell materials to simulated
whelk attack. Journal of Zoology, 194(3):363-369.

84



Gibbs, P. E., Bryan, G. W., Pascoe, P. L., and Burt, G. R. (1987). The use of the
dog-whelk, Nucella lapillus, as an indicator of tributyltin (TBT) contamination.
Journal of the Marine Biological Association of the United Kingdom, 67(03):507—
523.

Giusti, L. (2001). Heavy metal contamination of brown seaweed and sediments
from the UK coastline between the Wear river and the Tees river. Environment

International, 26(4):12.

Giusti, L., Williamson, A. C.; and Mistry, A. (1999). Biologically available trace
metals in Mytilus edulis from the coast of Northeast England. FEnvironment In-
ternational, 25(8):969-981.

Goldberg, E. D. (1975). The mussel watch-a first step in global marine monitoring.
Marine Pollution Bulletin, 6:111.

Guthrie, R. K., Davis, E. M., Cherry, D. S., and Murray, H. E. (1979). Biomagni-
fication of heavy metals by organisms in a marine microcosm. Bulletin of Envi-

ronmental Contamination and Tozicology, 21(1):53-61.

Hartnoll, R. and Wright, J. (1977). Foraging movements and homing in the limpet
Patella vulgata L. Animal Behaviour, 25:806-810.

Hawkins, A. J. S., Smith, R. F. M., Bayne, B. L., and Heral, M. (1996). Novel
observations underlying the fast growth of suspension-feeding shellfish in turbid

environments: Mytilus edulis. Marine Ecology Progress Series, 131:179-190.

Hill, A. S. and Hawkins, S. J. (1991). Seasonal And Spatial Variation of Epilithic
Micro Algal Distribution and Abundance and its Ingestion By Patella Vulgata on

A Moderately Exposed Rocky Shore. Journal of the Marine Biological Association
of the United Kingdom, 71(02):403-423.

Ho, Y. (1984). Zn and Cu concentrations in and (phaeophyta, fucales) after trans-
plantation to an estuary contaminated with mine wastes. Conservation & Recy-
cling, 7(2-4):329-337.

Hoenig, M. and de Kersabiec, A.-M. (1996). Sample preparation steps for analysis
by atomic spectroscopy methods: present status. Spectrochimica Acta Part B:
Atomic Spectroscopy, 51(11):1297-1307.

Huanxin, W., Lejun, Z., and Presley, B. J. (2000). Bioaccumulation of heavy met-
als in oyster (Crassostrea virginica) tissue and shell. FEnvironmental Geology,
39(11):1216-1226.

85



Hueck, H. (1976). Active surveillance and use of bioindicators. In Amavis, R. and
Smeets, J., editors, Principles and Methods for Determining Fcological Criteria

on uptake and loss of lead in Hydrobiocenoses., pages 275-286. Pergamon Press,
Oxford, England.

Humphries, L. (1996). A coastal morphology classification system for beaches on
the Co. Durham coast modified by the addition of colliery spoil. Samara, Cardi-
gan(UK).

Hyslop, B., Davies, M., Arthur, W., Gazey, N., and Holroyd, S. (1997). Effects
of colliery waste on littoral communities in northeast England. FEnvironmental
Pollution, 96(3):383-400.

Johnson, L. and Frid, C. (1995). The recovery of benthic communities along the
County Durham coast after cessation of colliery spoil dumping. Marine Pollution
Bulletin, 30(3):215-220.

Jothinayagi, N. and Anbazhagan, C. (2009). Heavy Metal Monitoring of
Rameswaram Coast by Some Sargassum species. American-Furasian Journal of
Scientific Research, 4(2):73-80.

Knight, M. and Parke, M. (1950). A Biological Study of Fucus Vesiculosus L. and F.
Serratus L. Journal of the Marine Biological Association of the United Kingdom,
29(02):439-514.

Lewis, J. and Bowman, R. S. (1975). Local habitat-induced variations in the pop-
ulation dynamics of Patella vulgata L. Journal of Fxperimental Marine Biology
and Ecology, 17(2):165-203.

Limestone Landscapes (2010). Landscape Conservation Action Plan.
http://content.durham.gov.uk/PDF Repository/Landscape_Conservation_Action_
Plan.pdf.

Little, C., Williams, G. A., Morritt, D., Perrins, J. M., and Stirling, P. (1988). Forag-
ing behaviour of Patella vulgata L. in an Irish sea-lough. Journal of Experimental
Marine Biology and Ecology, 120(1):1-21.

Ludwig, D., Hilborn, R., and Walters, C. (1993). Uncertainty, resource exploitation,
and conservation: lessons from history. Science (New York, N.Y.), 260(5104):17—
36.

Maas Geesteranus, R. (1942). On the formation of banks of Mytilus edulis. Arch.
Neerl. Zool., 6:283-325.

86



Mendelsohn, A. I. (1971). Ocean Pollution and the 1972 United Nations Conference

on the Environment. Journal of Maritime Law and Commerce, 3.

Middleton, R. and Grant, A. (1990). Heavy metals in the Humber estuary: Scro-
bicularia clay as a pre-industrial datum. Proceedings of the Yorkshire Geological
Society, 48(1):75-80.

Miramand, P. and Bentley, D. (1992). Heavy metal concentrations in two biological
indicators (Patella vulgata and Fucus serratus) collected near the French nuclear
fuel reprocessing plant of La Hague. Science of the Total Environment, 111(2-
3):135-149.

Mohlenberg, F. and Riisgard, H. U. (1979). Filtration rate, using a new indirect
technique, in thirteen species of suspension-feeding bivalves. Marine Biology,
54(2):143-147.

Morton, B. (2005). Mytilus edulis diagram. http://www.manandmollusc.net/ ad-

vanced_introduction/bivalve_byssal. html.

Natural England (2011).  Nature on the Map designated land database.
http:/ /www.natureonthemap.naturalengland. org.uk/map. aspx%20.

Neff, J. (2002). Bioaccumulation in marine organisms: Effects of contaminants from

oil well produced water. Elsevier, Netherlands.

Nelson, A. and Donkin, P. (1985). Processes of bioaccumulation: the importance of
chemical speciation. Marine Pollution Bulletin, 16(4):164-169.

Newman, M. and Jagoe, C. (1994). Ligands and the bioavailability of metals in
aquatic environments. In Hamelink, J., Landrum, P., Bergman, H., and Benson,
W., editors, Bioavailability: Physical, Chemical and Biological Interactions, pages
39-61. Lewis, Boca Raton, FL.

Nickless, G., Stenner, R., and Terrille, N. (1972). Distribution of cadmium, lead
and zinc in the Bristol Channel. Marine Pollution Bulletin, 3(12):188-190.

Norton, M. (1985). Colliery waste and fly-ash dumping off the north-eastern coast
of England. In Duedall, 1., Kester, D., Park, P., and Ketchum, B., editors, Wastes
in the Ocean, pages 424-426. Wiley & Sons, New York.

Parker, K. (2003). Management of Risks to Groundwater from Past
Coal Mining.  http://www.coastms.co.uk/resources/4060d808-b372-4783-9f03-
a7c3d316b5ab.pdf.

87



Phillips, D. (1970). Trace metals in the common mussel, Mytilus edulis (L.), and in
the alga Fucus vesiculosus (L.) from the region of the sound (Oresund). Environ-
mental Pollution, 18(1):31-43.

Phillips, D. J. (1977). The use of biological indicator organisms to monitor trace
metal pollution in marine and estuarine environmentsa review. FEnvironmental
Pollution (1970), 13(4):281-317.

Priskin J. (2003). Physical impacts of four-wheel drive related tourism and recreation
in a semi-arid, natural coastal environment. Ocean and coastal management,
46(1):127-155.

Rainbow, P. S. and Phillips, D. J. H. (1993). Cosmopolitan biomonitors of trace
metals. Marine Pollution Bulletin, 26(11):593-601.

Rainbow P.S. (1995). Biomonitoring of Heavy Metal Availability in the Marine
Environment. Marine Pollution Bulletin, 31(4):10.

Regoli, F. (1998). Trace Metals and Antioxidant Enzymes in Gills and Digestive
Gland of the Mediterranean Mussel Mytilus galloprovincialis. Archives of Envi-

ronmental Contamination and Tozicology, 34(1):48-63.

Regoli, F. and Orlando, E. (1994). Accumulation and subcellular distribution of met-
als (Cu, Fe, Mn, Pb and Zn) in the Mediterranean Mussel Mytilus galloprovincialis
during a field transplant experiment. Marine Pollution Bulletin, 28:592—600.

Roberts, D. A., Johnston, E. L., and Poore, A. G. B. (2008). Contamination of
marine biogenic habitats and effects upon associated epifauna. Marine Pollution
Bulletin, 56(6):1057-65.

Robinson, W., Ryan, D., and Wallace, G. (1993). Gut contents: A significant
contaminant of Mytilus edulis whole body metal concentrations. Archives of En-

vironmental Contamination and Tozicology, 25(4):415-421.

Rodgers, G. and Proudfoot, R. (1999). Turning the Tide coastal monitoring re-
port. Technical report, Marine Science Centre, North East Region, Environment

Agency.

Romano, E., Ausili, A., Zharova, N., Celia Magno, M., Pavoni, B., and Gabellini, M.
(2004). Marine sediment contamination of an industrial site at Port of Bagnoli,
Gulf of Naples, Southern Italy. Marine Pollution Bulletin, 49(5-6):487-95.

Rotchell, J. M., Clarke, K. R., Newton, L. C., and Bird, D. J. (2001). Hepatic

metallothionein as a biomaker for metal contamination: age effects and seasonal

88



variation in European flounders (Pleuronectes flesus) from the Severn Estuary
and Bristol Channel. Marine Environmental Research, 52(2):151-71.

Rovero, F., Hughes, R. N.; and Chelazzi, G. (1999). Automatic recording of the
radular activity of dogwhelks (Nucella lapillus) drilling mussels (Mytilus edulis).
Journal of the Marine Biological Association of the UK, 79(06):1079-1083.

Scarborough Borough Council (2006). Appendix C, baseline process understanding.
Shoreline Management Plan 2, pages 29-30.

Shepherd, T. J., Chenery, S. R., Pashley, V., Lord, R., Ander, L., Breward, N.,
Hobbs, S. F., and Horstwood, M. S. (2009). Regional lead isotope study of a
polluted river catchment : River Wear, Northern England, UK.

Smith, A. M. (1992). Alternation between attachment mechanisms by limpets in
the field. Journal of Experimental Marine Biology and Ecology, 160(2):205-220.

Sturesson, U. (1976). Lead Enrichment in Shells of Mytilus Edulis. Ambio, 5:253—
256.

Sturesson, U. (1978). Cadmium Enrichment in Shells of Mytilus edulis. Ambio,
7:122-125.

Sukhotin, A. and Portner, H-O. (2001). Age-dependence of metabolism in mussels
Mytilus edulis (L.) from the White Sea. Journal of Experimental Marine Biology
and Ecology, 257(1):53-72.

Szefer, P., Tkuta, K., Frelek, K., Zdrojewska, 1., and Nabrzyski, M. (1999). Mercury
and other trace metals (Ag, Cr, Co, and Ni) in soft tissue and byssus of Mytilus
edulis from the east coast of Kyushu Island, Japan. The Science of the total
environment, 229(3):227-34.

Tam, N. and Wong, Y. (2000). Spatial variation of heavy metals in surface sediments

of Hong Kong mangrove swamps. Environmental Pollution, 110(2):195-205.

Tees Valley Joint Strategy Unit (2008). Tees Valley Green Infras-
tructure  Strategy. http: / /www.teesvalleyunlimited. gov.uk/information-
forecasting/documents/green_infrastructure/ TV %20Green%20Infrastructure %20
Strategy.pdyf.

Thermo Elemental (2001). AAS, GFAAS, ICP or ICP-MS? Which technique
should I use? http://www.thermo.com/eThermo/CMA/PDFs/Articles/ articles-
File_18407.pdf.

89



Toland, H., Perkins, B., Pearce, N., Keenan, F., and Leng, M. J. (2000). A study of
sclerochronology by laser ablation ICP-MS. Journal of Analytical Atomic Spec-
trometry, 15(9):1143-1148.

Usero, J., Gonzalez-Regalado, E., and Gracia, I. (1996). Trace metals in the bivalve
mollusc Chamelea gallina from the Atlantic coast of southern Spain. Marine
Pollution Bulletin, 32(3):305-310.

Usero, J., Gonzalez-Regalado, E., and Gracia, I. (1997). Trace metals in the bivalve
molluscs Ruditapes decussatus and Ruditapes philippinarum from the Atlantic

Coast of Southern Spain. FEnvironment International, 23:291-298.

Vlahogianni, T., Dassenakis, M., Scoullos, M. J., and Valavanidis, A. (2007). Inte-
grated use of biomarkers (superoxide dismutase, catalase and lipid peroxidation)
in mussels Mytilus galloprovincialis for assessing heavy metals’ pollution in coastal
areas from the Saronikos Gulf of Greece. Marine Pollution Bulletin, 54(9):1361—-
71.

Waldichuk, M. (1985). Biological availability of metals to marine organisms. Marine
Pollution Bulletin, 16(1):7-11.

Walsh, K., Dunstan, R., and Murdoch, R. (1995). Differential bioaccumulation
of heavy metals and organopollutants in the soft tissue and shell of the marine

Gastropod, Austrocochlea constricta. Archives of Environmental Contamination
and Tozicology, 28(1):35-39.

Wang, W., Fisher, N., and Luoma, S. (1996). Kinetic determinations of trace element
bioaccumulation in the mussel Mytilus edulis. Marine Ecology Progress Series,
140:91-113.

Wilkinson, D. and McCay, N. (1998). Reclamation of the Durham Coast. In Fox, H.,
Moore, H., and MclIntosh, A., editors, Land Reclamation: Achieving sustainable
benefits, pages 209-218. Taylor & Francis, Nottingham.

Wirth, K. and Barth, A. (2011). Geochemical Instrumentation and analy-
sis: X-Ray Fluorescence (XRF). http://serc.carleton.edu/research_education/
geochemsheets /techniques/X RF.html.

90



